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involvement with their subject matter in children. Every effort 
has been made to achieve prompt publication of this book, thus 
ensuring that the content of each chapter is ‘state of the art.’

Section A presents general concepts critical to an under-
standing of the impact and causes of allergic diseases. These 
include reviews of the epidemiology and natural history of 
allergic disease, genetics of allergic disease and asthma, biology 
of inflammatory-effector cells, regulation of IgE synthesis, and 
the developing immune system and allergy. Section B reviews 
an approach to the child with recurrent infection and specific 
immunodeficiency and autoimmune diseases that pediatricians 
frequently encounter. Section C updates the reader on a number 
of important and emerging immune-directed therapies includ-
ing immunizations, immunoglobulin therapy, stem cell therapy, 
and gene therapy. Section D examines the diagnosis and treat-
ment of allergic disease. The remainder of the book is devoted 
to the management and treatment of asthma and a number of 
specific allergic diseases such as upper airway disease, food 
allergy, allergic skin and eye diseases, drug allergy, latex allergy, 
insect hypersensitivity, and anaphylaxis. In each chapter, the 
disease is discussed in the context of its differential diagnoses, 
key concepts, evaluations, environmental triggers, and concepts 
of emerging and established treatments.

Major advances in this third edition include updates on 
genetics and biomarkers of allergy, inflammatory conditions 
and immunodeficiencies, recent guidelines in the treatment of 
asthma, food allergy, atopic dermatitis, urticaria-angioedema, 
and immunodeficiencies, population health, school-centered 
asthma programs, prevention strategies, appropriate evaluation 
of drug allergy and a better understanding of drug cross-reac-
tivity to eliminate the difficulty prescribing antibiotics in the 
pediatric population, the role of new biologics and immuno-
modulatory therapy in the treatment of inflammatory diseases 
and emerging evidence that epithelial barrier dysfunction can 
drive allergic disease.

We would like to thank each of the contributors for their 
time and invaluable expertise, which were vital to the success of 
this book. The editors are also grateful to Belinda Kuhn (Senior 
Content Strategist), Joanna Souch (Project Manager) and Nani 
Clansey (Senior Content Development Specialist), who have 
played a major role in editing and organizing this textbook, as 
well as the production staff at Elsevier Ltd for their help in the 
preparation of this book.
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These are exciting times for physicians who treat children with 
allergic and immunologically-mediated diseases. Microbial 
infection and treatment of allergic reactions are common prob-
lems seen by the practicing pediatrician. Recent studies have 
provided new insights into mechanisms underlying diseases in 
the area of pediatric allergy, asthma and clinical immunology. 
As a result, new therapies are targeting key immune pathways. 
Management guidelines for various diseases have also been 
developed based on evidence-based approaches. In addition, 
the National Institutes of Health have formed networks and 
collaborative studies to investigate allergic/immunologic dis-
eases, such as food allergy, atopic dermatitis, asthma and immu-
nodeficiency. We are now witnessing the introduction of new 
medications that resulted from improved understanding of the 
biology of allergic and immunologic diseases. The need to doc-
ument and summarize this recent remarkable increase in infor-
mation justifies the third edition of our textbook in the field of 
pediatric allergy and clinical immunology for practicing physi-
cians and investigators interested in this area.

It is often said, ‘Children are not simply small adults.’ In no 
other subspecialty is this truer than in pediatric allergy and 
immunology, where the immune system and allergic responses 
are developing in different organs of the child. Earlier identifi-
cation of disease onset offers special opportunities for preven-
tion and intervention, which cannot be carried out once disease 
processes have been established in the older child and adult. 
Indeed, many diseases that pediatricians see in clinical practice 
are complex and are thought to result from a multigenic pre-
disposition in combination with exposure to environmental 
triggers. However, the age at which the host is exposed to a 
particular environmental agent and the resultant immune 
response are increasingly being recognized as important factors. 
Furthermore, determining the appropriate time for interven-
tion will be critical for defining a window of opportunity to 
induce disease remission. For example, microbes are a known 
trigger of established asthma in adults but the ‘hygiene hypoth-
esis’ in children suggests that early exposure to certain microbes 
prior to the onset of allergies may actually prevent allergic 
responses and thus account for the low prevalence of allergic 
disease in children living on farms. New information is available 
on controlling asthma in early childhood, however our current 
treatment does not alter the natural history of the disease. This 
concept will now reach clinical care as we draw attention to 
population health and prevention.

Pediatric Allergy: Principles and Practice is aimed at updating 
the reader on the pathophysiology of allergic responses, and 
allergic diseases including asthma, food allergy, allergic rhinitis, 
and atopic dermatitis; their socioeconomic impact and new 
treatment approaches that take advantage of emerging concepts 
of the pathobiology of these diseases. An outstanding group of 
authors who are acknowledged leaders in their fields has been 
assembled because of their personal knowledge, expertise, and 
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Epidemiology of Allergic Diseases
ERIKA VON MUTIUS

1 

KEY POINTS

• Large geographical variations in the prevalence of aller-
gic diseases exist worldwide among children and adults.

• Lower prevalences have been reported from developing 
countries, eastern European areas, rural areas in Africa 
and Asia, and farm populations in Europe.

• The prevalence of asthma and allergies has increased 
over the last few decades. This trend seems to have 
reached a plateau in affluent countries, but not in low- to 
mid-income countries.

• Allergic diseases are multifactorial illnesses determined 
by a complex interplay between genetic and environ-
mental factors.

Introduction
Traditionally,	asthma,	allergic	 rhinitis	and	hay	 fever	as	well	as	
atopic	 dermatitis	 and	 food	 allergy	 have	 been	 categorized	 as	
atopic	diseases,	yet	the	relation	between	clinical	manifestations	
of	these	diseases	and	the	production	of	IgE	antibodies	has	not	
been	 fully	 clarified.	Although	 in	 many	 patients	 high	 levels	 of	
total	and	specific	IgE	antibodies	are	found,	many	individuals	in	
the	general	population	will	not	show	any	signs	of	illness	despite	
elevated	total	and	specific	IgE	levels.	In	some	individuals	various	
atopic	illnesses	can	be	co-expressed,	whereas	in	others	only	one	
manifestation	of	an	atopic	illness	is	present.	The	prevalence	of	
these	four	atopic	entities	therefore	only	partially	overlaps	in	the	
general	population	(Figure	1-1).	Risk	factors	and	determinants	
of	atopy,	defined	as	the	presence	of	IgE	antibodies,	differ	from	
those	associated	with	asthma,	atopic	dermatitis	and	hay	fever.

Asthma,	atopic	dermatitis	and	hay	fever	are	complex	diseases	
and	 their	 incidence	 is	determined	by	an	 intricate	 interplay	of	
genetic	 and	 environmental	 factors.	 Environmental	 exposures	
may	affect	susceptible	individuals	during	certain	time	windows	
in	 which	 particular	 organ	 systems	 are	 vulnerable	 to	 extrinsic	
influences	such	as	early	in	life.	Moreover,	most	allergic	illnesses	
are	 likely	 to	represent	 syndromes	with	many	different	pheno-
types	 rather	 than	single	disease	entities.	The	 search	 for	deter-
minants	 of	 allergic	 illnesses	 must	 therefore	 take	 phenotypes,	
genes,	environmental	exposures	and	the	timing	(developmental	
aspect)	of	these	exposures	into	account.

Prevalence of Childhood Asthma  
and Allergies
Asthma	 is	 a	 complex	 syndrome	 rather	 than	 a	 single	 disease	
entity.	Different	phenotypes	with	varying	prognosis	and	deter-
minants	have	been	described,	particularly	over	childhood	years,	

using	hypothesis	and	data-driven	approaches.1	Transient	wheez-
ing	is	characterized	by	the	occurrence	of	wheezing	in	infants	up	
to	the	age	of	2	to	3	years	which	disappears	thereafter	and	does	
not	 progress	 to	 childhood	 asthma.	 There	 are	 epidemiological	
observations	 suggesting	 that	 these	 children	 may	 be	 at	 risk	 of	
developing	chronic	obstructive	pulmonary	disease	(COPD)	in	
adulthood.	The	main	predictor	of	transient	wheeze	is	premor-
bid	reduced	lung	function,	in	part	determined	by	passive	smoke	
exposure	in	utero.1–4	Wheeze	among	school-aged	children	can	
be	 classified	 into	 an	 atopic	 and	 nonatopic	 phenotype.5	 This	
differentiation	 has	 clinical	 implications	 as	 nonatopic	 children	
with	wheeze	outgrow	their	symptoms	and	retain	normal	 lung	
function	at	school	age.	In	turn,	among	atopic	wheezy	children,	
the	time	of	new	onset	of	atopic	sensitization	and	the	severity	of	
airway	responsiveness	determine	the	progression	of	this	wheez-
ing	phenotype	over	school	and	adolescent	years.6

Data-driven	latent	class	analyses	of	birth	cohort	studies	have	
consistently	 shown	 a	 persistent	 phenotype	 with	 symptoms	
starting	very	early	 in	 life	and	progressing	 into	school	age	and	
beyond.7	 Late	 onset	 and	 intermediate	 phenotypes	 have	 also	
been	 described.	 These	 phenotypes	 can	 only	 be	 identified	 in	
prospective	 studies	 following	 infants	 from	birth,	up	 to	 school	
age	and	through	adolescence,	enabling	the	differential	analysis	
of	risk	factors	and	determinants	for	distinct	wheezing	pheno-
types	over	time.	These	limitations	must	be	borne	in	mind	when	
discussing	 and	 interpreting	 findings	 from	 cross-sectional	
surveys.	The	relative	proportion	of	different	wheezing	pheno-
types	 is	 likely	 to	 vary	 among	 age	 groups	 and	 therefore	 the	
strength	of	association	between	different	risk	factors	and	wheeze	
is	also	likely	to	vary	across	age	groups.

Similarly,	limitations	apply	with	respect	to	the	epidemiology	
of	 atopic	 dermatitis.8	 The	 definition	 of	 atopic	 eczema	 varies	
from	study	to	study	and	validations	of	questionnaire-based	esti-
mates	have	been	few.	Skin	examinations	by	trained	field	workers,	
adding	 an	 objective	 parameter	 to	 questionnaire-based	 data,	
reflect	 a	 point	 prevalence	 of	 skin	 symptoms	 at	 the	 time	 of	
examination	and	can	therefore,	in	only	a	limited	way,	corrobo-
rate	estimates	of	lifetime	prevalence.

Lastly,	 identified	 risk	 factors	 in	 all	 cross-sectional	 surveys	
relate	to	the	prevalence	of	the	condition.	The	prevalence	in	turn	
reflects	the	incidence	and	the	persistence	of	a	disease.	It	is	there-
fore	 often	 difficult	 to	 disentangle	 aggravating	 from	 causal	
factors	 in	 such	 studies.	 Only	 prospective	 surveys	 can	 identify	
environmental	exposures	prior	to	the	onset	of	an	atopic	illness	
and	thus	infer	a	potentially	causal	relationship	to	the	new	onset	
of	disease.

WESTERN VERSUS DEVELOPING COUNTRIES

In	general,	reported	rates	of	asthma,	hay	fever	and	atopic	derma-
titis	are	higher	in	affluent,	western	countries	than	in	developing	
countries.	 The	 worldwide	 prevalence	 of	 allergic	 diseases	 was	
assessed	in	the	1990s	by	the	 large	scale	International	Study	of	
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The	ISAAC	Phase	II	Study15	has	demonstrated	that	the	fractions	
and	prevalence	rates	of	wheeze	attributable	to	skin	test	reactiv-
ity	 correlated	 strongly	 with	 the	 gross	 national	 income	 of	 the	
respective	country.	These	findings	suggest	that	the	strength	of	
association	between	atopy	and	asthma	across	the	world	is	deter-
mined	by	affluence	and	factors	relating	to	affluence.

THE EAST-WEST GRADIENT ACROSS EUROPE

A	number	of	reports	have	been	published	demonstrating	large	
differences	in	the	prevalence	of	asthma,	airway	hyperresponsive-
ness,	hay	fever	and	atopy	in	children	and	adults	between	east	and	
west	European	areas.16–20	The	prevalence	of	asthma	was	signifi-
cantly	 lower	 in	all	 study	areas	 in	eastern	Europe	compared	to	
western	Europe.17	Among	the	older	age	group	of	13-	to	14-year-
old	children,	the	prevalence	of	wheezing	was	11.2%	to	19.7%	in	
Finland	and	Sweden,	7.6%	to	8.5%	in	Estonia,	Latvia	and	Poland,	
and	 2.6%	 to	 5.9%	 in	 Albania,	 Romania,	 Russia,	 Georgia	 and	
Uzbekistan	(except	Samarkand).

The	rates	of	allergic	illnesses	have	been	rising	rapidly.	After	
reunification	of	Germany	 in	1989	a	 significantly	 lower	preva-
lence	of	allergic	diseases	was	found	in	East	Germany.16	Only	a	
few	years	later	(2003–2006)	differences	in	the	prevalence	rates	
between	East	and	West	Germany	were	no	longer	observed.21	The	
causes	underlying	the	 increase	 in	prevalence	 in	East	Germany	
are	 not	 fully	 understood.	 The	 drastic	 decrease	 in	 family	 size	
after	 reunification,	 changes	 in	 dietary	 habits	 or	 indoor	 expo-
sures	 may	 have	 contributed	 to	 this	 trend.	 Likewise,	 Poland’s	
accession	to	the	European	Union	was	followed	by	a	rapid	and	
striking	increase	in	the	prevalence	of	atopy	in	rural	areas.22	This	
increase	may	in	part	be	attributable	to	loss	of	traditional	farming	
exposures.

DIFFERENCES BETWEEN RURAL  
AND URBAN POPULATIONS

The	 prevalence	 of	 asthma	and	 allergies	 is	 not	only	 increasing	
with	westernization	and	affluence,	but	also	with	urbanization.	
The	rates	of	asthma	and	atopy	among	children	living	in	Hong	
Kong	are	similar	to	European	figures.	In	rural	China,	asthma	is	
almost	 nonexistent	 with	 a	 prevalence	 of	 less	 than	 1%.23	 In	
Mongolia,	a	country	in	transition	from	rural,	farming	lifestyles	
to	an	industrial	society,	marked	differences	in	the	prevalence	of	
asthma,	allergic	rhinoconjunctivitis	and	atopy	exist.24	Inhabit-
ants	of	small	rural	villages	are	least	affected,	whereas	residents	
of	the	capital	city,	Ulaanbaatar,	have	high	rates	of	allergic	dis-
eases	comparable	to	affluent	western	countries.

Across	Europe,	differences	between	urban	and	rural	areas	are	
less	 clear.	 However,	 strong	 contrasts	 exist	 on	 a	 lower	 spatial	
scale,	 i.e.	 among	 children	 raised	 on	 a	 farm	 in	 comparison	 to	
their	 neighbours	 living	 in	 the	 same	 rural	 area	 but	 not	 on	 a	
farm.25	 Since	 1999,	 more	 than	 30	 studies	 have	 corroborated	
these	findings.26	Children	raised	on	 farms	retain	 their	protec-
tion	from	allergy	at	least	into	adulthood.27–29

The	timing	and	duration	of	exposure	seem	to	play	a	critical	
role.	 The	 largest	 reduction	 in	 risk	 of	 developing	 respiratory	
allergies	 is	 seen	among	 those	who	are	exposed	prenatally	and	
continue	to	be	exposed	throughout	their	 life.30	The	protective	
factors	in	these	farming	environments	have	not	been	completely	
unraveled.	 Contact	 with	 farm	 animals,	 particularly	 cattle,	
confers	protection.	Also	the	consumption	of	unprocessed	cow’s	
milk	has	been	shown	to	be	beneficial	with	respect	to	childhood	

Asthma	and	Allergy	in	Childhood	(ISAAC).9	A	total	of	463,801	
children	 in	 155	 collaborating	 centers	 in	 56	 countries	 were	
studied.	 Between	 20-fold	 and	 60-fold	 differences	 were	 found	
between	centers	in	the	prevalence	of	symptoms	of	asthma,	aller-
gic	rhinoconjunctivitis	and	atopic	eczema	(Figure	1-2).

The	 European	 Community	 Respiratory	 Health	 Survey	
(ECRHS)	studied	young	adults	aged	20	to	44	years.10	A	highly	
standardized	 and	 comprehensive	 study	 instrument	 including	
questionnaires,	lung	function	and	allergy	testing	was	used	by	35	
to	48	centers	in	22	countries,	predominantly	in	Western	Europe,	
but	also	 in	Australia,	New	Zealand	and	the	USA.	The	ECRHS	
has	 shown	 large	geographical	differences	 in	 the	prevalence	of	
respiratory	 symptoms,	 asthma,	 bronchial	 responsiveness	 and	
atopic	 sensitization	 with	 high	 prevalence	 in	 English	 speaking	
countries	and	low	prevalence	rates	in	the	Mediterranean	region	
and	Eastern	Europe.11	The	geographical	pattern	emerging	from	
questionnaire	 findings	 was	 consistent	 with	 the	 distribution		
of	 atopy	 and	 bronchial	 hyperresponsiveness,	 supporting	 the	
conclusion	 that	 the	 geographical	 variation	 in	 asthma	 is	 true		
and	not	attributable	to	methodological	factors	such	as	the	ques-
tionnaire	 phrasing,	 the	 skin	 testing	 technique	 or	 the	 type	 of	
assay	for	the	measurement	of	specific	IgE.

A	 strong	correlation	was	 found	between	 the	findings	 from	
children	as	assessed	by	the	ISAAC	Study	and	the	rates	in	adults	
as	reported	by	the	ECRHS	questionnaire.12	Although	there	were	
differences	 in	 the	 absolute	 prevalences	 observed	 in	 the	 two	
surveys,	 there	was	good	overall	 agreement,	adding	 support	 to	
the	validity	of	both	studies.

Dissociations	between	 the	prevalence	of	 asthma	and	atopy	
have,	however,	been	documented	in	developing	countries.1,13,14	

Figure 1-1  The prevalence of asthma, hay fever and atopic sensitiza-
tion only partially overlaps on a population level. Description of findings 
from the  ISAAC Phase  II study  in Munich, of German children aged 9 
to 11 years.  (From The International Study of Asthma and Allergies in 
Childhood [ISAAC]. Lancet 1998;351:1225.)

Asthma (9.8%) Hay fever (8.9%) Atopy (23.1%) None (70.7%)

GERMAN 9- TO 11-YEAR-OLD CHILDREN IN MUNICH (N = 2612)
VENN DIAGRAM FOR ASTHMA, HAY FEVER, AND ATOPY
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areas	of	the	USA.	Problems	relating	to	inner	city	asthma	will	be	
discussed	in	more	detail	in	Chapter	33.

Time Trends in the Prevalence  
of Allergic Diseases
Data	collected	over	the	last	40	years	in	industrialized	countries	
indicate	 a	 significant	 increase	 in	 the	 prevalence	 of	 asthma,		
hay	 fever	 and	 atopic	 dermatitis	 in	 repeated	 cross-sectional	
surveys	 using	 identical	 questionnaires.36	 Most	 studies	 from	
industrialized	 countries	 suggest	 an	 overall	 increase	 in	 the		
prevalence	 of	 asthma	 and	 wheezing	 between	 1960	 and	 1990.	
Many	studies	have	been	performed	among	children	and	little	is	

asthma	and	allergies.	Increased	levels	and	diversity	of	microbial	
exposures	also	contribute	to	the	protective	effects.31

INNER CITY AREAS OF THE USA

Living	conditions	in	inner	city	areas	in	the	USA	are	associated	
with	 a	 markedly	 increased	 risk	 of	 asthma.32	 Several	 potential	
risk	 factors	 are	 being	 investigated,	 such	 as	 race	 and	 poverty,	
adherence	to	asthma	treatment33	and	factors	related	to	the	dis-
proportionate	exposures	associated	with	socioeconomic	disad-
vantage	such	as	indoor	and	outdoor	exposure	to	pollution	and	
cockroach	infestation.4	Cockroach	exposure,	at	least	in	early	life,	
has	 been	 associated	 with	 the	 development	 of	 sensitization	 to	
cockroach	allergen34	and	wheeze35	in	infants	living	in	inner	city	

Figure 1-2  Prevalence  of  asthma  symptoms  worldwide  according  to  the  ISAAC  Phase  I  study.  (From The International Study of Asthma and 
Allergies in Childhood [ISAAC]. Lancet 1998;351:1225.)
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ENVIRONMENTAL TOBACCO SMOKE

Numerous	 surveys	 have	 consistently	 reported	 an	 association	
between	 environmental	 tobacco	 smoke	 (ETS)	 exposure	 and	
respiratory	diseases.	Strong	evidence	exists	that	passive	smoking	
increases	 the	 risk	 of	 lower	 respiratory	 tract	 illnesses	 such	 as	
bronchitis,	 wheezy	 bronchitis	 and	 pneumonia	 in	 infants	 and	
young	children.	Maternal	smoking	during	pregnancy	and	early	
childhood	 has	 been	 shown	 to	 be	 strongly	 associated	 with	
impaired	lung	growth	and	diminished	lung	function,2,3	which	in	
turn	may	predispose	infants	to	develop	transient	early	wheezing.	
In	children	with	asthma,	parental	smoking	increases	symptoms	
and	the	frequency	of	asthma	attacks.	Banning	tobacco	smoke	in	
public	places	has	been	shown	in	a	number	of	countries	to	result	
in	a	significant	reduction	in	hospital	admissions	for	asthma.45

A	series	of	epidemiological	studies	has	also	been	performed	
to	 determine	 the	 effect	 of	 ETS	 exposure	 on	 the	 new	 onset	 of	
asthma.	In	most	cross-sectional	and	longitudinal	studies,	passive	
and	more	importantly	active	smoking	appears	to	be	an	impor-
tant	 risk	 factor	 for	 the	 development	 of	 childhood,	 adolescent	
and	adult	asthma.	In	turn,	no	unequivocal	association	between	
ETS	 exposure,	 atopic	 sensitization	 and	 atopic	 dermatitis	 was	
found.

WATER HARDNESS AND DAMPNESS

The	domestic	water	supply	may	be	relevant	for	the	inception	of	
atopic	dermatitis.	An	ecological	 study	of	 the	relation	between	
domestic	water	hardness	and	the	prevalence	of	atopic	eczema	
among	British	school	children	was	performed.46	Geographical	
information	systems	were	used	to	link	the	geographical	distri-
bution	of	eczema	in	the	study	area	to	four	categories	of	domes-
tic	 water-hardness	 data.	Among	 school	 children	 aged	 4	 to	 16	
years,	a	significant	relation	was	 found	between	the	prevalence	
of	 atopic	 eczema	 and	 water	 hardness,	 both	 before	 and	 after	
adjustment	 for	 potential	 confounding	 factors.	 The	 effect	 on	
recent	eczema	symptoms	was	stronger	than	on	lifetime	preva-
lence,	 which	 may	 indicate	 that	 water	 hardness	 acts	 more	 on	
existing	dermatitis	by	exacerbating	the	disorder	or	prolonging	
its	duration	rather	than	as	a	cause	of	new	cases.	These	observa-
tions	await	replication	by	other	studies.

In	2004	a	report	by	the	Institutes	of	Medicine	Committee	on	
Damp	 Indoor	 Spaces	 and	 Health	 in	 the	 USA	 concluded	 that	
there	is	sufficient	evidence	of	an	association	between	exposure	
to	a	damp	indoor	environment	and	worsening	of	asthma	symp-
toms,	 and	 that	 there	 is	 suggestive	 evidence	 of	 an	 association	
between	 exposure	 to	 a	 damp	 indoor	 environment	 and	 the	
development	of	asthma	in	children	and	adults.	Dampness	can	
elicit	a	number	of	different	exposures	such	as	fungi,	bacteria	or	
their	 constituents	 and	 emissions,	 or	 other	 agents	 related	 to	
damp	indoor	environments	such	as	house	dust	mites	and	cock-
roaches.	The	 responsible	 factors	are	not	known	but	may	vary	
among	individuals	or	be	potentiated	in	complex	mixtures.47

NUTRITION

Breastfeeding	has	 long	been	recommended	for	the	prevention	
of	allergic	diseases.	The	epidemiological	 evidence	 is,	however,	
highly	 controversial.48	 Some	 studies	 even	 suggest	 that	 breast-
feeding	may	result	in	risk	of	asthma	and	atopy,	but	these	studies	
may	reflect	adherence	to	recommendations.	Likewise,	the	age	at	
introduction	 of	 solid	 foods	 has	 been	 fiercely	 debated	 and	 no	

known	about	time	trends	in	adults.	Twenty-year	trends	of	the	
prevalence	 of	 treated	 asthma	 among	 pediatric	 and	 adult	
members	of	a	 large	US	health	maintenance	organization	were	
reported.37	 During	 the	 period	 1967–1987,	 the	 treated	 preva-
lence	of	asthma	increased	significantly	in	all	age-sex	categories	
except	males	aged	65	and	older.	In	the	USA,	the	greatest	increase	
was	detected	among	children	and	young	adults	living	in	inner	
cities.38

Recent	studies	suggest	that	in	some	areas	this	trend	may	have	
reached	a	plateau.	Studies	from	Italy	showed	that	among	school	
children	 surveyed	 in	 1974,	 1992	 and	 1998	 the	 prevalence	 of	
asthma	 had	 increased	 significantly	 during	 the	 1974–1992	
period,	whereas	it	remained	stable	from	1992	to	1998.39	Similar	
findings	 have	 been	 reported	 from	 Germany	 and	 Switzerland,	
where	prevalence	rates	have	been	on	a	plateau	since	the	1990s.40,41	
On	a	global	scale,	time	trends	in	the	prevalence	of	asthma	and	
allergic	rhinoconjunctivitis	have	been	assessed	in	ISAAC	Phase	
III.42	 The	 findings	 indicate	 that	 international	 differences	 in	
symptom	prevalence	have	reduced	with	decreases	in	prevalence	
in	English-speaking	countries	and	Western	Europe	and	increases	
in	prevalence	in	regions	where	prevalence	was	previously	 low,	
i.e.	in	low-	to	mid-income	countries.

Environmental Risk Factors  
for Allergic Diseases
AIR POLLUTION

There	is	considerable	evidence	showing	that	increased	exposure	
to	 air	 pollutants	 is	 a	 risk	 factor	 for	 increased	 morbidity	 of	
asthma	with	worsening	of	symptoms	and	lung	function.43	Air	
pollution	is	a	complex	mixture	of	particulate	matter	of	variable	
size	and	various	gases.	As	particulates	and	polluting	gases	often	
co-occur,	their	individual	contribution	to	worsening	of	asthma	
is	hard	to	disentangle.	In	panel	and	time-series	studies,	air	pol-
lutants	such	as	fine	particles	and	ozone	reduce	lung	function	in	
children	already	affected	by	asthma	and	increase	symptoms	and	
medication	use.	Likewise,	emergency	room	visits,	general	prac-
titioner	 activities	 and	 hospital	 admissions	 for	 asthma	 and	
wheeze	 are	 positively	 associated	 with	 ambient	 air	 pollution	
levels.

Mixes	of	particulate	matter,	especially	those	seen	with	traffic	
related	exposures,	seem	to	have	the	most	adverse	effects.	Traffic	
related	air	pollution	is	a	complex	mix	of	particulate	matter	and	
primary	 gaseous	 emissions	 including	 nitrogen	 oxides,	 which	
lead	 to	 the	generation	of	 secondary	pollutants	 such	as	ozone,	
nitrates	and	organic	aerosol.	Traffic	related	pollution	decreases	
quickly	with	distance	 from	roadways.	For	adverse	 effects,	dis-
tance	within	300–500	m	of	roadways	seems	to	be	most	signifi-
cant.	 In	 large	 North	 American	 cities,	 30–45%	 of	 people	 live	
within	this	distance	and	so	the	impact	of	traffic	related	air	pol-
lution	 is	 significant.	The	closeness	 to	major	 roadways	may	be	
even	greater	in	cities	in	Europe	and	the	developing	world.	Given	
that	disadvantaged	families	live	close	to	major	roadways,	other	
risk	 factors	 such	as	poverty,	 stress	and	cigarette	 smoking	may	
aggravate	the	effects.44

The	 role	 of	 air	 pollution	 in	 the	 new	 onset	 of	 asthma	 and	
allergic	sensitization	is	less	well	understood.43	There	is	however	
a	growing	body	of	prospective	studies	suggesting	a	causal	role	
for	 the	 incidence	 of	 asthma	 among	 children	 and	 adults.	 In	
particular,	 long-term	 exposure	 to	 traffic	 related	 air	 pollution	
may	again	play	a	significant	role.
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confirmed	 by	 numerous	 studies,	 all	 showing	 that	 atopy,	 hay	
fever	 and	 atopic	 eczema	 were	 inversely	 related	 to	 increasing	
numbers	 of	 siblings.	 In	 contrast,	 the	 relation	 between	 family	
size	and	childhood	asthma	and	airway	hyperresponsiveness	 is	
less	 clear.	 However,	 the	 underlying	 causes	 of	 this	 consistent	
protective	effect	remain	unknown.

Viral	infections	of	the	respiratory	tract	are	the	major	precipi-
tants	of	acute	exacerbations	of	wheezing	illness	at	any	age,	yet	
viral	respiratory	infections	are	very	common	during	infancy	and	
early	childhood	and	most	children	do	not	suffer	any	aftermath	
relating	to	these	infections,	including	infections	with	respiratory	
syncytial	virus	and	rhinovirus.61	Thus,	host	factors	in	children	
susceptible	to	the	development	of	wheezing	illnesses	and	asthma	
are	 likely	 to	play	a	major	role.	Deficiencies	 in	 innate	 immune	
responses	have	been	shown	to	contribute	to	a	subject’s	suscep-
tibility	 to	 rhinovirus	 infections,	 the	 most	 prevalent	 cause	 of	
lower	respiratory	tract	viral	infections	in	infants	associated	with	
asthma	development.62	Interactions	between	viral	lower	respira-
tory	 tract	 infections	and	early	 atopic	 sensitization	may	play	a	
role:	only	among	children	with	early	onset	of	atopy	may	repeated	
viral	infections	become	a	risk	factor	for	developing	asthma.63

However,	an	inverse	relation	between	asthma	and	the	overall	
burden	of	respiratory	infections	may	also	exist.	Several	studies	
investigating	children	in	daycare	have	rather	consistently	shown	
that	exposure	to	a	daycare	environment	in	the	first	months	of	
life	is	associated	with	a	significantly	reduced	risk	of	wheezing,	
hay	 fever	 and	 atopic	 sensitization	 at	 school	 age	 and	 adoles-
cence.64,65	 It	 remains,	however,	unclear	whether	 the	burden	of	
infections	or	other	exposures	in	daycare	early	in	life	account	for	
this	protective	effect.	Several	reports	have	shown	that	children	
who	are	sero-positive	for	hepatitis	A,	Toxoplasma gondii	or	Heli-
cobacter pylori	 have	 a	 significantly	 lower	 prevalence	 of	 atopic	
sensitization,	allergic	rhinitis	and	allergic	asthma	as	compared	
to	their	sero-negative	peers.66

The	use	of	antibiotics	has	been	proposed	as	a	risk	factor	for	
asthma	and	allergic	diseases.	 In	most	cross-sectional	studies	a	
positive	relation	between	antibiotics	and	asthma	has	been	found	
which	is,	however,	most	likely	to	be	attributable	to	reverse	cau-
sation.	 Early	 in	 life,	 when	 it	 is	 difficult	 to	 diagnose	 asthma,	
antibiotics	 are	 often	 prescribed	 for	 respiratory	 symptoms	 in	
wheezy	children	and	thus	are	positively	associated	with	asthma	
later	 in	 life.	 Most	 studies	 using	 a	 prospective	 design	 have,	
however,	failed	to	identify	antibiotics	as	a	risk	factor	antedating	
the	new	onset	of	asthma.67	Similar	problems	arise	when	inter-
preting	 the	 positive	 relation	 between	 paracetamol	 use	 and	
asthma	seen	in	cross-sectional	studies.68	Intervention	trials	are	
needed	to	come	to	firm	conclusions.

Active	and	chronic	helminthic	infections	were	reported	to	be	
protective	from	atopy,	but	findings	are	less	consistent	for	wheeze	
and	asthma.69	Part	of	the	discrepancies	in	the	literature	report-
ing	associations	between	helminths	and	allergic	diseases	may	be	
the	load	of	parasitic	infestation	and	the	type	of	helminths	in	a	
particular	area.	Microbial	stimulation,	both	from	normal	com-
mensals	and	pathogens	through	the	gut,	may	be	another	route	
of	exposure	which	may	have	altered	the	normal	intestinal	colo-
nization	pattern	in	infancy.	Thereby,	the	induction	and	main-
tenance	 of	 oral	 tolerance	 of	 innocuous	 antigens	 such	 as	 food	
proteins	and	inhaled	allergens	may	be	substantially	hampered.	
These	 hypotheses,	 though	 intriguing,	 have	 to	 date	 not	 been	
supported	by	epidemiological	evidence	since	significant	meth-
odological	 difficulties	 arise	 when	 attempting	 to	 measure	 the	
microbial	pattern	of	the	intestinal	flora.

conclusive	evidence	has	been	reached	that	would	allow	general	
recommendations.	Recently,	the	diversity	of	solid	foods	intro-
duced	 in	 the	 first	 year	 of	 life	 has	 been	 linked	 to	 less	 atopic	
dermatitis	and	asthma	later	in	life.49

There	is	increasing	evidence	relating	body	mass	index	to	the	
prevalence	and	incidence	of	asthma	in	children	and	adults,	males,	
and,	more	consistently,	in	adolescent	females.50	It	is	unlikely	that	
the	association	is	attributable	to	reverse	causation,	i.e.	that	asthma	
precedes	obesity	because	of	exercise-induced	symptoms.	Rather,	
weight	 gain	 can	 antedate	 the	 development	 of	 asthma.	 Weight	
reduction	among	asthmatic	patients	can	result	in	improvements	
in	lung	function.50	Obesity	has	been	associated	with	inflamma-
tory	 processes,	 which	 may	 contribute	 to	 asthma	 development.	
Other	potential	explanations	are	that	mechanical	factors	promote	
asthma	symptoms	in	obese	individuals,	or	that	gastroesophageal	
reflux	as	a	result	of	obesity	induces	asthma.	Furthermore,	physi-
cal	inactivity	may	promote	both	obesity	and	asthma.

Fruit,	 vegetable,	 cereal	 and	 starch	 consumption	 and	 intake	
of	various	fatty	acids,	vitamins	A,	C,	D,	E,	minerals	and	antioxi-
dants	 have	 all	 been	 studied.36	 However,	 diet	 is	 complex	 and	
difficult	to	measure,	and	standardized	tools	are	still	lacking.	All	
methods	 pertaining	 to	 food	 frequency,	 individual	 food	 items,	
food	 patterns	 and	 serum	 nutrients	 can	 introduce	 substantial	
misclassification,	 and	 the	 close	 correlation	 of	 many	 nutrients	
presents	problems	when	trying	to	identify	independent	effects.	
The	evidence	from	prospective	studies	and	randomized	clinical	
trials	for	individual	food	items	has	been	disappointing.51	Thus,	
measures	 such	 as	 Mediterranean	 diet	 may	 better	 reflect	 real	
world	exposures.	A	Mediterranean	diet	has	in	turn	been	linked	
to	protection	from	asthma.52

ALLERGEN EXPOSURE

Although	in	some	studies	a	clear,	almost	 linear	dose-response	
relation	between	allergen	exposure	and	sensitization	has	been	
found,53	others	describe	a	bell-shaped	association	with	higher	
levels	 of	 exposures	 relating	 to	 lower	 rates	 of	 atopic	 sensitiza-
tion.54	Part	of	the	discrepancy	may	relate	to	the	type	of	allergen,	
since	mostly	cat	but	not	house	dust	mite	allergen	exposure	has	
been	shown,	in	some	studies,	to	exert	protective	effects	at	higher	
levels	of	exposure.	Furthermore,	there	is	some	evidence	that	the	
presence	of	a	dog	or	a	cat,	or	both,	protects	from	the	develop-
ment	of	allergic	sensitization,	indicating	that	the	presence	of	an	
animal	is	more	important	than	just	exposure	to	its	allergens.

The	relationship	between	allergens,	particularly	house	dust	
mite	 exposure,	 and	 asthma	 has	 been	 studied	 for	 many	 years.	
Overall,	there	is	little	evidence	to	suggest	a	positive	association	
between	house	dust	mite	exposure	and	the	new	onset	of	child-
hood	 asthma.55	 Intervention	 studies	 have	 failed	 to	 show	 con-
vincing	 evidence	 of	 a	 reduction	 in	 asthma	 risk	 after	 the	
implementation	 of	 avoidance	 strategies.56	 Other	 co-factors	 of	
exposure	should,	however,	also	be	taken	into	account,	such	as	
exposure	to	microbial	compounds.	For	example,	levels	of	endo-
toxin	and	other	microbial	exposures	have	been	shown	to	modify	
the	effect	of	allergen	exposure57–59

FAMILY SIZE, INFECTIONS AND HYGIENE

Strachan	first	reported	that	sibship	size,	the	number	of	children	
produced	by	a	pair	of	parents,	is	inversely	related	to	the	preva-
lence	 of	 childhood	 atopic	 diseases	 and	 thereby	 proposed		
the	 ‘hygiene	 hypothesis’.60	 This	 observation	 has	 since	 been	
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suggests	 that	many	genes	with	small	effects,	rather	than	a	few	
genes	 with	 strong	 effects,	 contribute	 to	 the	 development	 of	
asthma	 and	 atopy.74	 These	 genetic	 effects	 may,	 in	 part,	 differ	
with	 respect	 to	a	 subject’s	 environmental	 exposures,	 although	
some	 genes	 may	 also	 exert	 their	 effect	 independently	 of	 the	
environment.

A	 number	 of	 gene-environment	 interactions	 have	 been	
found,	 which	 are	 discussed	 in	 detail	 by	 von	 Mutius74	 and	 Le	
Souef.75	These	interactions	confer	additional	biologic	plausibil-
ity	for	the	identified	environmental	exposures	in	the	inception	
of	asthma	and	allergic	diseases.	For	example,	the	interaction	of	
polymorphisms	in	the	TLR2	gene	with	a	farming	environment	
or	daycare	settings	is	highly	suggestive	of	microbial	exposures	
underlying	this	observation.	Conversely,	the	more	detrimental	
effects	of	passive	smoking	in	people	with	genetically	determined	
insufficient	detoxification	(e.g.	GST	Null	genotypes)	highlight	
the	 importance	 of	 taking	 a	 host’s	 susceptibility	 into	 account	
when	estimating	the	effect	size	of	harmful	exposures.76	Thereby,	
the	analysis	of	gene-environment	interactions	may	result	in	the	
identification	of	individuals	who	are	particularly	vulnerable	to	
certain	environmental	exposures.

Conclusions
Large	 variations	 in	 the	 prevalence	 of	 childhood	 and	 adult	
asthma	and	allergies	have	been	reported.	In	affluent,	urbanized	
centers,	prevalences	are	generally	higher	than	in	poorer	centers	
with	the	exception	of	the	inner	city	environments	in	the	USA,	
where	prevalences	are	particularly	high.	Lower	 levels	are	seen,	
especially	 in	 some	 rural	 areas	 in	 Africa	 and	 Asia	 and	 among	
farmers’	children	in	Europe.	Numerous	environmental	 factors	
have	 been	 scrutinized,	 but	 no	 conclusive	 explanation	 for	 the	
rising	trends	has	been	found.	Future	challenges	are	to	tackle	the	
complex	 interplay	between	environmental	 factors	and	genetic	
determinants.

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

Exposure	to	microbes	does	not	only	occur	through	invasive	
infection	of	human	 tissues.	Viable	germs	and	nonviable	parts	
of	 microbial	 organisms	 are	 ubiquitous	 in	 nature	 and	 can	 be	
found	 in	 varying	 concentrations	 in	 our	 daily	 indoor	 and	
outdoor	environments,	and	also	in	urban	areas.	These	microbial	
products	 are	 recognized	 by	 the	 innate	 immune	 system	 and	
induce	 an	 inflammatory	 response.	 Therefore,	 environmental	
exposure	 to	microbial	products	may	play	a	crucial	 role	 in	 the	
maturation	of	a	child’s	immune	response,	enabling	tolerance	of	
other	 components	 of	 its	 natural	 environment	 such	 as	 pollen	
and	animal	dander.

A	number	of	studies	have	in	fact	shown	that	environmental	
exposure	to	endotoxin,	a	component	of	 the	cell	wall	of	Gram	
negative	 bacteria,	 is	 inversely	 related	 to	 the	 development	 of	
atopic	sensitization	and	atopic	dermatitis70;	yet	endotoxin	expo-
sure	 is	 a	 risk	 factor	 for	 wheezing	 and	 asthma	 as	 shown	 in	 a	
number	of	studies.71	Muramic	acid,	a	component	of	the	cell	wall	
of	 all	bacteria,	but	more	abundant	 in	Gram	positive	bacteria,	
has	been	inversely	related	to	asthma	and	wheeze,	but	not	atopy.72	
Compounds	 related	 to	 fungal	 exposures,	 such	as	 extracellular	
polysaccharides	 derived	 from	 Penicillium	 spp.	 and	 Aspergillus	
spp.,	have	also	been	 inversely	associated	with	asthma.73	These	
microbial	 compounds	 are	 found	 in	 higher	 abundance	 in	
farming	than	nonfarming	environments.	Recent	findings	using	
culture	based	and	DNA	based	analyses	suggest	that	the	diversity	
in	 environmental	 microbial	 (bacterial	 and	 fungal)	 exposures	
explains	at	least	in	part	the	‘farm	effect’	on	childhood	asthma.31

These	environmental	microbial	exposures	may	shape	a	sub-
ject’s	microbiome	at	mucosal	surfaces.	Thus,	the	true	interme-
diary	 between	 the	 environment	 and	 the	 host	 may	 be	 the	
microbiota.	 While	 there	 exists	 intriguing	 evidence	 in	 experi-
mental	studies	in	mice,	the	precise	role	of	the	microbiome	for	
developing	allergic	diseases	on	a	population	level	has	not	been	
determined.

Gene-Environment Interactions
The	genetics	of	asthma	will	be	discussed	in	Chapter	3	and	are	
touched	 on	 here	 only	 in	 the	 context	 of	 environmental	 expo-
sures.	 In	general,	 the	 identification	of	novel	 genes	 for	 asthma	
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KEY POINTS

• The atopic disorders – atopic dermatitis, food and inhal-
ant allergies, allergic rhinoconjunctivitis and asthma – 
tend to cluster in individuals, families and locales

• A developmental ‘allergic march’ of childhood begins 
with atopic dermatitis, food allergies and bronchiolitis 
episodes in the first few years of life, and progresses to 
inhalant allergic sensitization, allergic rhinoconjunctivitis 
and atopic asthma.

• Although persistent asthma commonly begins in the first 
few years of life, most infants and toddlers who have 
recurrent bronchiolitis episodes do not go on to have 
persistent asthma in later childhood and adulthood. 
Early life predictive factors for disease persistence 
include allergic march manifestations (atopic dermatitis, 
food allergy, allergic sensitization to inhalant allergens), 
recurrent bronchiolitis episodes triggered by common 
rhinoviruses, and parental asthma.

• Epidemiologic evidence suggests that atopic disorders 
are caused by environmental and lifestyle factors in the 
susceptible host.

• While atopy is a common feature of childhood asthma, 
additional factors appear to contribute to severe, per-
sistent disease expression, including early onset, chronic 
exposure to sensitized allergen in the home and a dys-
regulated ‘Th2-high’ immunopathology.

Natural	history	studies	of	allergic	diseases	and	asthma	are	fun-
damental	 for	 predicting	 disease	 onset	 and	 prognosis.	 Such	
studies	 reveal	 a	 developmental	 ‘allergic	 march’	 in	 childhood,	
from	the	early	onset	of	atopic	dermatitis	(AD)	and	food	aller-
gies	 in	 infancy,	 to	 asthma,	 allergic	 rhinitis	 (AR)	 and	 inhalant	
allergen	sensitization	in	later	childhood.	Allergy	and	asthma	of	
earlier	onset	and	greater	severity	are	generally	associated	with	
disease	 persistence.	 Therefore,	 allergy	 and	 asthma	 commonly	
develop	during	the	early	childhood	years,	the	period	of	greatest	
immune	 maturation	 and	 lung	 growth.	 This	 highlights	 the	
importance	of	growth	and	development	in	a	conceptual	frame-
work	for	allergy	and	asthma	pathogenesis.

This	chapter	reviews	the	allergic	march	of	childhood	and	its	
different	 clinical	 manifestations:	 food	 allergies,	 AD,	 inhalant	
allergies,	AR	and	asthma.	The	natural	history	of	anaphylaxis,	an	
allergic	condition	not	currently	implicated	in	the	allergic	march,	
is	 also	 covered.	 Interventions	 that	 reduce	 the	 prevalence	 of	
allergy	and	asthma	are	reviewed	toward	the	end	of	the	chapter.	
The	 findings	 and	 conclusions	 presented	 in	 this	 chapter	 are	
largely	 based	 on	 long-term	 prospective	 (i.e.	 ‘natural	 history’)	

studies.	Complementary	reviews	of	the	epidemiology	of	allergic	
diseases	in	childhood	can	be	found	in	Chapter	1,	and	the	pre-
vention	and	natural	history	of	food	allergy	in	Chapter	43.

Allergic March of Childhood
Three	prospective,	longitudinal,	birth	cohort	studies	exemplify	
optimized	natural	history	studies	that	are	rich	resources	for	our	
current	 understanding	 of	 the	 development	 and	 outcome	 of	
allergy	 and	 asthma	 in	 childhood:	 (1)	 the	 Tucson	 Children’s	
Respiratory	Study	(CRS)	in	Tucson,	Arizona	(begun	in	1980);	
(2)	 a	 Kaiser-based	 study	 in	 San	 Diego,	 California	 (begun	 in	
1981);	 and	 the	 German	 Multicentre	 Allergy	 Study	 (MAS)	 in	
Germany	(begun	in	1990).	The	major	findings	of	these	studies	
have	 been	 consistent	 and	 reveal	 a	 common	 pattern	 of	 allergy	
and	asthma	development	that	begins	in	infancy.

1.	 The	 highest	 incidence	 of	 AD	 and	 food	 allergies	 is	 in		
the	first	2	years	of	life	(Figure	2-1).	It	is	generally	believed	
that	infants	rarely	manifest	allergic	symptoms	in	the	first	
month	 of	 life.	 By	 3	 months	 of	 age,	 however,	 AD,	 food	
allergies	and	wheezing	problems	are	common.

2.	 This	 is	 paralleled	 by	 a	 high	 prevalence	 of	 food	 allergen	
sensitization	in	the	first	2	years	of	life.1	Early	food	allergen	
sensitization	is	an	important	risk	factor	for	food	allergies,	
AD	and	asthma.

3.	 Allergic	airways	diseases	generally	begin	slightly	 later	 in	
childhood	(see	Figure	2-1).	Childhood	asthma	often	ini-
tially	manifests	with	a	lower	respiratory	tract	infection	or	
bronchiolitis	episodes	in	the	first	few	years	of	life.

4.	 AR	commonly	begins	in	childhood,	although	there	is	also	
good	evidence	that	it	often	develops	in	early	adulthood.2,3

5.	 The	development	of	AR	and	persistent	asthma	 is	paral-
leled	by	a	rise	in	inhalant	allergen	sensitization.	Perennial	
inhalant	allergen	sensitization	(i.e.	cat	dander,	dust	mites)	
emerges	between	2	and	5	years	of	age,	and	seasonal	inhal-
ant	allergen	sensitization	becomes	apparent	slightly	later	
in	life	(ages	3	to	5	years).

Early Immune Development 
Underlying Allergies
A	paradigm	of	immune	development	underlies	allergy	develop-
ment	 and	 progression	 in	 early	 childhood	 (see	 Chapter	 6).	
Briefly,	 the	 immune	 system	 of	 the	 fetus	 is	 maintained	 in	 a	
tolerogenic	 state,	 preventing	 adverse	 immune	 responses	 and	
rejection	between	the	mother	and	fetus.	Placental	interleukin-10	
(IL-10)	 suppresses	 the	 production	 of	 immune-potentiating	
interferon	gamma	(IFN-γ)	by	fetal	immune	cells.	IFN-γ	down-
regulates	the	production	of	pro-allergic	cytokines,	such	as	IL-4	
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IgG	 antibodies	 to	 milk	 and	 egg	 proteins	 were	 detectable	 in	
nearly	 all	 subjects	 in	 the	 first	 12	 months	 of	 life,	 implying		
that	the	infant	immune	system	sees	and	responds	to	commonly	
ingested	 proteins.8,9	 In	 comparison,	 food	 allergen-specific	 IgE	
(especially	 to	 egg)	 was	 measurable	 in	 approximately	 30%		
of	 subjects	 at	 1	 year	 of	 age.	 Low-level	 IgE	 responses	 to	 food	
allergens	 in	 infancy	 were	 common	 and	 transient,	 and	 some-
times	 occurred	 before	 introduction	 of	 the	 foods	 into	 the		
diet.	 In	 children	 who	 developed	 clinical	 allergic	 conditions,	
higher	levels	and	persistence	of	food	allergen-specific	IgE	were	
typical.

Of	seasonal	 inhalant	allergens,	ragweed	and	grass	allergen-
specific	IgGs	were	detectable	in	approximately	25%	of	subjects	
at	3	to	6	months	of	age,	and	steadily	increased	to	40%	to	50%	
by	5	years	of	age.10,11	 In	comparison,	allergen-specific	IgE	was	
detected	in	< 5%	of	subjects	 from	3	to	12	months	of	age,	and	
increased	in	prevalence	to	approximately	20%	by	5	years	of	age.	
Therefore,	 allergen-specific	 IgE	 production	 emerges	 in	 the		
preschool	 years	 and	 persists	 in	 those	 who	 develop	 clinical	
allergies.

ALLERGEN-SPECIFIC TH2 LYMPHOCYTES,  
AND THEIR REGULATION BY TH1 AND  
TREG LYMPHOCYTES

The	 development	 of	 allergen-specific	 antibody	 production	 is	
indicative	 of	 allergen-specific	 T	 lymphocytes	 that	 are	 guiding	
the	 development	 and	 differentiation	 of	 B	 lymphocytes	 to	
produce	 IgE	 through	 secreted	 Th2-type	 cytokines	 (i.e.	 IL-4,	
IL-13)	and	cell	surface	molecular	interactions	(i.e.	CD40/CD40	

and	IL-13.	The	reciprocal	relationship	between	these	cytokines	
and	 the	 immune	 cells	 that	 produce	 them	 defines	‘T-helper	 2’	
(Th2),	 pro-allergic	 immune	 responses	 (i.e.	 IL-4,	 IL-13),	 and	
antiallergic	‘T-helper	1’	(Th1)	immune	development	(i.e.	IFN-
γ).	Thus	 the	conditions	 that	 favor	 immune	 tolerance	 in	utero	
may	also	foster	allergic	immune	responses,	such	that	newborn	
immune	responses	to	ubiquitous	ingested	and	inhaled	proteins	
are	 Th2	 biased.4	 Postnatally,	 encounters	 with	 these	 common	
allergenic	proteins	lead	to	the	development	of	mature	immune	
responses	 to	 them.	The	underlying	 immune	characteristics	of	
allergic	 diseases	 –	 allergen-specific	 memory	 Th2	 cells	 and	
immunoglobulin	E	(IgE)	–	can	be	viewed	as	aberrant	manifes-
tations	 of	 immune	 maturation	 that	 typically	 develop	 during	
these	early	years,	and	might	have	their	roots	in	the	inadequate	
or	delayed	development	of	regulatory	T	lymphocytes	that	can	
inhibit	them.

TOTAL SERUM IgE LEVELS

At	 birth,	 cord	 blood	 IgE	 levels	 are	 almost	 undetectable;	 these	
levels	increase	during	the	first	6	years	of	life.	Elevated	serum	IgE	
levels	in	infancy	have	been	associated	with	persistent	asthma	in	
later	childhood.5	High	serum	IgE	levels	in	later	childhood	(i.e.	
after	11	years	of	age)	have	also	been	well	correlated	with	bron-
chial	hyperresponsiveness	(BHR)	and	asthma.6,7

ALLERGEN-SPECIFIC IgE

In	two	birth	cohort	(up	to	5	years	old)	studies	of	IgG	and	IgE	
antibody	development	to	common	food	and	inhalant	allergens,	

Figure 2-1  Allergic march of early childhood. Period prevalence of atopic dermatitis, food allergy, allergic rhinitis and asthma from birth to 7 years 
in prophylactic-treated (allergenic food avoidance) and untreated (control) groups (Kaiser Permanente; San Diego). *P ≤ .05; **P < .01.  (Data from 
Zeiger RS, Heller S, J Allergy Clin Immunol 1995;95:1179–90; and Zeiger RS, Heller S, Mellon MH, et al. J Allergy Clin Immunol 1989;84:72–89.)
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Persistent	 asthma	 commonly	 begins	 and	 co-exists	 with		
the	 large	 population	 of	 transient	 wheezers	 (see	 Box	 2-1).		
Persistent	 asthma	 is	 strongly	 associated	 with	 allergy,	 which	 is	
evident	 in	 the	 early	 childhood	 years	 as	 clinical	 conditions		
(i.e.	AD,	AR,	food	allergies)	or	by	testing	for	allergen	sensitiza-
tion	to	inhalant	and	food	allergens	(e.g.	IgE,	allergy	skin	testing).	
Severity	of	childhood	asthma,	determined	clinically	or	by	lung	
function	 impairment,	 also	 predicts	 asthma	 persistence	 into	
adulthood.

Early Childhood: Transient vs 
Persistent Asthma
In	the	Tucson	CRS	study,	approximately	50%	of	young	children	
experienced	a	period	of	recurrent	wheezing	and/or	coughing	in	
the	first	6	years	of	 life.16	These	early-childhood	wheezers	were	
further	 subdivided	 into:	 (1)	 ‘transient	 early	 wheezers,’	 with	
wheezing	only	< 3	years;	(2)	‘persistent	wheezers,’	with	manifes-
tations	through	the	first	6	years;	and	(3)	‘late-onset	wheezers,’	
with	manifestations	only	after	3	years.	Transient	wheezers	com-
prised	 the	 largest	proportion	of	 the	group,	 at	20%;	persistent	
and	 late-onset	wheezers	made	up	slightly	smaller	proportions	
(14%	 and	 15%,	 respectively).	 Of	 the	 three	 groups,	 persistent	
wheezers	 had	 the	 greatest	 likelihood	 of	 persistent	 asthma	 in	
later	 childhood	 (Figure	 2-2).	 By	 age	 16	 years,	 approximately	
50%	of	those	with	persistent	or	late-onset	wheezing	in	early	life	
continued	to	have	recurrent	wheezing/coughing	episodes.17	In	
contrast,	 the	 prevalence	 of	 persistent	 asthma	 in	 the	 transient	
wheezer	group	was	approximately	20%	and	not	different	from	
nonwheezers.

Lung	function	in	the	Tucson	CRS	was	measured	in	the	first	
year	 of	 life	 (before	 the	 occurrence	 of	 lower	 respiratory	 tract	
infections)	and	at	6	years	of	age.	Interestingly,	transient	wheezers	
had	the	lowest	airflow	measures	in	infancy,	suggesting	that	they	
had	the	narrowest	airways	and/or	the	smallest	lungs	at	birth.16	
Their	 reduced	 lung	 function	 improved	 significantly	 by	 age	 6	
years,	but	continued	to	be	lower	than	normal	at	age	16	years.17	

Figure 2-2  Hypothetical  yearly  prevalence  for  recurrent  wheezing 
phenotypes in childhood (Tucson Children’s Respiratory Study, Tucson, 
Arizona). This classification does not imply that the groups are exclusive. 
Dashed  lines  suggest  that  wheezing  can  be  represented  by  different 
curve shapes resulting from many different factors, including overlap of 
groups. (Modified from Stein RT, Holberg CJ, Morgan WJ, et al. Thorax 
1997;52:946–52.)
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BOX 2-1 KEY CONCEPTS

Childhood Wheezing and Asthma Phenotypes

• Transient early wheezing or wheezy bronchitis: most common 
in infancy and preschool years

• Persistent allergy-associated asthma: most common pheno-
type in school-age children, adults and elderly

• Nonallergic wheezing: associated with bronchial hyperre-
sponsiveness at birth; continues into childhood

• Asthma associated with obesity, female gender and early-
onset puberty: emerges between 6 and 11 years of age

• Asthma mediated by occupational-type exposures: a proba-
ble type of childhood asthma in children living in particular 
locales, although not yet demonstrated

• Triad asthma: asthma associated with chronic sinusitis, nasal 
polyposis and/or hypersensitivity to nonsteroidal antiinflam-
matory medications (e.g. aspirin, ibuprofen); rarely begins in 
childhood

ligand).	 T	 cell-derived	 IL-4,	 IL-5	 and	 GM-CSF	 also	 support	
eosinophil	 and	 mast	 cell	 development	 and	 differentiation	 in	
allergic	 inflammation.	A	current	paradigm	for	allergic	disease	
suggests	 that	 pro-allergic	 Th2	 cells	 are	 (1)	 differentiated	 to	
produce	cytokines	that	direct	allergic	responses	and	inflamma-
tion,	(2)	opposed	by	Th1	cells	that	produce	counter-regulatory	
cytokines	 (e.g.	 IFN-γ)	 that	 inhibit	 Th2	 differentiation,	 and	
(3)	suppressed	by	regulatory	T	lymphocytes.	As	an	example	of	
this	 Th2/Th1/TREG	 paradigm,	 peripheral	 blood	 mononuclear	
cells	from	infants	who	have	milk	allergy	or	peanut	sensitization,	
or	ultimately	manifest	allergic	disease	at	2	years	of	age,	produce	
more	pro-allergic	Th2	cytokines	(i.e.	IL-4)	to	allergen-specific	
stimulation	 in	 vitro.10,12	 In	 comparison,	 infants	 who	 continue	
to	 be	 nonallergic	 (i.e.	 no	 allergic	 disease	 and/or	 no	 allergen	
sensitization	 in	 later	 childhood)	 produce	 more	 counter-
regulatory	 IFN-γ	 to	 nonspecific5,11	 and	 allergen-specific10	
stimuli.	 Infants	 with	 reduced	 allergic	 sensitization	 also	 have	
increased	 IL-10-producing	 T	 lymphocyte	 numbers	 and	 sup-
pressive	function.13

Infants	with	diminished	Th1	responses	may	be	more	suscep-
tible	to	developing	asthma	for	additional	reasons.	Bronchiolitic	
infants	who	continue	 to	have	persistent	wheezing	and	airflow	
obstruction	also	produce	less	IFN-γ.14	This	suggests	that	infants	
who	produce	less	IFN-γ	 to	ubiquitous	allergens	and	to	airway	
viral	 infections	are	susceptible	to	chronic	allergic	diseases	and	
asthma	 because	 (1)	 they	 are	 less	 able	 to	 impede	 the	 develop-
ment	of	allergen-specific	T	cells	and	IgE,	and	(2)	they	are	more	
likely	 to	 manifest	 persistent	 airways	 abnormalities	 following	
respiratory	viral	infections.

Childhood Asthma
Approximately	80%	of	asthmatic	patients	report	disease	onset	
before	 6	 years	 of	 age.15	 However,	 of	 all	 young	 children	 who	
experience	 recurrent	 wheezing,	 only	 a	 minority	 will	 go	 on	 to	
have	persistent	asthma	in	later	life.	The	most	common	form	of	
recurrent	wheezing	in	preschool	children	occurs	primarily	with	
viral	infections	(Box	2-1).	These	‘transient	wheezers’	or	‘wheezy	
bronchitics’	 are	 not	 at	 an	 increased	 risk	 of	 having	 asthma	 in	
later	 life.	 Transient	 wheezing	 is	 associated	 with	 airways	 viral	
infections,	 smaller	 airways	 and	 lung	 size,	 male	 gender,	 low		
birth	weight,	and	prenatal	environmental	tobacco	smoke	(ETS)	
exposure.
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Figure 2-3  Natural history of  lung function from childhood to adult-
hood (Melbourne Longitudinal Study of Asthma, Melbourne, Australia). 
Subjects were classified according to their diagnosis at time of enroll-
ment: nonwheezing control; mild wheezy bronchitis; wheezy bronchitis; 
asthma; and severe asthma. Lung function is represented as FEV1 cor-
rected for lung volume (FEV1/FVC ratio). Mean values and standard error 
bars are shown. (Adapted from Oswald H, Phelan PD, Lanigan A, et al. 
Pediatr Pulmonol 1997;23:14–20; with data for age 42 years from Horak 
E, Lanigan A, Roberts M, et al. BMJ 2003; 326(7386):422–3.)
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100In	comparison,	persistent	wheezers	demonstrated	normal	lung	
function	in	the	first	few	months	of	life	but	a	significant	decline	
in	airflow	measures	by	6	years	of	age	that	persisted	as	lower	than	
normal	at	age	16	years.17	Therefore,	lung	function	in	transient	
early	and	persistent	wheezers	remained	lower	than	normal	non-
wheezers	through	age	16	years,	indicating	two	different	clinical	
patterns	 of	 recurrent	 wheezing	 in	 early	 childhood	 that	 are		
associated	with	persistently	low	lung	function	established	early	
in	life.

Some	 children	 with	 BHR	 in	 early	 life	 are	 also	 more	 likely		
to	 have	 persistent	 asthma.	 Investigators	 of	 a	 birth	 cohort	 in	
Perth,	 Australia,	 found	 that	 BHR	 at	 1	 month	 of	 age	 was		
associated	with	lower	lung	function	(i.e.	FEV1	and	FVC)	and	a	
higher	 likelihood	 of	 asthma	 at	 6	 years	 of	 age.18	 Interestingly,	
congenital	BHR	was	not	associated	with	total	serum	IgE,	eosin-
ophilia,	 allergen	 sensitization	 or	 BHR	 at	 6	 years	 of	 age	 and		
was	independent	of	gender,	family	history	of	asthma	and	mater-
nal	 smoking.	 In	 the	Tucson	CRS	study,	BHR	measured	at	age		
6	years	predicted	chronic	and	newly	diagnosed	asthma	at	age	
22	years.19

Asthma from Childhood  
to Adulthood
A	 cohort	 of	 7-year-old	 children	 with	 asthma	 living	 in	 Mel-
bourne,	Australia,	was	restudied	for	persistence	and	severity	of	
asthma	at	10,	14,	21,	28,	35	and	42	years	of	age.	At	42	years	of	
age,	 71%	 of	 the	 asthmatics	 and	 89%	 of	 the	 severe	 asthmatics	
continued	to	have	asthma	symptoms;	76%	of	the	severe	asth-
matics	reported	frequent	or	persistent	asthma.20	In	comparison,	
15%	of	‘mild	wheezy	bronchitics’	(i.e.	wheezing	only	with	colds	
at	7	years	of	age)	and	28%	of	‘wheezy	bronchitics’	(i.e.	at	least	
five	episodes	of	wheezing	with	colds)	reported	frequent	or	per-
sistent	asthma.	These	observations	–	 that	many	children	with	
asthma	experience	disease	remission	or	 improvement	 in	early	
adulthood	but	that	severe	asthma	persists	with	age	–	are	remark-
ably	similar	to	those	of	several	other	natural	history	studies	of	
childhood	asthma	into	adulthood.21–24

Spirometric	 measures	 of	 lung	 function	 of	 the	 Melbourne	
study	 children	 initially	 revealed	 that	 asthmatics	 (especially	
severe	 asthmatics)	 had	 lung	 function	 impairment,	 whereas	
wheezy	bronchitics	(i.e.	‘transient’	wheezers)	had	lung	function	
that	 was	 not	 different	 from	 that	 of	 nonasthmatics.	 Over	 the	
ensuing	 years	 these	 differences	 in	 lung	 function	 impairment	
between	groups	persisted	in	parallel,	without	a	greater	rate	of	
decline	 in	 lung	function	in	any	group	(Figure	2-3).20,25	Begin-
ning	 from	 birth,	 in	 the	 Tucson	 CRS,	 low	 lung	 function	 in	
infancy	 also	 persisted	 through	 ages	 11,	 16	 and	 22	 years.26	
However,	some	children	with	persistent	asthma	demonstrated	
progressive	decline	in	lung	function.	In	the	longitudinal	CAMP	
study,	 approximately	 25%	 of	 elementary	 school-age	 children	
with	persistent	asthma	manifested	progressive	decline	 in	 lung	
function	 annually	 for	 4	 years.27	 Risk	 factors	 for	 progressive	
decline	in	lung	function	included	male	gender,	younger	age	and	
hyperinflation.	 These	 findings	 support	 the	 importance	 of	 the	
early	 childhood	 years	 in	 lung	 and	 asthma	 development.	 The	
establishment	of	chronic	disease	and	lung	function	impairment	
in	early	life	appears	to	predict	persistent	asthma	and	lung	dys-
function	 well	 into	 adulthood;	 however,	 progressive	 decline	 in	
lung	 function	 can	 occur	 in	 some	 children	 during	 school-age	
years.

Risk Factors for Persistent Asthma
Natural	 history	 studies	 of	 asthma	 have	 identified	 biologic,	
genetic	 and	 environmental	 risk	 factors	 for	 persistent	 asthma	
(Box	2-2).	From	the	Tucson	CRS,	a	statistical	optimization	of	
the	major	risk	factors	for	persistent	childhood	asthma	provided	
97%	specificity	and	77%	positive	predictive	value	for	persistent	
asthma	in	later	childhood	(Figure	2-4).28

BOX 2-2 KEY CONCEPTS

Risk Factors for Persistent Asthma

ALLERGY

Atopic dermatitis
Allergic rhinitis
Elevated total serum IgE levels (first year of life)
Peripheral blood eosinophilia > 4% (2 to 3 years of age)
Inhalant and food allergen sensitization

GENDER

Males

• Transient wheezing
• Persistent allergy-associated asthma

Females

• Asthma associated with obesity and early-onset puberty
• ‘Triad’ asthma (adulthood)

PARENTAL ASTHMA

LOWER RESPIRATORY TRACT INFECTIONS

Rhinovirus, respiratory syncytial virus
Severe bronchiolitis (i.e. requiring hospitalization)
Pneumonia

ENVIRONMENTAL TOBACCO SMOKE EXPOSURE  
(INCLUDING PRENATAL)
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sensitization	 are	 more	 prevalent	 in	 boys	 than	 in	 girls.39,40	
For	 asthma	 persistence	 from	 childhood	 to	 adulthood,	 female	
gender	is	a	risk	factor	for	greater	asthma	severity22	and	BHR.21	
Female	children	who	become	overweight	and	have	early-onset	
puberty	are	also	more	likely	to	develop	asthma	in	adolescence,	
an	association	not	appreciated	in	males	(see	Figure	2-2).41	These	
observations	 are	 consistent	 with	 the	 gender	 ‘flip’	 in	 asthma	
prevalence	–	higher	 in	males	 in	childhood,	and	 in	 females	by	
adulthood.15

PARENTAL HISTORY OF ASTHMA

Infants	 whose	 parents	 report	 a	 history	 of	 childhood	 asthma	
have	lower	lung	function	and	are	more	likely	to	wheeze	in	early	
life,42,43	in	later	childhood16,32	and	in	adulthood.22	However,	in	a	
two-generation,	 longitudinal	 study	 in	Aberdeen,	Scotland,	 the	
children	of	well-characterized	subjects	without	atopy	or	asthma	
were	 found	 to	have	a	 surprisingly	high	prevalence	of	allergen	
sensitization	 (56%)	 and	 wheezing	 (33%).44	 Similarly,	 in	 the	
MAS	study,	the	majority	of	children	with	AD	and/or	asthma	in	
early	childhood	were	born	to	nonallergic	parents.45	For	example,	
of	 the	 study’s	 asthmatic	 children	 at	 5	 years	 of	 age,	 57%	 were	
born	 to	 parents	 without	 an	 atopic	 history.	 Therefore	 allergen	
sensitization	 and	 asthma	 seem	 to	 be	 occurring	 at	 high	 rates,	
even	in	persons	considered	to	be	at	low	genetic	risk	for	allergy	
and	asthma.

LOWER RESPIRATORY TRACT INFECTIONS

Certain	respiratory	viruses	have	been	associated	with	persistent	
wheezing	 problems	 in	 children.	 It	 is	 not	 known	 if	 persistent	
airways	abnormalities	are	primarily	the	result	of	virus-induced	
damage,	vulnerable	individuals	revealing	their	airway	suscepti-
bility	 to	 virus-induced	 airflow	 obstruction,	 or	 airways	 injury	
with	aberrant	repair.	In	long-term	studies,	infants	hospitalized	
with	 respiratory	 syncytial	 virus	 (RSV)	 bronchiolitis	 (most	
occurred	by	4	months	of	age)	were	significantly	more	likely	to	
have	 asthma	 and	 lung	 dysfunction	 through	 age	 13	 years.46	 In	
the	 Tucson	 CRS	 birth	 cohort,	 91%	 of	 lower	 respiratory	 tract	
infections	 (LRTIs)	 in	 the	 first	 3	 years	 of	 life	 were	 cultured		
for	 common	 pathogens:	 44%	 were	 RSV-positive,	 14%	 were	
parainfluenza-positive,	 14%	 were	 culture-positive	 for	 other	
respiratory	 pathogens,	 and	 27%	 were	 culture-negative.47	 Fol-
lowed	prospectively,	infants	with	RSV	LRTI	were	more	likely	to	
have	wheezing	symptoms	at	6	years	of	age	but	not	at	later	ages	
(i.e.	 11	 and	 13	 years	 old).	 However,	 young	 children	 who	 had	
radiographic	 evidence	 of	 pneumonia	 or	 croup	 symptoms	
accompanying	 wheezing	 were	 more	 likely	 to	 have	 persistent	
asthma	symptoms	and	 lung	function	 impairment	at	6	and	11	
years	of	age.48,49

Improved	 PCR-based	 detection	 methods	 have	 affirmed	 a	
strong	 association	 between	 rhinovirus	 infection	 and	 asthma	
exacerbations,	such	that	approximately	40%	to	70%	of	wheez-
ing	illnesses	and	asthma	exacerbations	in	children	can	be	attrib-
uted	to	rhinovirus.50–52	People	with	asthma	do	not	appear	to	be	
more	 susceptible	 to	 rhinovirus	 infection,	 but	 they	 are	 more	
likely	to	develop	an	LRTI	with	symptoms	that	are	more	severe	
and	 longer	 lasting.53	 In	 the	 Childhood	 Origins	 of	 Asthma	
(COAST)	birth	cohort	study,	90%	of	children	with	rhinovirus-
associated	wheezing	episodes	at	age	3	years	had	asthma	at	age	
6	years,	such	that	a	rhinovirus-associated	wheezing	episode	at	
age	3	years	was	a	stronger	predictor	of	subsequent	asthma	than	

ALLERGY

Essentially	all	of	the	current	natural	history	studies	have	found	
that	allergic	disease	and	evidence	of	pro-allergic	immune	devel-
opment	 are	 significant	 risk	 factors	 for	 persistent	 asthma.	 For	
example,	in	the	Tucson	CRS,	early	AD,	AR,	elevated	serum	IgE	
levels	in	the	first	year	of	life	and	peripheral	blood	eosinophilia	
were	all	significant	risk	factors	for	persistent	asthma.16,28	In	the	
Berlin	MAS	study,	additional	risk	factors	for	asthma	and	BHR	
at	 age	 7	 years	 included	 persistent	 sensitization	 to	 foods	 (i.e.	
hen’s	egg,	cow’s	milk,	wheat	and/or	soy)	and	perennial	inhalant	
allergens	(i.e.	dust	mite,	cat	dander),	especially	in	early	life.29,30	
The	combination	of	allergic	sensitization	to	major	indoor	aller-
gens	(dog,	cat	and/or	mite)	by	age	3	years	with	higher	levels	of	
allergen	 exposure	 in	 the	 home	 was	 associated	 with	 persistent	
wheezing	 and	 lower	 lung	 function	 into	 adolescence.31	 In	 the	
Kaiser	 San	 Diego	 study,	 milk	 or	 peanut	 allergen	 sensitization	
was	a	risk	factor	for	asthma.32	Natural	history	studies	of	asthma	
that	have	extended	 into	adulthood	continue	to	find	allergy	 to	
be	a	risk	factor	for	persistent	asthma.22,23	Since	the	eight-center	
Childhood	 Asthma	 Management	 Program	 (CAMP)	 study	 of	
1,041	asthmatic	children	ages	5	to	12	years	found	that	88%	were	
sensitized	to	at	least	one	inhalant	allergen	at	study	enrollment,	
allergy-associated	asthma	appears	to	be	the	most	common	form	
of	asthma	in	elementary	school-age	children	in	the	USA.33	Fur-
thermore,	in	the	International	Study	of	Asthma	and	Allergies	in	
Childhood	(ISAAC),	strong	correlations	between	high	asthma	
prevalence	and	both	high	allergic	rhinoconjunctivitis	and	high	
AD	prevalence	in	different	sites	throughout	the	world	suggest	
that	allergy-associated	asthma	is	also	the	most	common	form	
of	 childhood	 asthma	 worldwide.34	 In	 children	 with	 recurrent	
cough	or	wheeze	in	early	life,	early	manifestations	of	atopy	are	
well-regarded	predictive	risk	factors	for	persistent	lung	dysfunc-
tion	and	clinical	disease	(Figure	2-4).35,36

GENDER

Male	 gender	 is	 a	 risk	 factor	 for	 both	 transient	 wheezing	 and	
persistent	asthma	in	childhood.16,32	This	is	generally	believed	to	
be	caused	by	the	smaller	airways	of	young	boys	when	compared	
with	 girls.37,38	 Later	 in	 childhood,	 BHR	 and	 inhalant	 allergen	

Figure 2-4  Modified  Asthma  Predictive  Index  for  children  (Tucson 
Children’s  Respiratory  Study,  Tucson,  Arizona).  Through  a  statistically 
optimized model  for 2-  to 3-year-old children with  frequent wheezing 
in the past year, one major criterion or two minor criteria provided 77% 
positive  predictive  value  and  97%  specificity  for  persistent  asthma  
in  later  childhood.  (Adapted from Castro-Rodriguez JA, Holberg 
CH, Wright AL, et al. Am J Respir Crit Care 2000;162:1403–6; and  
Guilbert TW, Morgan WJ, Zeiger RS, et al. J Allergy Clin Immunol 
2004;114:1282–7.)

At least 4 wheezing episodes, plus:

1 Major criterion or 2 Minor criteria

Parental asthma Allergic rhinitis

Eczema Wheezing apart
from colds
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sensitization

Eosinophils ≥ 4%

Food allergen
sensitization
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childhood.63	In	the	German	MAS	study,	more	runny	nose	
colds	 in	 the	 first	 3	 years	 of	 life	 were	 associated	 with	 a	
lower	 likelihood	 of	 allergen	 sensitization,	 asthma	 and	
BHR	 at	 7	 years	 of	 age.64	 A	 dose-dependent	 effect	 was	
observed,	 such	 that	 children	 who	 experienced	 at	 least	
eight	colds	by	age	3	years	had	an	adjusted	odds	ratio	of	
0.16	for	asthma	at	age	7	years.

2.	 In	 infants	 and	 children,	 higher	 house	 dust	 endotoxin	
levels	were	associated	with	less	AD,65–67	inhalant	allergen	
sensitization,68–71	 AR	 and	 asthma.72,73	 Complementary	
immunologic	 studies	 reveal	 that	 higher	 house	 dust		
endotoxin	 levels	were	associated	with	 increased	propor-
tions	 of	 Th1-type	 cells,68	 higher	 levels	 of	 IFN-γ	
from	 stimulated	 peripheral	 blood	 samples74,75	 and	
immune	down-regulation	of	endotoxin-stimulated	blood	
samples.72	 In	 contrast	 to	 these	 atopy-protective	 influ-
ences,	higher	endotoxin	levels	were	associated	with	more	
wheezing,	even	when	a	protective	effect	on	atopy	in	early	
life	was	concurrently	observed.65,67,69,72,76

3.	 Gastrointestinal	 (GI)	 microbiota	 shape	 early	 immune	
development,	 and	 some	 investigators	 identified	 differ-
ences	 in	 stool	 bacteria	 from	 newborns	 and	 infants	 who	
ultimately	go	on	to	develop	allergic	disease	as	being	less	
diverse	 and	 having	 more	 clostridia	 and	 Staphylococcus 
aureus,	 while	 nonallergic	 infants	 had	 more	 enterococci,	
bifidobacteria,	lactobacilli	and	Bacteroides.77–81	Alterations	
in	 the	 gut	 microbiome	 of	 infants	 from	 dietary	 and		
environmental	 differences	 (e.g.	 breastfeeding,	 semi-	
sterile	food,	infections,	antibiotic	use,	siblings,	pets)	may	
influence	 the	 developing	 immune	 system	 and	 allergy	
outcomes.

4.	 Diverse	 environmental	 microbiomes	 associated	 with	
animal	exposures	may	exert	a	protective	influence	on	the	
development	of	asthma.	In	Europe,	farm	versus	non-farm	
children	 were	 exposed	 to	 a	 greater	 diversity	 of	 bacteria	
and	fungi	in	their	mattress	dust,	and	diversity	of	micro-
bial	exposure	was	inversely	related	to	asthma	risk.82	Inter-
estingly,	 in	 US	 inner	 city	 locales	 known	 for	 a	 higher	
prevalence	 of	 severe	 asthma,	 cockroach,	 mouse	 and	 cat	
allergen	 exposure	 in	 the	 first	 year	 of	 life	 was	 inversely	
associated	 with	 recurrent	 wheeze	 (odds	 ratios	 0.60–
0.75).83	Cockroach	and	mouse	exposure	were	associated	
with	 bacterial	 Bacteroidetes	 and	 Firmicutes	 phyla	 in	
house	 dust	 samples,	 which	 were	 associated	 with	 lack	 of	
atopy	and	wheeze.

Conversely,	some	microbial	exposures	have	been	associated	
with	 the	 development	 of	 persistent	 asthma.	 Nasopharyngeal	
carriage	 of	 common	 respiratory	 pathogens	 (Streptococcus 
pneumoniae, Moraxella catarrhalis, Haemophilus influenzae)	in	
infancy,	 and	 in	 children	 with	 asthma	 in	 later	 childhood		
(S. pneumoniae, M. catarrhalis),	 was	 associated	 with	 asthma	
exacerbations,	 implicating	 these	 respiratory	 pathogens	 as	
co-exposures	 in	 the	 pathogenesis	 of	 asthma	 persistence	 and	
exacerbations.84,85

PET OWNERSHIP

Multiple	 longitudinal	 birth	 cohort	 studies	 have	 observed	 dog	
and/or	cat	ownership	to	be	associated	with	a	 lower	 likelihood	
of	 AD,	 allergen	 sensitization	 and	 asthma.86–88	 Similarly,	 in	
farming	 and	 rural	 locales,	 a	 lower	 likelihood	 of	 allergy	 and	
asthma	has	been	associated	with	animal	contact	or	the	keeping	

aeroallergen	sensitization	(odds	ratios	25.6	vs	3.4).54	This	sup-
ports	the	premise	that	individuals	with	lower	airway	vulnerabil-
ity	 to	 common	 respiratory	 viruses	 are	 at	 risk	 for	 wheezing	
episodes	and	persistent	asthma.

ENVIRONMENTAL TOBACCO  
SMOKE EXPOSURE

ETS	exposure	is	a	risk	factor	for	wheezing	problems	at	all	ages.	
Prenatal	 ETS	 exposure	 is	 associated,	 in	 a	 dose-dependent	
manner,	 with	 wheezing	 manifestations	 and	 decreased	 lung	
function	 in	 infancy	 and	 early	 childhood.55,56	 Postnatal	 ETS	
exposure	is	associated	with	a	greater	likelihood	of	wheezing	in	
infancy,43	 transient	 wheezing,	 and	 persistent	 asthma	 in	 child-
hood.16	 Cigarette	 smoking	 has	 also	 been	 strongly	 associated	
with	persistent	asthma	and	asthma	relapses	in	adulthood.23

ETS	exposure	is	also	associated	with	food	allergen	sensitiza-
tion,57	AR,	hospitalization	for	LRTIs,	BHR	and	elevated	serum	
IgE	levels.58,59	In	a	7-year	prospective	study,	ETS	exposure	was	
associated	 with	 greater	 inhalant	 allergen	 sensitization	 and	
reduced	lung	function.32

Asthma- and Allergy-Protective 
Influences
Some	lifestyle	differences	may	impart	asthma-	and/or	allergy-
protective	 effects.	 Natural	 history	 studies	 have	 started	 to		
contribute	 some	 epidemiologic	 evidence	 in	 support	 of	 these	
hypotheses.

BREASTFEEDING

Numerous	 studies	 have	 investigated	 the	 potential	 of	 early	
breastfeeding	as	a	protective	influence	against	the	development	
of	allergy	and	asthma.	Meta-analyses	of	prospective	studies	of	
exclusive	breastfeeding	for	4	or	more	months	from	birth	have	
been	associated	with	less	AD	and	asthma	(summary	odds	ratios	
of	0.68	and	0.70,	respectively).60,61

MICROBIAL EXPOSURES

Numerous	epidemiologic	 studies	have	 found	 that	a	variety	of	
microbial	 exposures	 are	 associated	 with	 a	 lower	 likelihood	 of	
allergen	sensitization,	allergic	disease	and	asthma.	This	has	led	
to	a	‘hygiene’	hypothesis,	which	proposes	that	the	reduction	of	
microbial	exposures	in	childhood	in	modernized	locales	has	led	
to	the	rise	in	allergy	and	asthma.62	Microbes	and	their	molecular	
components	are	believed	to	influence	early	childhood	develop-
ment	by	 inducing	Th1-type	and	regulatory	 immune	develop-
ment	and	immune	memory,	thereby	preventing	the	development	
of	 allergen	 sensitization	 and	 diseases,	 while	 strengthening	 the	
immune	 response	 and	 controlling	 inflammation	 to	 common	
respiratory	viral	infections.

To	 address	 this	 hypothesis,	 natural	 history	 studies	 have	
begun	to	explore	the	relationships	between	microbes	and	their	
components	(e.g.	home	environmental	bacterial	endotoxin)	to	
the	development	of	allergies	and	asthma:

1.	 In	the	Tucson	CRS,	children	raised	in	larger	families	or	in	
daycare	from	an	early	age	(believed	to	be	surrogate	mea-
sures	for	more	respiratory	infections	and	microbial	expo-
sures)	were	less	likely	to	have	asthma	symptoms	in	later	
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Atopic Dermatitis
AD	 usually	 begins	 during	 the	 preschool	 years	 and	 persists	
throughout	 childhood.	 Two	 prospective	 birth	 cohort	 studies	
have	found	the	peak	incidence	of	AD	to	be	in	the	first	2	years	
of	 life	(see	Figure	2-1).32,101	Although	66%	to	90%	of	patients	
with	AD	have	clinical	manifestations	before	7	years	of	age,102,103	
eczematous	lesions	in	the	first	2	months	of	life	are	rare.	Natural	
history	studies	of	AD	have	reported	a	wide	variation	(35%	to	
82%)	 in	 disease	 persistence	 throughout	 childhood.103,104	 The	
greatest	remission	in	AD	seems	to	occur	between	8	and	11	years	
of	age	and,	to	a	lesser	extent,	between	12	and	16	years.103	Natural	
history	studies	of	AD	may	have	underestimated	the	persistent	
nature	of	the	disease	for	reasons	that	include	(1)	AD	definition	
–	 some	 studies	 have	 included	 other	 forms	 of	 dermatitis	 that	
have	a	better	prognosis	over	time	(i.e.	seborrheic	dermatitis),105	
(2)	AD	recurrence	–	a	recent	23-year	birth	cohort	study	found	
that	many	patients	who	went	 into	disease	 remission	 in	child-
hood	had	an	AD	recurrence	in	early	adulthood,103	and	(3)	AD	
manifestation	–	it	is	generally	believed	that	patients	with	child-
hood	AD	will	often	evolve	 to	manifest	hand	and/or	 foot	der-
matitis	as	adults.

Parental	history	of	AD	is	an	important	risk	factor	for	child-
hood	 AD.	 This	 apparent	 heritability	 complements	 studies	
revealing	a	high	concordance	rate	of	AD	among	monozygotic	
versus	 dizygotic	 twins	 (0.72	 vs	 0.23,	 respectively).106	 In	 a	 risk	
factor	assessment	for	AD	in	the	first	2	years	of	life,	higher	levels	
of	maternal	education	and	 living	 in	 less	crowded	homes	were	
risk	 factors	 for	 early-onset	 AD.107	 The	 environmental/lifestyle	
risk	 factors	 reported	 for	AR	 and	 asthma	 are	 similar.	A	 meta-
analysis	 of	 prospective	 breastfeeding	 studies	 concluded	 that	
exclusive	breastfeeding	of	infants	with	a	family	history	of	atopy	
for	at	least	the	first	3	months	of	life	is	associated	with	a	lower	
likelihood	of	childhood	AD	(odds	 ratio	0.58).	This	protective	
effect	was	not	observed,	however,	in	children	without	a	family	
history	of	atopy.60

Initial	AD	disease	 severity	 seems	predictive	of	 later	disease	
severity	and	persistence.	Of	adolescents	with	moderate	to	severe	
AD,	77%	to	91%	continued	to	have	persistent	disease	in	adult-
hood.108	In	comparison,	of	adolescents	with	mild	AD,	50%	had	
AD	in	adulthood.	Food	allergen	sensitization	and	exposure	in	
early	childhood	also	contribute	to	AD	development	and	disease	
severity.	 Food	 allergen	 sensitization	 is	 associated	 with	 greater	
AD	 severity.32,109	 Furthermore,	 elimination	 of	 common	 aller-
genic	foods	in	infancy	(i.e.	soy,	milk,	egg,	peanuts)	is	associated	
with	a	lower	prevalence	of	allergic	skin	conditions	up	to	age	2	
years	(see	Figure	2-1).32

Natural	history	studies	have	found	early	childhood	AD	to	be	
a	major	risk	factor	for	food	allergen	sensitization	in	infancy,110	
inhalant	 allergen	 sensitization110,111	 and	 persistent	 asthma	 in	
later	childhood.16,28	In	particular,	severe	AD	in	early	childhood	
is	associated	with	a	high	prevalence	of	allergen	sensitization	and	
airways	 allergic	 disease	 in	 later	 childhood	 (i.e.	 4	 years	 later;	
Figure	 2-5).	 Indeed,	 in	 young	 patients	 with	 severe	AD,	 100%	
developed	inhalant	allergen	sensitization	and	75%	developed	an	
allergic	 respiratory	 disease	 (mostly	 asthma)	 over	 4	 years.	 In	
contrast	to	severe	AD,	patients	with	mild	to	moderate	AD	were	
not	as	likely	to	develop	allergen	sensitization	(36%)	or	an	aller-
gic	 respiratory	 disease	 (26%).	 More	 information	 on	 current	
concepts	 of	 barrier	 and	 immune	 dysfunction	 in	 AD,	 and	 the	
role	of	food	hypersensitivity,	can	be	found	in	Chapters	50	and	
47,	respectively.

of	 domestic	 animals	 in	 the	 home.89	 Two	 meta-analyses	 of	
numerous	 studies	 of	 domestic	 animal	 exposure	 and	 allergy		
and	 asthma	 outcomes	 generally	 found	 a	 protective	 effect.90,91	
Although	 the	 mechanism(s)	 for	 this	 protective	 association	 is	
unclear,	one	possibility	is	that	greater	bacterial	exposure	occurs	
with	 animal	 contact	 and/or	 animal/petkeeping	 in	 the	 home.	
Indoor	 pets	 are	 a	 major	 factor	 associated	 with	 higher	 indoor	
endotoxin	levels	in	metropolitan	homes.89	Bacterial	community	
diversity	in	house	dust	samples	from	households	with	pet	dogs,	
and	some	with	cats,	is	increased.92

VITAMIN D

There	is	current	conjecture	that	vitamin	D	supplementation	can	
prevent	 allergy	 and	 asthma.	 It	 has	 been	 hypothesized	 that	
modern	lifestyles	with	greater	time	spent	indoors	have	fostered	
more	 vitamin	 D	 deficiency,	 resulting	 in	 more	 asthma	 and	
allergy.93,94	The	scientific	rationale	is	appealing:	vitamin	D	has	
been	 shown	 to	 bolster	 innate	 antimicrobial	 and	 regulatory		
T	 lymphocyte	 responses.93	 Complementing	 this	 mechanistic	
science,	 three	 birth	 cohort	 studies	 have	 observed	 that	 high	
maternal	 vitamin	 D	 intake	 during	 pregnancy	 was	 associated	
with	a	 lower	 risk	of	 recurrent/persistent	wheeze	or	asthma	 in	
preschool	childhood.95–97	Clinical	trials	to	determine	the	poten-
tial	preventive	benefits	of	vitamin	D	supplementation	on	allergy	
and	asthma	are	ongoing.

Childhood Asthma Phenotypes
Different	severity	phenotypes	of	children	with	persistent	asthma	
have	 recently	 been	 characterized	 using	 cluster	 analysis.	 In	 the	
Childhood	Asthma	Management	Program	(CAMP)	study,	five	
main	phenotypes	were	distinguished:	(1)	‘mild	asthma’	with	low	
atopy,	 airways	 obstruction	 and	 exacerbation	 rate;	 (2)	 atopic	
asthma	 with	 atopic	 dermatitis/allergic	 rhinitis/allergic	 sensiti-
zation,	 normal	 lung	 function	 and	 low	 exacerbation	 rates;		
(3)	 high	 allergic	 rhinitis/allergic	 sensitization,	 reduced	 lung	
function	 and	 moderate	 exacerbation	 rates;	 (4)	 reduced	 lung	
function	 and	 high	 bronchodilator	 responses,	 BHR	 and	
exacerbation/hospitalization	 rates;	 and	 (5)	 the	 highest	 atopy/
serum	IgE/eosinophilia,	reduced	lung	function,	high	broncho-
dilator	responses/BHR,	and	the	highest	exacerbation	and	hos-
pitalization	rates.98	Children	in	these	different	clusters	appeared	
to	be	temporally	stable	over	the	5	years	of	the	CAMP	study,	with	
mild	versus	severe	diverging	over	time.	These	clusters	were	con-
sistent	 with	 those	 identified	 in	 the	 Severe	 Asthma	 Research	
Program	 (SARP).99	 The	 most	 severe	 phenotype	 in	 children	
appears	consistent	with	a	severe	‘Th2-high’	phenotype	in	adults,	
with	 IL-13-induced	epithelial	gene	expression	(e.g.	periostin),	
atopic	airways	inflammation	and	exacerbation	risk.100

Asthma	 mediated	 by	 occupational-type	 exposures	 is	 often	
not	 considered	 in	 children,	 and	 yet	 some	 children	 are	 raised		
in	 settings	 where	 occupational-type	 exposures	 can	 mediate	
asthma	 in	 adults	 (e.g.	 on	 farms	 or	 with	 farm	 animals	 in	 the	
home).	 Children	 with	 hypersensitivity	 and	 exposure	 to	 other	
common	airways	irritants	or	air	pollutants	such	as	ETS,	endo-
toxin,	ozone,	sulfur	dioxide	or	cold	air	may	also	contribute	to	
the	pool	of	nonatopic	children	with	persistent	asthma.	‘Triad’	
asthma,	characteristically	associated	with	hyperplastic	sinusitis/
nasal	polyposis	and/or	hypersensitivity	to	nonsteroidal	antiin-
flammatory	medications	(e.g.	aspirin,	ibuprofen),	rarely	occurs	
in	childhood.
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likelihood	 of	 losing	 clinical	 hypersensitivity,	 but	 this	 has	 not	
been	well	studied.118

Hypersensitivity	to	milk	at	1	year	of	age	was	a	risk	factor	for	
additional	food	allergies	in	later	childhood.121,122	Furthermore,	
food	hypersensitivity	in	early	life	(i.e.	to	milk,	egg,	peanut)	was	
found	to	be	a	risk	factor	for	AD123,124	and,	later,	asthma.29,32	More	
information	 on	 the	 natural	 history	 and	 prevention	 of	 food	
allergy	can	be	found	in	Chapter	43.

Anaphylaxis
Anaphylaxis	 in	 children	 can	 result	 from	 numerous	 possible	
exposures	(e.g.	foods,	antibiotics,	insulin,	insect	venoms,	latex)	
and	 is	 sometimes	anaphylactoid	 (a	clinically	 similar	but	non-
IgE-mediated	 reaction,	 such	 as	 occurs	 with	 radio-contrast	
media	 and	 aspirin/nonsteroidal	 antiinflammatory	 drugs)	 or	
idiopathic.	 In	 a	 retrospective	 medical	 records	 review	 of	 601	
cases,	 causes	 of	 anaphylaxis	 were	 determined	 in	 41%:	 foods	
22%,	 medications	 11%	 and	 exercise	 5%.	 Episodes	 tended	 to	
become	less	frequent	over	time.125	A	history	of	AR	or	asthma	is	
a	risk	factor	for	anaphylaxis	to	foods	and	latex.126	Surprisingly,	
a	history	of	asthma,	pollenosis	or	food	and/or	drug	allergy	is	a	
risk	factor	for	anaphylactoid	reactions	to	radio-contrast	media,	
with	 a	 higher	 prevalence	 of	 adverse	 reactions	 to	 ionic	 versus	
nonionic	contrast	media	observed.127	In	contrast,	atopy	is	not	a	
risk	 factor	 for	 anaphylaxis	 to	 insulin,128	 penicillin129	 or	 insect	
stings.130	The	natural	history	of	anaphylactic	reactions	in	chil-
dren	has	been	studied	prospectively	only	for	food-induced	ana-
phylaxis	(described	previously)	and	bee	sting	anaphylaxis.

In	a	Johns	Hopkins	study	examining	the	natural	history	of	
bee	venom	allergy	 in	children,	venom-allergic	children	with	a	
history	of	mild	generalized	 reactions	were	 randomly	assigned	
to	venom	immunotherapy	or	no	treatment	and	then	subjected	
to	a	 repeat	 sting	 in	a	medical	 setting	4	years	 later.131	Systemic	
allergic	 reactions	 occurred	 in	 1.2%	 of	 the	 treated	 group	 and	
9.2%	of	the	untreated	group.	Moreover,	systemic	reactions	that	
occurred	were	no	more	severe	than	the	original	incidents.	In	a	
smaller	study	of	children	and	adults	with	venom	hypersensitiv-
ity,	 repeat	 sting	 challenges,	 at	 least	 5	 years	 after	 the	 original	
incidents,	induced	no	systemic	reactions	in	those	who	originally	
presented	with	only	urticaria/angioedema	but	did	 induce	sys-
temic	reactions	in	21%	of	those	who	originally	had	respiratory	
and/or	cardiovascular	complications.132

These	 studies	 suggest	 that	 insect	 sting	 anaphylaxis	 is	 often	
self-limited	 in	 children,	 with	 spontaneous	 remission	 usually	
occurring	 within	 4	 years.	 Those	 at	 greatest	 risk	 of	 persistent	
hypersensitivity	include	those	with	previous	severe	anaphylactic	
episodes.	 Conversely,	 those	 children	 with	 mild	 systemic	 reac-
tions	to	bee	stings	are	less	likely	to	have	an	allergic	reaction	on	
re-sting,	and	any	future	anaphylactic	episodes	from	bee	stings	
are	 not	 likely	 to	 be	 severe.	 Finally,	 in	 a	 re-challenge	 study		
of	 subjects	with	no	clinical	 response	 to	a	first	 sting	challenge,	
21%	experienced	anaphylaxis	 to	the	second	challenge,	and,	of	
those,	one	half	developed	symptomatic	hypotension	requiring	
epinephrine.133

Gene-Environment Interactions
Gene-environment	 interactions	 validate	 the	 central	 paradigm	
that	 allergy	 and	 asthma	 development	 results	 from	 common	
environmental	 exposures	 affecting	 the	 inherently	 susceptible	
host.	 There	 are	 two	 notable	 examples	 related	 to	 childhood	
asthma:

Allergic Rhinitis
Many	 people	 develop	 AR	 during	 childhood.	 Two	 prospective	
birth	cohort	studies	reported	a	steady	rise	in	total	(i.e.	seasonal	
and	perennial)	AR	prevalence,	reaching	35%	to	40%	by	age	7	
years.32,112	Seasonal	AR	emerged	after	2	years	of	age	and	increased	
steadily	to	15%	by	age	7	years.112

AR	also	commonly	begins	 in	early	adulthood.	In	a	23-year	
cohort	study	of	Brown	University	students,	beginning	in	their	
freshman	year,	perennial	AR	developed	in	4.8%	at	7	years	and	
14%	at	23	years	of	follow-up.2,3	The	incidence	increase	for	sea-
sonal	AR	was	substantially	greater:	13%	at	7	years	and	41%	at	
23	 years	 of	 follow-up.2,3	 Allergen	 skin	 test	 sensitization	 and	
asthma	were	prognostic	risk	factors	for	the	development	of	AR.

AR	persistence	has	been	evaluated	 in	adult	patients.	Three	
follow-up	studies	of	adult	AR	patients	 found	a	disease	remis-
sion	rate	of	5%	to	10%	by	4	years113	and	23%	by	23	years.2	In	
the	 23-year	 follow-up	 study,	 55%	 of	 the	 follow-up	 subjects	
reported	 improvement	 in	 rhinitis.	 Onset	 of	 disease	 in	 early	
childhood	was	associated	with	greater	improvement.2

Food Allergy
Food-adverse	 reactions	 in	 childhood	 include	 food	hypersen-
sitivity	 that	 is	 IgE	 mediated	 and	 manifests	 as	 classic	 allergic	
symptoms	 of	 immediate	 onset.	 Other	 food-allergic	 reactions,	
such	 as	 eosinophilic	 gastroenteropathy	 and	 food	 protein-
induced	enterocolitis	syndrome,	have	variable	associations	with	
foods	and	lack	natural	history	studies.

Natural	 history	 studies	 reveal	 that	 the	 prevalence	 of	 food	
hypersensitivity	is	greatest	in	the	first	few	years	of	life,	affecting	
5%	to	15%	of	children	in	their	first	year	of	life.114,115	Most	chil-
dren	become	tolerant	of	or	seem	to	‘outgrow’	their	food	aller-
gies	 to	 milk,	 soy	 and	 egg	 within	 a	 few	 years.	 In	 a	 prospective	
study	of	young	children	with	milk	allergy,	most	became	nonal-
lergic	within	a	few	years:	50%	by	1	year	of	age,	70%	by	2	years,	
and	 85%	 by	 3	 years.116	 Older	 children	 and	 adults	 with	 food	
allergies	are	 less	 likely	 to	become	tolerant	(26%	to	33%).117,118	
Long-term	follow-up	studies	of	peanut-allergic	children	found	
that	loss	of	clinical	hypersensitivity	was	uncommon,	especially	
in	children	with	anaphylactic	symptoms	in	addition	to	urticaria	
and/or	 AD.119,120	 Allergies	 to	 other	 nuts,	 fish	 and	 shellfish	
are	 also	 believed	 to	 be	 more	 persistent.	 It	 is	 purported	 that	
allergen	avoidance	diets	in	food-allergic	children	increase	their	

Figure 2-5  Atopic dermatitis  (AD)  in  young children  (2 months  to 3 
years of age) and allergen sensitization (to food and inhalant allergens), 
asthma and allergic rhinoconjunctivitis (AR) 4 years later. At enrollment, 
AD severity was determined, and no subjects had AR or asthma. Four 
years  later,  88%  of  subjects  had  a  marked  improvement  or  complete 
resolution  of  AD.  However,  all  children  with  severe  AD  at  enrollment 
were  sensitized  to  inhalant  allergens,  and  75%  had  asthma  and/or  
AR.  (From Patrizi A, Guerrini V, Ricci G, et al. Pediatr Dermatol 2000; 
17:261–5.)
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months	of	life,	the	prevalence	of	food	allergen	sensitization,	AD	
and	urticarial	 rash	 was	 reduced	 in	 the	first	 year	of	 life,115	but	
did	 not	 persist	 at	 either	 age	 4	 or	 7	 years,	 and	 no	 effect	 was	
observed	on	 inhalant	allergen	sensitization	or	allergic	airways	
conditions32	(see	Figure	2-1).

In	 contrast,	 in	 observational	 studies,	 introduction	 of	 aller-
genic	 foods	 in	 early	 infancy	 has	 been	 associated	 with	 a	 lower	
prevalence	of	specific	food	allergy.	Infants	introduced	to	egg	at	
4	to	6	months	of	age	had	a	significantly	lower	risk	of	egg	allergy,	
especially	 if	first	exposed	to	cooked	egg	(as	opposed	to	egg	in	
baked	goods).146	A	10-fold	higher	prevalence	of	peanut	allergy	
in	Jewish	children	in	the	UK	versus	Israel	was	linked	to	dietary	
differences:	Israeli	infants	consume	peanuts	in	a	teething	biscuit,	
while	UK	infants	avoid	peanuts.147	A	clinical	trial	to	determine	
if	 early	 introduction	 of	 peanut	 in	 infants’	 diets	 can	 prevent	
peanut	allergy	by	oral	tolerance	induction	is	ongoing	(Learning	
Early	About	Peanut	Allergy	[LEAP]	study).148

INHALANT ALLERGEN  
ELIMINATION/REDUCTION

Randomized	clinical	trials	of	home	inhalant	allergen	reduction	
beginning	pre	birth	have	had	mixed	results.	An	intensive	indoor	
allergen	reduction	intervention	did	not	affect	the	risk	of	respira-
tory	symptoms,	wheeze,	rhinitis	or	AD	at	age	3	years;	although	
intervention	was	associated	with	a	higher	prevalence	of	allergic	
sensitization,	it	was	conversely	associated	with	better	lung	func-
tion,	i.e.	lower	airways	resistance.149	Addition	of	thorough	dust	
mite	reduction	measures	to	food	allergen	avoidance	for	1	year	
reduced	the	likelihood	of	AD	from	1	to	4	years	of	age	and	reduced	
the	 incidence	 of	 allergen	 sensitization	 at	 age	 4	 years.150–152	
Decreased	asthma	was	observed	in	the	first	year	of	life	but	not	at	
age	2	or	4	years.	An	intervention	including	house	dust,	pets	and	
ETS	avoidance,	breastfeeding	and	delayed	introduction	of	solid	
foods	was	associated	with	a	lower	risk	of	asthma	at	age	7	years;	
BHR,	allergic	sensitization,	AR	and	AD	were	not	affected.153	A	
systematic	review	and	meta-analysis	of	three	multifaceted	and	
six	monofaceted	allergen	reduction	trials	suggested	that	reduc-
tion	in	exposure	to	multiple	indoor	allergens,	but	not	monoal-
lergen	interventions,	modestly	reduced	the	likelihood	of	asthma	
in	 children.154	 The	 modest	 effect	 of	 these	 allergen	 reduction	
interventions	may	be	attributable	to	the	partial	effectiveness	of	
these	 specific	 interventions	 in	 lowering	 home	 allergen	 levels,	
allergen	 exposure	 that	 occurs	 outside	 of	 the	 home,	 and	 the	
potential	 unintended	 effect	 of	 the	 interventions	 on	 other		
environmental	 disease	 modifiers	 (e.g.	 endotoxin).	 Improving	
allergen	reduction/elimination	(i.e.	dehumidification155)	could	
potentially	be	more	effective.	Dust	mite-sensitive	children	with	
asthma	who	have	been	moved	to	high-altitude	locales	without	
dust	 mite	 allergen,156,157	 or	 whose	 bedrooms	 have	 undergone	
extensive	mite	reduction	measures,60,61,158	experience	significant	
asthma	improvement,	sometimes	dramatically.

BREASTFEEDING

This	has	been	addressed	in	prospective	studies	discussed	earlier	
in	this	chapter.

ENVIRONMENTAL TOBACCO SMOKE 
ELIMINATION/REDUCTION

The	 acquisition	 of	 definitive	 proof	 of	 the	 preventive	 value	 of	
reducing	or	eliminating	ETS	exposure	in	infancy	and	childhood	

1.	 CD14, endotoxin and dogs:	Polymorphisms	in	genes	encod-
ing	 proteins	 that	 mediate	 endotoxin	 recognition	 can	
modify	 endotoxin	 responsiveness.	A	 common	 polymor-
phism	in	the	promoter	region	(-260C-to-T)	of	the	CD14	
gene	 (endotoxin	 promoter/enhancer	 protein)	 has	 been	
one	 of	 the	 most	 studied	 polymorphisms	 with	 regard	 to	
asthma	and	allergies.	Functionally,	the	-260CT	CD14	pro-
moter	polymorphism	alters	the	transcriptional	regulation	
of	 CD14;	 the	 T	 allele	 increases	 CD14	 transcription	 by	
reducing	 the	binding	of	proteins	 that	 inhibit	gene	 tran-
scription.134	Some	studies	have	found	that	the	C	allele	of	
the	-260	CD14	promoter	polymorphism	increases	the	risk	
for	allergic	sensitization,135,136	while	others	have	not.137,138	
Furthermore,	some	studies	show	this	allele	to	have	either	
protective	or	risk	effects,	depending	on	the	type	of	envi-
ronment	in	which	the	individual	lives.	These	discrepancies	
are	likely	to	be	a	consequence	of	different	levels	of	expo-
sure	to	endotoxin	or	similar	microbial	components.	For	
example,	in	a	birth	cohort	study,	only	the	low-responder,	
‘CC’	 homozygous	 group	 demonstrated	 strong	 dose-
response	relationships	between	higher	house	dust	endo-
toxin	 levels	 and	 less	 subsequent	 allergic	 sensitization	 to	
inhalant	allergens,	less	AD	and	more	nonatopic	wheeze.139	
Similarly,	the	C	allele	was	found	to	be	protective	in	children	
living	 in	 a	 subset	 of	 homes	 where	 measured	 endotoxin	
levels	were	high.140	In	another	birth	cohort	study,	the	pro-
tective	effect	of	dog	ownership	on	AD	in	infancy	occurred	
only	in	those	who	were	of	the	CD14	‘TT’	genotype.88

2.	 Glutathione S-transferases (GSTs), environmental tobacco 
smoke (ETS) and diesel exhaust:	Genetic	susceptibility	to	
common	 air	 pollutant	 exposures	 increases	 the	 risk	 of	
childhood	 asthma.	 For	 example,	 polymorphisms	 in	 the	
endogenous	 antioxidant	 GST	 genes	 (e.g.	 GST-M1	 null)	
were	associated	with	less	asthma	in	children;	these	asso-
ciations	were	strengthened	when	genetic	GST	susceptibil-
ity	 was	 combined	 with	 maternal	 smoking.141–143	 In	 a	
longitudinal	birth	cohort	study,	diesel	exhaust	particulate	
exposure	was	associated	with	persistent	wheezing	only	in	
those	 children	 carrying	 a	 specific	 genotypic	 variant	 in	
GST-P1	 (valine	 at	 position	 105).144	 Similar	 to	 the	 GST	
polymorphisms,	 genetic	 variants	 in	 chromosome	 17q21	
increased	 the	 risk	 of	 early-onset	 asthma;	 this	 risk	 was	
further	increased	by	early	ETS	exposure.145

These	 findings	 demonstrate	 how	 ordinary	 environmental	
exposures	conspire	with	genetic	susceptibilities	to	exert	stronger	
effects	 on	 the	 development	 of	 asthma	 and	 allergy	 than	 either	
genes	or	environmental	exposures	alone.

Prevention Studies
Early-intervention	studies	to	prevent	the	development	of	aller-
gic	disease	and	asthma	have	had	limited	success	so	far.	Never-
theless,	because	of	their	prospective	design,	such	studies	can	add	
valuable	insights	to	the	natural	history	of	allergic	diseases.

AVOIDANCE VERSUS EARLY INTRODUCTION 
OF ALLERGENIC FOODS

In	a	7-year	randomized,	controlled	 intervention	study	(Kaiser	
Permanente	San	Diego),	in	which	the	common	allergenic	foods	
(cow’s	milk,	peanut,	egg,	fish)	were	eliminated	from	the	diets	of	
at-risk	infants	(i.e.	one	parent	with	an	atopic	disorder	and	aller-
gen	sensitization)	from	the	third	trimester	of	pregnancy	to	24	
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ment	 in	 children	 with	 AR.	 A	 recently	 published	 randomized,	
controlled	study	found	that	a	3-year	AIT	course	administered	
to	children	with	birch	and/or	grass	pollen	AR	reduced	rhino-
conjunctivitis	 severity,	 conjunctival	 sensitivity	 to	 allergen	 and	
the	likelihood	of	developing	asthma	at	2	and	7	years	after	AIT	
discontinuation.165,166	AIT	also	prevents	the	development	of	new	
sensitization	 to	 inhalant	 allergens.167,168	 These	 studies	 suggest	
that	AIT	may	alter	the	allergic	march	of	inhalant	allergen	sen-
sitization	and	asthma,	but	the	difficulties	and	risks	of	conven-
tional	AIT	in	children	warrant	careful	consideration.

PROBIOTICS

Some	 studies	 suggest	 that	 oral	 probiotic	 supplementation	 in	
infancy	 may	 prevent	 atopy	 by	 promoting	 Th1-type	 and/or		
regulatory	T	lymphocyte	immune	development.	In	breastfeed-
ing	 mothers	 who	 received	 lactobacillus	 supplementation,	
breast	 milk	 had	 higher	 concentrations	 of	 the	 antiinflamma-
tory	 cytokine	 TGF-β,	 and	 their	 infants	 had	 a	 reduced	 risk	 of	
AD	of	0.32.169	Lactobacillus	ingestion	has	also	been	associated	
with	 increased	 infant	 peripheral	 blood	 IL-10	 production	 and	
serum	IL-10	 levels.170	A	meta-analysis	of	six	randomized	con-
trolled	trials	to	prevent	AD	in	children,	usually	beginning	with	
maternal	intake	before	birth,	reported	less	AD	in	the	probiotic-
treated	 group.171	 Other	 clinical	 trials	 with	 lactobacillus	 or	
combined	 pro-/prebiotics	 demonstrated	 reduced	 respiratory	
infection	illnesses	in	young	children.172–174	A	large	randomized	
controlled	trial	(N	=	1,018)	of	pre-/probiotic	supplementation	
to	prevent	allergies	found	no	significant	differences	in	allergic	
sensitization,	AD,	AR	or	asthma	at	5	years	of	age;	however,	 it	
significantly	 reduced	 the	 odds	 ratio	 (0.47)	 of	 IgE-associated	
allergic	 disease	 in	 cesarean-delivered	 children.175	 Differences	
in	 the	 specific	 probiotic	 strains	 used	 in	 the	 different	 clinical	
trials	 may	 contribute	 to	 the	 differences	 in	 findings	 between	
studies.

Conclusions
To	 summarize,	 allergic	 diseases	 and	 asthma	 commonly		
develop	 in	 the	 early	 childhood	 years.	 Current	 paradigms	 of	
immune	development	and	lung	growth	shape	the	understand-
ing	 of	 disease	 pathogenesis.	 The	 systemic	 nature	 of	 these	
conditions	 is	 such	 that	 manifestations	 of	 one	 allergic	 condi-
tion	 are	 often	 risk	 factors	 for	 others	 (e.g.	 AD	 and	 allergen	
sensitization	 are	 risk	 factors	 for	 persistent	 asthma).	 Although	
many	 allergy	 and	 asthma	 sufferers	 improve	 and	 can	 even	
become	 disease-free	 as	 adults,	 those	 with	 severe	 disease	 and	
some	 particular	 conditions	 (e.g.	 peanut	 allergy)	 are	 likely	 to	
have	 lifelong	disease.
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has	 been	 hindered	 by	 the	 difficulties	 in	 achieving	 long-term	
smoking	 cessation	 in	 randomized,	 controlled	 studies.	 ETS	
exposure	 at	 all	 ages,	 from	 prenatal	 exposure	 of	 mothers	 to	
smoking	in	asthmatic	adults,	is	associated	with	more	wheezing	
problems	and	more	severe	disease	and	is	discussed	earlier	in	this	
chapter.	 When	 considered	 with	 other	 health	 benefits	 of	 ETS	
exposure	avoidance,	this	is	strongly	recommended.

Pharmacologic Intervention
Several	 studies	 have	 attempted	 to	 determine	 if	 conventional	
therapy	for	allergy	and	asthma	may	be	able	to	alter	the	natural	
course	 of	 the	 allergic	 march	 or	 to	 prevent	 persistent	 allergic	
disease	and	chronic	asthma.

ANTIHISTAMINES

In	the	Early	Treatment	of	 the	Atopic	Child	(ETAC)	study,	 the	
antihistamine	 cetirizine	 was	 administered	 for	 18	 months	 to	
young	 children	 at	 high	 risk	 for	 asthma.	 Of	 subjects	 receiving	
cetirizine,	only	young	children	with	early	allergen	sensitization	
to	 mites	 or	 grass	 pollen	 were	 less	 likely	 to	 develop	 asthma	
symptoms.159,160

CONVENTIONAL ‘CONTROLLER’ 
PHARMACOTHERAPY FOR ASTHMA

In	the	CAMP	study,	5-	to	12-year-old	children	were	treated	with	
daily	 inhaled	 corticosteroid	 (ICS,	 budesonide),	 daily	 inhaled	
nonsteroidal	 antiinflammatory	 medication	 (nedocromil)	 or	
placebo	 for	more	 than	4	years;	 treatment	was	 then	discontin-
ued.29	During	treatment,	the	ICS-treated	subjects	demonstrated	
significant	improvement	in	most	of	the	clinical	outcomes	and	
lung	 function	measures	of	asthma.	After	 ICS	discontinuation,	
however,	the	ICS-treated	group	regressed	to	that	of	the	placebo	
group.	Nedocromil-treated	subjects	did	not	improve.	This	sug-
gests	that,	although	long-term	ICS	administration	in	school-age	
children	with	asthma	improves	asthma	severity,	it	does	not	alter	
its	natural	course.

Similarly,	 randomized	 controlled	 trials	 with	 ICS	 adminis-
tered	 earlier	 in	 life	 have	 not	 demonstrated	 a	 preventive	 effect	
on	persistent	asthma.	Daily	or	intermittent	2-week	ICS	courses	
administered	to	infants	for	episodic	wheezing	did	not	improve	
asthma,	 wheeze	 or	 lung	 function	 outcomes	 in	 later	 child-
hood.161,162	 Daily	 ICS	 administered	 for	 2	 years	 to	 toddler-age	
children	meeting	modified	asthma	predictive	indices	for	persis-
tent	 asthma	 (Figure	 2-4)	 improved	 clinical	 asthma	 while	 on	
treatment,	but	did	not	affect	asthma	persistence	during	a	third	
treatment-free	year.163	As	a	meta-analysis	of	29	studies	of	infants	
and	preschoolers	with	recurrent	wheezing	or	asthma	concluded,	
daily	 ICS	 improves	 respiratory	 symptoms,	 exacerbations	 and	
lung	 function,	 but	 does	 not	 appear	 to	 improve	 the	 natural	
course	of	asthma.164

ALLERGEN-SPECIFIC IMMUNOTHERAPY

Allergen-specific	 immunotherapy	 (AIT)	 has	 been	 studied	 to	
determine	 if	 it	 can	 reduce	 the	 likelihood	 of	 asthma	 develop-
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KEY POINTS

• Asthma and atopy are examples of complex genetic 
diseases that, despite a strong genetic component, do 
not exhibit simple Mendelian inheritance.

• The many genes involved have ‘mild’ mutations with 
small phenotypic effects that combine to influence 
disease phenotype.

• Numerous genes have been identified that are associ-
ated with asthma, atopy, atopic dermatitis and allergic 
rhinitis. Recent advances have largely been due to 
improvements in whole genome approaches.

• Research has now moved on to the modifying effects of 
environment on these genetic susceptibilities including 
the role of epigenetic changes.

• The hope is that we are now moving into an era of clini-
cal application of these genetic findings such as the use 
of pharmacogenetics to tailor asthma treatment.

Since the first report of linkage between chromosome 11q13 
and atopy in 1989,1 there have been thousands of published 
studies of the genetics of asthma and other allergic diseases. 
Their aim is to identify the genetic factors that modify suscep-
tibility to allergic diseases, determine severity of disease in 
affected individuals and affect the response to treatment. This 
recent expansion in our knowledge has provided intriguing 
insights into the pathophysiology of these complex disorders. 
In this chapter, we outline the approaches used to undertake 
genetic studies of common diseases such as atopic dermatitis 
and asthma and provide examples of how these approaches are 
beginning to reveal new insights into the pathophysiology of 
allergic diseases.

Why Undertake Genetic Studies  
of Allergic Disease?
Susceptibility to allergic disease is likely to result from the inher-
itance of many gene variants but the underlying cellular defects 
are unknown. By undertaking research into the genetic basis of 
these conditions, these gene variants and their gene products 
can be identified solely by the anomalous phenotypes they 
produce. Identifying the genes that produce these disease phe-
notypes provides a greater understanding of the fundamental 
mechanisms of these disorders, stimulating the development  
of specific new drugs or biologics to both relieve and prevent 

symptoms. In addition, genetic variants may also influence the 
response to therapy and the identification of individuals with 
altered response to current drug therapies will allow optimiza-
tion of current therapeutic measures (i.e. disease stratification 
and pharmacogenetics). The study of genetic factors in large 
longitudinal cohorts with extensive phenotype and environ-
mental information allows the identification of external factors 
that initiate and sustain allergic diseases in susceptible individu-
als and the periods of life in which this occurs, with a view to 
identifying those environmental factors that could be modified 
for disease prevention or for changing the natural history of the 
disorder. For example, early identification of vulnerable chil-
dren would allow targeting of preventative therapy or environ-
mental intervention, such as avoidance of allergen exposure. 
Genetic screening in early life may eventually become a practi-
cal and cost-effective option for allergic disease prevention.

Approaches to Genetic Studies  
of Complex Genetic Diseases
WHAT IS A COMPLEX GENETIC DISEASE?

The use of genetic analysis to identify genes responsible for 
simple Mendelian traits such as cystic fibrosis2 has become 
almost routine in the 30 years since it was recognized that 
genetic inheritance can be traced with naturally occurring DNA 
sequence variation.3 However, many of the most common 
medical conditions known to have a genetic component to their 
etiology, including diabetes, hypertension, heart disease, schizo-
phrenia and asthma, have much more complex inheritance 
patterns.

Complex disorders show a clear hereditary component, 
however the mode of inheritance does not follow any simple 
Mendelian pattern. Furthermore, unlike single-gene disorders, 
they tend to have an extremely high prevalence. Asthma occurs 
in at least 10% of children in the UK, and atopy is as high as 
40% in some population groups4 as compared to cystic fibrosis 
at 1 in 2,000 live white births. Characteristic features of Men-
delian diseases are that they are rare and involve mutations in 
a single gene that are ‘severe’, resulting in large phenotypic 
effects that may be independent of environmental influences. 
In contrast, complex disease traits are common and involve 
many genes, with ‘mild’ mutations leading to small phenotypic 
effects with strong environmental interactions.

HOW TO IDENTIFY GENES UNDERLYING 
COMPLEX DISEASE

Before any genetic study of a complex disease can be initiated, 
there are a number of different factors that need to be 
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Determining the relative contribution of common genes 
versus common environment to clustering of disease within 
families can be undertaken using twin studies where the con-
cordance of a trait in monozygotic and dizygotic twins is 
assessed. Monozygotic twins have identical genotypes, whereas 
dizygotic twins share, on average, only one half of their genes. 
In both cases, they share the same childhood environment. 
Therefore, a disease that has a genetic component is expected 
to show a higher rate of concordance in monozygotic than in 
dizygotic twins. Another approach used to disentangle the 
effects of nature versus nurture in a disease is in adoption 
studies, where, if the disease has a genetic basis, the frequency 
of the disease should be higher in biologic relatives of probands 
than in their adopted family.

Once familial aggregation with a probable genetic etiology for 
a disease has been established, the mode of inheritance can be 
determined by observing the pattern of inheritance of a disease 
or trait and how it is distributed within families. For example, is 
there evidence of a single major gene and is it dominantly or 
recessively inherited? Segregation analysis is the most established 
method for this purpose. The observed frequency of a trait in 
offspring and siblings is compared with the distribution expected 
with various modes of inheritance. If the distribution is signifi-
cantly different than predicted, that model is rejected. The model 
that cannot be rejected is therefore considered the most likely. 
However, for complex disease, it is often difficult to undertake 
segregation analysis, because of the multiple genetic and envi-
ronmental effects making any one model hard to determine. This 
has implications for the methods of analysis of genetic data in 
studies, because some methods, such as the parametric loga-
rithm (base 10) of odds (LOD) score approach, require a model 
to be defined to obtain estimates of parameters such as gene 
frequency and penetrance (see Approaches to analysis).

Phenotype
Studies of a genetic disorder require that a phenotype be 
defined, to which genetic data are compared. Phenotypes can 
be classified in two ways. They may be complex, such as asthma 
or atopy, and are likely to involve the interaction of a number 
of genes. Alternatively, intermediate phenotypes may be used, 
such as bronchial hyperresponsiveness (BHR) and eosinophilia 
for asthma and serum immunoglobulin E (IgE) levels and spe-
cific IgE responsiveness or positive skin prick tests to particular 
allergens for atopy. Together, these phenotypes contribute to an 
individual’s expression of the overall complex disease pheno-
type but are likely to involve the interaction of fewer genetic 
influences, thus increasing the chances of identifying specific 
genetic factors predisposing toward the disease. Phenotypes 
may also be discrete or qualitative, such as the presence or 
absence of wheeze, atopy and asthma, or quantitative. Quantita-
tive phenotypes, such as blood pressure (mm Hg), lung func-
tion measures (e.g. FEV1) and serum IgE levels, are phenotypes 
that can be measured as a continuous variable. With quantita-
tive traits, no arbitrary cut-off point has to be assigned (making 
quantitative trait analysis important), because clinical criteria 
used to define an affected or an unaffected phenotype may not 
reflect whether an individual is a gene carrier or not. In addi-
tion, the use of quantitative phenotypes allows the use of alter-
native methods of genetic analysis that, in some situations, can 
be more powerful. Cluster analysis has been used to identify 
individual phenotypic expressions of asthma in a population 
sample.7,8

considered. These include: (1) assessing the heritability of a 
disease of interest to establish whether there is indeed a genetic 
component to the disease in question; (2) defining the pheno-
type (or physical characteristics) to be measured in a popula-
tion; (3) the size and nature of the population to be studied;  
(4) determining which genetic markers are going to be typed in 
the DNA samples obtained from the population; (5) how the 
relationships between the genetic data and the phenotype mea-
sures in individuals are to be analyzed and (6) how the resulting 
data can be used to identify the genes underlying the disease.

One of the most important considerations in genetic studies 
of complex disease susceptibility is the choice of the methods 
of genetic analysis to be used. This choice will both reflect and 
be reflected in the design of the study. Will the study be a popu-
lation study or a family-based study? What numbers of subjects 
will be needed?

Inheritance
The first step in any genetic analysis of a complex disease is to 
determine whether genetic factors contribute at all to an indi-
vidual’s susceptibility to disease. The fact that a disease has been 
observed to ‘run in families’ may reflect common environmen-
tal exposures and biased ascertainment, as well as a potential 
true genetic component. There are a number of approaches that 
can be taken to determine if genetics contributes to a disease or 
disease phenotype of interest including family studies, segrega-
tion analysis, twin and adoption studies, heritability studies and 
population-based relative risk to relatives of probands.

There are three main steps involved in the identification of 
genetic mechanisms for a disease.5,6

1. Determine whether there is familial aggregation of the 
disease – does the disease occur more frequently in rela-
tives of cases than of controls?

2. If there is evidence for familial aggregation, is this because 
of genetic effects or other factors such as environmental 
or cultural effects?

3. If there are genetic factors, which specific genetic mecha-
nisms are operating?

The exact methods used in this process will vary depending on 
a number of disease-specific factors. For example, is the disease 
of early or late onset, and is the phenotype in question discrete 
or continuous (e.g. insulin resistance or blood pressure)?

Family studies involve the estimation of the frequency of the 
disease in relatives of affected, compared with unaffected, indi-
viduals. The strength of the genetic effect can be measured as 
λR, where λR is the ratio of risk to relatives of type R (sibs, 
parents, offspring, etc.) compared with the population risk (λR 
= κR/κ, where κR is the risk to relatives of type R and κ is the 
population risk). The stronger the genetic effect, the higher the 
value of λ. For example, for a recessive single-gene Mendelian 
disorder such as cystic fibrosis, the value of λ is about 500; for 
a dominant disorder such as Huntington’s disease, it is about 
5,000. For complex disorders the values of λ are much lower, 
e.g. 20–30 for multiple sclerosis, 15 for insulin-dependent dia-
betes mellitus (IDDM), and 4 to 5 for Alzheimer’s disease. It is 
important to note, though, that λ is a function of both the 
strength of the genetic effect and the frequency of the disease 
in the population. Therefore, if a disease has a λ value of 3 to 4 
it does not mean that genes are less important in that trait than 
in a trait with a λ of 30 to 40. A strong effect in a very common 
disease will have a smaller λ than the same strength of effect in 
a rare disease.
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of the region more often than would be expected by chance.13 
While family-based analysis utilizing linkage analysis or allele-
sharing methods was the mainstay of gene identification for 
monogenic diseases in the past, it has been largely superseded 
for analysis of common disease by the use of genome-wide 
association studies (for common variants) and next-generation 
sequencing of whole or partial (e.g. protein-coding fraction or 
exome) individual genomes.

Association studies do not examine inheritance patterns of 
alleles; rather, they are case-control studies based on a compari-
son of allele frequencies between groups of affected and unaf-
fected individuals from a population. The odds ratio of the trait 
in individuals is then assessed as the ratio of the frequency of 
the allele in the affected population compared with the unaf-
fected population. The greatest problem in association studies 
is the selection of a suitable control group to compare with the 
affected population group. Although association studies can be 
performed with any random DNA polymorphism, they have 
the most significance when applied to polymorphisms that have 
functional consequences in genes relevant to the trait (candi-
date genes).

It is important to remember with association studies that 
there are a number of reasons leading to an association between 
a phenotype and a particular allele:

• A positive association between the phenotype and the 
allele will occur if the allele is the cause of, or contributes 
to, the phenotype. This association would be expected to 
be replicated in other populations with the same pheno-
type, unless there are several different alleles at the same 
locus contributing to the same phenotype, in which case 
association would be difficult to detect, or if the trait was 
predominantly the result of different genes in the other 
population (genetic heterogeneity).

• Positive associations may also occur between an allele 
and a phenotype if that particular allele is in linkage dis-
equilibrium (LD) with the phenotype-causing allele.  
That is, the allele tends to occur on the same parental 
chromosome that also carries the trait-causing mutation 
more often than would be expected by chance. Linkage 
disequilibrium will occur when most causes of the trait 
are the result of relatively few ancestral mutations at a 
trait-causing locus and the allele is present on one of those 
ancestral chromosomes and lies close enough to the  
trait-causing locus that the association between them has 
not been eroded away through recombination between 
chromosomes during meiosis. LD is the non-random 
association of adjacent polymorphisms on a single strand 
of DNA in a population; the allele of one polymorphism 
in an LD block (haplotype) can predict the allele of adja-
cent polymorphisms (one of which could be the causal 
variant).

• Positive association between an allele and a trait can also 
be artefactual as a result of recent population admixture. 
In a mixed population, any trait present in a higher fre-
quency in a subgroup of the population (e.g. an ethnic 
group) will show positive association with an allele that 
also happens to be more common in that population sub-
group.14 Thus, to avoid spurious association arising 
through admixture, studies should be performed in large, 
relatively homogeneous populations. An alternative 
method to test for association in the presence of linkage 
is the ‘transmission test for linkage disequilibrium’ 

Population
Having established that the disease or phenotype of interest 
does have a genetic component to its etiology, the next step is 
to recruit a study population in which to undertake genetic 
analyses to identify the gene(s) responsible. The type and size 
of study population recruited depend heavily on a number of 
interrelated factors, including the epidemiology of the disease, 
the method of genetic epidemiologic analysis being used,  
and the class of genetic markers genotyped. For example, the 
recruitment of families is necessary to undertake linkage analy-
sis, whereas association studies are better suited to either a 
randomly selected or case-control cohort. In family-based 
linkage studies, the age of onset of a disease will determine 
whether it is practical to collect multigenerational families  
or affected sib pairs for analysis. Equally, if a disease is rare,  
then actively recruiting cases and matched controls will be a 
more practical approach compared to recruiting a random 
population that would need to be very large to have sufficient 
power.

Genetic Markers
Genetic markers used can be any identifiable site within the 
genome (locus), where the DNA sequence is variable (polymor-
phic between individuals). The most common genetic markers 
used for linkage analysis are microsatellite markers comprising 
short lengths of DNA consisting of repeats of a specific sequence 
(e.g. CAn). The number of repeats varies between individuals, 
thus providing polymorphic markers that can be used in genetic 
analysis to follow the transmission of a chromosomal region 
from one generation to the next. Single-nucleotide polymor-
phisms (SNPs) are the simplest class of polymorphism in the 
genome resulting from a single base substitution: for example 
cytosine substituted for thymidine. SNPs are much more fre-
quent than microsatellites in the human genome, occurring in 
introns, exons, promoters and intergenic regions, with several 
million SNPs now having been identified and mapped.9 Another 
source of variation in the human genome that has recently been 
recognized to be present to a much greater extent than was 
previously thought is copy number variations (CNVs). CNVs 
are either a deletion or insertion of a large piece of DNA 
sequence; CNVs can contain whole genes and therefore are cor-
related with gene expression in a dose-dependent manner.10 
Sequencing of an individual human genome revealed that 
non-SNP variation (which includes CNVs) made up 22% of all 
variation in that individual but involved 74% of all variant DNA 
bases in that genome.11

Approaches to Analysis
Linkage analysis involves proposing a model to explain the 
inheritance pattern of phenotypes and genotypes observed in a 
pedigree.12 Linkage is evident when a gene that produces a 
phenotypic trait and its surrounding markers are co-inherited. 
In contrast, those markers not associated with the anomalous 
phenotype of interest will be randomly distributed among 
affected family members as a result of the independent assort-
ment of chromosomes and crossing over during meiosis. In 
complex disease, non-parametric linkage approaches, such as 
allele sharing, are usually used. Allele-sharing methods test 
whether the inheritance pattern of a particular chromosomal 
region is not consistent with random Mendelian segregation by 
showing that pairs of affected relatives inherit identical copies 
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association’ and is the first candidate gene region to examine 
further, with analysis of secondary outcome measures, gene 
database searches, fine mapping to find the causal locus and 
replication in other cohorts/populations. It is unlikely that the 
SNP showing the strongest association will be the causal locus, 
as SNPs are chosen to provide maximal coverage of variation 
in that region of the genome and not on biological function. 
Therefore, GWAS will often include fine mapping/haplotype 
analysis of the region with the aim of identifying the causal 
locus. If linkage disequilibrium prevents the identification of a 
specific gene in a haplotype block, then it may be necessary to 
utilize different racial and ethnic populations to hone in on the 
causative candidate gene that accounts for the genetic signal in 
GWAS.22

Finally, candidate genes can be selected for analysis because 
of a known role for the encoded product of the gene in the 
disease process. The gene is then screened for polymorphisms, 
which are tested for association with the disease or phenotype 
in question. A hybrid approach is the selection of candidate 
genes based not only on their function but also on their position 
within a genetic region previously linked to the disease (posi-
tional candidate). This approach may help to reduce the con-
siderable work required to narrow a large genetic region of 
several megabases of DNA identified through linkage contain-
ing tens to hundreds of genes to one single gene to test for 
association with the disease.

Once a gene has been identified, further work is required to 
understand its role in the disease pathogenesis. Further molecu-
lar genetic studies may help to identify the precise genetic poly-
morphism that is having functional consequences for the gene’s 
expression or function as opposed to those that are merely in 
linkage disequilibrium with the causal SNP. Often the gene 
identified may be completely novel and cell and molecular 
biology studies will be needed to understand the gene product’s 
role in the disease and to define genotype/phenotype correla-
tions. Furthermore, by using cohorts with information available 
on environmental exposures, it may be possible to define  
how the gene product may interact with the environment  
to cause disease. Ultimately, knowledge of the gene’s role in 
disease pathogenesis may lead to the development of novel 
therapeutics.

ALLERGY AND ASTHMA AS COMPLEX  
GENETIC DISEASES

From studies of the epidemiology and heritability of allergic 
diseases, it is clear that these are complex diseases in which the 
interaction between genetic and environmental factors plays a 
fundamental role in the development of IgE-mediated sensitiv-
ity and the subsequent development of clinical symptoms. The 
development of IgE responses by an individual, and therefore 
allergies, is the function of several genetic factors. These include 
the regulation of basal serum immunoglobulin production, the 
regulation of the switching of Ig-producing B cells to IgE, and 
the control of the specificity of responses to antigens. Further-
more, the genetic influences on allergic diseases such as asthma 
are more complex than those on atopy alone, involving not only 
genes controlling the induction and level of an IgE-mediated 
response to allergen but also ‘lung-’ or ‘asthma’-specific genetic 
factors that result in the development of asthma. This also 
applies equally to other clinical manifestations of atopy such as 
rhinitis and atopic dermatitis.

(transmission/disequilibrium test [TDT]).15,16 The TDT 
uses families with at least one affected child, and the trans-
mission of the associated marker allele from a heterozy-
gous parent to an affected offspring is evaluated. If a 
parent is heterozygous for an associated allele A1 and a 
non-associated allele A2, then A1 should be passed on to 
the affected child more often than A2.

Historically, association studies were not well suited to whole 
genome searches in large mixed populations. Because linkage 
disequilibrium extends over very short genetic distances in an 
old population, many more markers would need to be typed to 
‘cover’ the whole genome. Therefore, genome-wide searches for 
association were more favorable in young, genetically isolated 
populations, because linkage disequilibrium extends over 
greater distances and the number of disease-causing alleles is 
likely to be fewer.

However, advances in array-based SNP genotyping technol-
ogies and haplotype mapping of the human genome17 mean 
genome-wide association studies (GWAS) have revolutionized 
the study of genetic factors in complex common disease over 
the last decade.18,19 For more than 150 phenotypes – from 
common diseases to physiological measurements such as height 
and BMI and biological measurements such as circulating lipid 
levels and blood eosinophil levels – GWAS have provided com-
pelling statistical associations for thousands of different loci in 
the human genome20 and are now the method of choice for 
identification of genetic variants influencing physiological or 
disease phenotypes.

Identify Gene
If, as in most complex disorders, the exact biochemical or physi-
ologic basis of the disease is unknown, there are three main 
approaches to finding the disease gene(s). One method is to test 
markers randomly spaced throughout the entire genome for 
linkage with the disease phenotype. If linkage is found between 
a particular marker and the phenotype, then further typing of 
genetic markers including SNPs and association analysis will 
enable the critical region to be further narrowed. The genes 
positioned in this region can be examined for possible involve-
ment in the disease process and the presence of disease-causing 
mutations in affected individuals. This approach is often termed 
positional cloning, or genome scanning if the whole genome is 
examined in this manner. Although this approach requires no 
assumptions to be made as to the particular gene involved in 
genetic susceptibility to the disease in question, it does require 
considerable molecular genetic analysis to be undertaken in 
large family cohorts, involving considerable time, resource and 
expense.

As noted above, this approach has now been superseded by 
genome-wide association studies using SNPs evenly spaced 
throughout the genome as an assumption-free approach to 
locate disease-associated genes involved in disease pathogenesis. 
As GWAS utilize large data sets, up to one million SNPs to test 
for association, stringent genotype calling, quality control, pop-
ulation stratification (genomic controls) and statistical tech-
niques have been developed to handle the analysis of such 
data.21 Studies start by reporting single marker analyses of 
primary outcome; SNPs are considered to be strongly associated 
if the P-values are below the 1% false discovery rate (FDR) or 
showing weak association above 1% but below the 5% FDR.  
A cluster of P-values below the 1% FDR from SNPs in one 
chromosomal location is defined as the region of ‘maximal 
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or which allergic disease an allergic individual will develop, is 
controlled by specific genetic factors, differing from those that 
determine susceptibility to atopy per se. This hypothesis is 
borne out by a questionnaire study involving 6,665 families in 
southern Bavaria. Children with atopic diseases had a positive 
family history in 55% of cases compared with 35% in children 
without atopic disease (P < .001).31 Subsequent researchers used 
the same population to investigate familial influences unique to 
the expression of asthma and found that the prevalence of 
asthma alone (i.e. without hay fever or eczema) increased sig-
nificantly if the nearest of kin had asthma alone (11.7% vs 4.7%, 
P < .0001). A family history of eczema or hay fever (without 
asthma) was unrelated to asthma in the offspring.32

Numerous twin studies33–39 have shown a significant increase 
in concordance for atopy among monozygotic twins compared 
with dizygotic twins, and both twin and family studies have 
shown a strong heritable component to atopic asthma.37,38,40–42 
Using a twin-family model, Laitinen and colleagues43 reported 
that in families with asthma in successive generations, genetic 
factors alone accounted for as much as 87% of the development 
of asthma in offspring, and the incidence of the disease in twins 
with affected parents is 4-fold compared with the incidence in 
twins without affected parents. This indicates that asthma is 
recurring in families as a result of shared genes rather than 
shared environmental risk factors. This has been further sub-
stantiated in a study of 11,688 Danish twin pairs suggesting that 
73% of susceptibility to asthma was the result of the genetic 
component. However, a substantial part of the variation in 
liability of asthma was the result of environmental factors; there 
also was no evidence for genetic dominance or shared environ-
mental effects.44

Molecular Regulation of Atopy  
and Atopic Disease, I:  
Susceptibility Genes
POSITIONAL CLONING BY  
GENOME-WIDE SCREENS

Many genome-wide screens for atopy and atopic disorder sus-
ceptibility genes have been undertaken.45,46 Multiple regions of 
the genome have been observed to be linked to varying pheno-
types with differences between cohorts recruited from both 
similar and different populations. This illustrates the difficulty 
of identifying susceptibility genes for complex genetic diseases. 
Different genetic loci will show linkage in populations of dif-
ferent ethnicities and different environmental exposures. As 
mentioned earlier, in studies of complex disease, the real chal-
lenge has not been identification of regions of linkage, but 
rather identification of the precise gene and genetic variant 
underlying the observed linkage. To date, several genes have 
been identified as the result of positional cloning using a 
genome-wide scan for allergic disease phenotypes, including for 
example ADAM33, GPRA, DPP10, PHF11 and UPAR for 
asthma, COL29A1 for atopic dermatitis and PCDH1 for bron-
chial hyperresponsiveness.

GENES IDENTIFIED BY GENOME-WIDE 
ASSOCIATION STUDIES

Subsequent to positional cloning studies, improvements in 
technology have now enabled genome-wide association studies 

Phenotypes for Allergy and Allergic 
Disease: What Should We Measure?
The term atopy (from the Greek word for ‘strangeness’) was 
originally used by Coca and Cooke23 in 1923 to describe a par-
ticular predisposition to develop hypersensitivity to common 
allergens associated with an increase of circulating reaginic 
antibody, now defined as IgE, and with clinical manifestations 
such as whealing-type reactions, asthma and hay fever. Today, 
even if the definition of atopy is not yet precise, the term is 
commonly used to define a disorder involving IgE antibody 
responses to ubiquitous allergens that is associated with a 
number of clinical disorders such as asthma, allergic dermatitis, 
allergic conjunctivitis and allergic rhinitis.

Atopy can be defined in several ways, including raised total 
serum IgE levels, the presence of antigen-specific IgE antibodies, 
and/or a positive skin test to common allergens. Furthermore, 
because of their complex clinical phenotype, atopic diseases can 
be studied using intermediate or surrogate disease-specific mea-
surements such as BHR or lung function for asthma. As dis-
cussed earlier, phenotypes can be defined in several ways: 
subjective measures (e.g. symptoms), objective measures (e.g. 
BHR, blood eosinophils or serum IgE levels), or both. In addi-
tion, some studies have used quantitative scores that are derived 
from both physical measures such as serum IgE and BHR and 
questionnaire data.24,25 It is a lack of a clear definition of atopic 
phenotypes that presents the greatest problem when reviewing 
studies of the genetic basis of atopy, with multiple definitions of 
the same intermediate phenotype often being used in different 
studies. Likewise, the definition of asthma can be problematic as 
this can be clinical (symptoms, parental reports), pharmacologi-
cal (bronchodilator reversibility, steroid responsiveness) or 
derived from intermediate measures (BHR, lung function).

The Heritability of Atopic Disease: 
Are Atopy and Atopic Disease 
Heritable Conditions?
In 1916, the first comprehensive study of the heritability of 
atopy was undertaken by Robert Cooke and Albert Vander 
Veer26 at the Department of Medicine of the Postgraduate 
Hospital and Medical School of New York. Although the atopic 
conditions they included, as well as those excluded (e.g. eczema), 
may be open for debate today, the conclusions nonetheless 
remain the same: that there is a high heritable component to 
the development of atopy and atopic disease, and as is now 
more clearly understood biologically, this is owing to the inheri-
tance of a tendency to generate specific IgE responses to 
common proteins.

Subsequent to the work of Cooke and Vander Veer, the 
results of many studies have established that atopy and atopic 
disease such as asthma, rhinitis and eczema have strong genetic 
components. Family studies have shown an increased preva-
lence of atopy, and phenotypes associated with atopy, among 
the relatives of atopic compared with non-atopic subjects.27–29 
In a study of 176 normal families, Gerrard and colleagues30 
found a striking association between asthma in the parent and 
asthma in the child, between hay fever in the parent and hay 
fever in the child, and between eczema in the parent and eczema 
in the child. These studies suggest that ‘end-organ sensitivity’, 
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replication in a further 2,320 subjects that revealed five signifi-
cantly associated SNPs. Following gene expression studies, 
ORMDL3 was found to be strongly associated with disease-
associated markers (P < 10−22 for rs7216389) identified by the 
GWAS.

Importantly, a number of subsequent studies have replicated 
the association between variation in the chromosome 17q21 
region (mainly rs7216389) and childhood asthma in ethnically 
diverse populations.48–51 A GWAS by the GABRIEL consor-
tium52 of 26,475 people confirmed the association between 

to be performed with great success in allergic diseases such as 
asthma, eczema and allergic sensitization. Figure 3-1 illustrates 
allergy-associated genes reported in GWAS for asthma, rhinitis, 
serum IgE, atopy and atopic dermatitis, and the overlap between 
genes associated with different allergic diseases.

The first novel asthma susceptibility locus to be identified by 
a GWAS approach contains the ORMDL3 and GSDML genes 
on chromosome 17q12-21.1.47 317,000 SNPs (in genes or sur-
rounding sequences) were characterized in 994 subjects with 
childhood-onset asthma and 1,243 non-asthmatics followed by 

Figure 3-1  Overlapping sets of genes have been reported in genome-wide association studies for asthma, rhinitis, serum IgE levels, atopy and 
atopic dermatitis, supporting a common genetic element within the mechanisms predisposing individuals toward different allergic disease pheno-
types. GWAS have also identified many genes in association with only one allergic disease phenotype – these most likely represent the tissue-specific 
component of each allergic disease (e.g. FLG in the epidermal barrier in atopic dermatitis). To date, more GWAS have been conducted analyzing 
genetic variants associated with asthma than with other allergic diseases. In the future it is likely that more risk variants for other allergic diseases 
will be identified.

Genes  reported  in  more  than  one  GWAS  are  shown  in  bold  font.  The  gene/s  reported  for  SNPs  detected  to  be  significantly  associated  
(P ≤ 1 × 10−5) with each allergic disease phenotype were obtained by searching the NHGRI GWAS catalog (http://www.genome.gov/gwastudies, 
accessed 4 August 2014). 

Asthma

AB13BP, ACO1,
ATG3, BTNL2, C11orf71, C1orf100,

C5orf56, CDHR3,CDK2,CHCHD9, COL22A1, 
CRB1, CRCT1, CTNNA3, DENND1B, EDIL3, FAM19A2
GAB1, GSDMA, HPSE2, IGSF3, IKZF4, IL15RA, IL2RA,

IL2RB, IL5RA, IL6R, KIAA1271, KLF6, KLHL5, LOC338591,
LOC729675, MKLN1, NDFIP1, NOTCH4, ORMDL3, PBX2,

PCDH20, PDE4D, PRKCQ, PRKG1, PSAP, PTHLH, PYHIN1,
RBM17, RORA, SCG3, SIM2, SLC22A5, SLC30A8, SPATS2L,

T, TLE4, TNS1, VAV3, XKR6, XPR1, ZNF432, ZNF614,
ZNF665, ZNF841

        ACTL9, ADO,
      BAT1, CARD11,
    CCDC80, CREBL1,
  CYP24A1, EGR2,
 FLG, GLB1, GPSM3,
KIF3A, LOC100505634,
LOC100630917, 
MIR1208, NCF4,
 NLRP10, OR10A3,
 OVOL1, PFDN4,
  TNXB, ZNF365

         CROCC, DAB2,
      DHRS7, ENTPD6,
ETS1, FOXA1, GATA3,
    GLI3, IL1RL2, IL21R,
           NFATC2, PEX14,
          PLCL1, PPM1A,
       PTGER4, SEMA6A,
                TPD52, TTC6

ABL2, CDH13, CRIM1,
DARC, DNAH5, DOCK10,
EPS15, FCER1A, HCG27,

HLA-A, HLA-G, LOC730217,
NAB2, OPRK1, OR10J3,

OR6X1, SUCLG2, SYNPO2,
TLN1, TMEM108, WWP2,

ZNF71

IL2, STAT6

IL13,
RAD50

HLA region,
SLC25A46LPP

LRRC32

IL18R1

IL1RL1

C6orf10
TLR1,

        TSLP,
            WDR36

GSDMB,
IKZF3, IL33,

RANBP6,
SMAD3

CLEC16A,
ZBTB10

TMEM232,
ID2, IL4R

Rhinitis

Serum lgEAtopy

Atopic
dermatitis

C11orf30,
HLA-C

IL18RAP

ADAD1, BCL6,
CAMK4, MICA,
TLR6, TLR10

ANAPC1, COL21A1,
FAM114A1, HLA-B, IL21,

KIAA1109, MICB, MIR574,
MYC, PVT1, SGK493

http://www.genome.gov/gwastudies


24 SECTION A General Concepts

Atopic rhinitis is poorly understood but GWAS have identi-
fied loci in C11orf30,64 mentioned above, as well as the HLA 
region, MRPL4 and BCAP.65 Candidate gene studies found an 
association with IL13 loci,66 and GWAS have identified several 
rhinitis-associated loci64 and loci associated with the phenotype 
‘asthma and hay fever’.67 Likewise, there is much overlap between 
food allergy and atopy with candidate gene studies showing 
associations with CD14, STAT6, SPINK5 and IL1068 but, to date, 
there have been no GWAS in food allergy.

These studies show the power of the GWAS approach for 
identifying complex disease susceptibility variants and current 
research is both expanding these known variants and confirm-
ing their associations with clinical phenotypes.69 GWAS has 
now moved on from simple loci of association with a broad 
disease definition, such as asthma, and studies are now identify-
ing particular regions associated with phenotypes of disease or 
subgroups. For example, Du et al identified CRTAM as associ-
ated only with asthma exacerbations in those with low vitamin 
D, and another recent GWAS has identified CDHR3 as being 
associated with severe asthma.70 We are also gaining a better 
understanding of how atopic and non-atopic asthma overlap 
with other atopic diseases such as atopic dermatitis61 and rhi-
nitis.71 We may also be able to integrate epigenetic information 
into the expression patterns of known and novel SNPs, for 
example, asthma risk resulting from the IL4R polymorphism 
rs3024685 is dramatically increased by higher levels of IL4R 
DNA methylation.72 Although GWAS has not fully explained 
the heritability of asthma and atopic disease, geneticists remain 
optimistic, as it is believed that this ‘missing heritability’ can be 
accounted for.73 It is thought that the inability to find genes 
could be explained by limitations of GWAS, such as other vari-
ants not screened for, analyses not adjusted for gene-environment 
and gene-gene interactions or epigenetic changes in gene 
expression. One explanation for missing heritability, after 
assessing common genetic variation in the genome, is that rare 
variants (below the frequency of SNPs included in GWAS 
studies) of high genetic effect, or common copy number vari-
ants may be responsible for some of the genetic heritability of 
common complex diseases.9

CANDIDATE GENE/GENE REGION STUDIES

A large number of candidate regions have been studied for  
both linkage to and association with a range of atopy-related 
phenotypes. In addition, SNPs in the promoter and coding 
regions of a wide range of candidate genes have been examined. 
Candidate genes are selected for analysis based on a wide range 
of evidence, for example biological function, differential expres-
sion in disease, involvement in other diseases with phenotypic 
overlap, affected tissues, cell type(s) involved and findings from 
animal models. There are now more than 500 studies that have 
examined polymorphism in more than 200 genes for associa-
tion with asthma and allergy phenotypes.45,74 When assessing 
the significance of association studies, it is important to con-
sider several things. For example, was the size of the study 
adequately powered if negative results are reported? Were the 
cases and controls appropriately matched? Could population 
stratification account for the associations observed? In the defi-
nitions of the phenotypes, which phenotypes have been  
measured (and which have not)? How were they measured? 
Regarding correction for multiple testing, have the authors 
taken multiple testing into account when assessing the 

GSDML-ORMDL3 and childhood-onset asthma as well as 
implicating a number of genes involved in Th2 activation 
including IL33, IL1RL1 and SMAD. The loci associated with 
asthma were not associated with serum IgE levels.

However, a study of association between SNPs and gene 
expression levels found that a distant SNP rs1051740 (greater 
than 4 megabases away and on a different chromosome) in the 
EPHX1 gene associates with ORMDL3 gene expression at a 
more significant level than rs7216389.53 Long-distance genomic 
interactions can mean that the gene within which the SNP is 
located is not necessarily the causal gene.54,55 Therefore, it is 
important to remember that considerable work is still required 
to fully characterize this region of the genome before accepting 
ORMDL3 as the causal gene through ‘guilt by association’ 
because many genes in a region of linkage disequilibrium will 
be associated with disease in a GWAS without, necessarily, being 
the causative gene. GWAS have also identified novel genes 
underlying blood eosinophil levels (and also associated with 
asthma),56 occupational asthma,57 total serum IgE levels58 and 
eczema.59

Studies of other atopic diseases have focussed on serum IgE 
levels and/or allergic sensitization. Weidinger et al identified a 
locus associated with the high-affinity IgE receptor (FCER1A) 
as strongly associated with both serum IgE and sensitization as 
well as confirming candidate gene findings of STAT6 and the 
5q31 region related to Th2 cytokines.58 An Icelandic study 
showed an association between IL1RL1 (the IL-33 receptor 
coding gene) and blood IgE levels.56 This region was also 
identified in the asthma GWAS by Moffatt et al52; however 
that study did not find an association between asthma and loci 
associated with serum IgE levels. A meta-analysis of GWAS 
studies into allergic sensitization that included a total of 16,170 
sensitized individuals, identified a total of 10 loci that are esti-
mated to account for 25% of allergic sensitization and allergic 
rhinitis. Nine of the 10 SNPs identified also showed a direction-
ally consistent association with asthma. Associations were also 
identified with atopic dermatitis, albeit weaker than with 
asthma. The authors also investigated known susceptibility loci 
and found only weak associations with total IgE levels (FCER1A 
and HLA-A) and asthma (17q12-21 and IL33). This suggests 
that these loci do not increase asthma risk through allergic 
sensitization.60

Until recently, very little was known of the genetic causes of 
atopic dermatitis (AD), aside from filaggrin, which is described 
in more detail below. However, recent studies have expanded 
this knowledge: a recent meta-analysis of atopic dermatitis 
studies by Paternoster et al on 11,025 cases and 40,398 controls 
revealed loci at OVOL1 and ACTL9 associated with epidermal 
proliferation and KIF3A in the 5q31 Th2 cytokine cluster. The 
study also confirmed the filaggrin (FLG) locus association.61 
Meanwhile, Weidinger et al studied childhood-onset AD and 
again identified the FLG association as well as the KIF3A locus 
mentioned above and the previously identified 11q13.5 and 
5q31 regions. They also noted some overlap with asthma and 
psoriasis, strengthening the view that AD arises from both epi-
thelial and immune dysfunction.62 This theory is backed up by 
the discovery of an AD-associated SNP adjacent to C11orf30, 
which was previously identified as a Crohn’s disease susceptibil-
ity locus, another disease of immune and epithelial dysfunc-
tion.59 Sun et al identified TMEM232 and SLC25A46 at 5q22 
and TNFRSF6B and ZGPAT at 20q13 in association with AD in 
Chinese populations.63
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candidate in which SNPs have shown association with relevant 
phenotypes,90 and within the chromosome 5q31 gene cluster 
that is known to contain an asthma susceptibility gene. There-
fore association observed with IL13 SNPs may simply represent 
a proxy measure of the effect of polymorphisms in IL4 or 
another gene in the region. For example, a recent genome-wide 
association study of total IgE levels reported significant associa-
tions between polymorphisms in an adjacent gene, RAD50, and 
total serum IgE levels,62 in a region containing a number of 
evolutionary conserved non-coding sequences that may play a 
role in regulating IL4 and IL13 transcription.91 However, given 
the extensive biologic evidence for functionality and recent 
studies examining polymorphisms across the gene region 
showing independent effects of the IL13 R110Q SNP, it is likely 
that the reported IL13 associations are real.

Many studies have observed positive associations of specific 
genetic polymorphisms with differential response to environ-
mental factors in asthma and other respiratory phenotypes.92,93 
IL13 levels have been shown to be increased in children 
whose parents smoke94 and interaction between IL13 −1112 
C/T and smoking with childhood asthma as an outcome has 
been reported,95 as well as evidence for this same SNP modulat-
ing the adverse effect of smoking on lung function in adults.96 
Thus, differences in smoking exposure between studies  
may account for some of the differences in findings between 
studies. DNA methylation is affected by both genetic variants 
and environment, which may later determine disease risk. For 
example, Patil et al demonstrated that while rs20541 polymor-
phisms interacted with maternal smoking to determine  
methylation at the cg13566430 IL13 promoter region methyla-
tion site, a relationship between the rs1800925 SNP in the IL13 
locus and the same cg13566430 methylation site affected lung 
function. This demonstrates the ‘two-step’ model of environ-
ment and genetic variance affecting disease state, as shown in 
Figure 3-2.97

significance of association? Publications by Weiss,75 Hall,76 and 
Tabor and colleagues77 review these issues in depth.

Genetic variants showing association with a disease are not 
necessarily causal, because of the phenomenon of linkage dis-
equilibrium (LD), whereby polymorphism A is not affecting 
gene function but rather it is merely in LD with polymorphism 
B that is exerting an effect on gene function or expression. Posi-
tive association may also represent a Type I error; candidate 
gene studies have suffered from non-replication of findings 
between studies, which may be due to poor study design, popu-
lation stratification, different LD patterns between individuals 
of different ethnicity and differing environmental exposures 
between study cohorts. The genetic association approach can 
also be limited by under-powered studies and loose phenotype 
definitions.78

An Example of a Candidate Gene: Interleukin-13
Given the importance of Th2-mediated inflammation in aller-
gic disease, and the biological roles of IL13, including switching 
B cells to produce IgE, wide-ranging effects on epithelial cells, 
fibroblasts, and smooth muscle promoting airway remodeling 
and mucus production, IL13 is a strong biological candidate 
gene. Furthermore, IL13 is also a strong positional candidate. 
The gene encoding IL13, like IL4, is located in the Th2 cytokine 
gene cluster on chromosome 5q31 within 12 kb of IL4,79 with 
which it shares 40% homology. This genomic location has been 
extensively linked with a number of phenotypes relevant to 
allergic disease including asthma, atopy, specific and total IgE 
responses, blood eosinophils and BHR.80

Asthma-associated polymorphisms have been identified in 
the IL13 gene, including a single-base pair substitution in the 
promoter of IL13 adjacent to a consensus nuclear factor of 
activated T cell binding sites. Asthmatics are significantly more 
likely to be homozygous for this polymorphism (P = .002, odds 
ratio = 8.3)81 and the polymorphism is associated, in vitro, with 
reduced inhibition of IL13 production by cyclosporine and 
increased transcription factor binding. Hypotheses proposed to 
explain the association of this IL13 polymorphism and develop-
ment of atopic disease include decreased affinity for the decoy 
receptor IL13Rα2, increased functional activity through 
IL13Rα1 and enhanced stability of the molecule in plasma 
(reviewed in Kasaian and Miller82).

An amino acid polymorphism of IL13 has also been 
described: R110Q (rs20541).83–85 The 110Q variant enhances 
allergic inflammation compared to the 110R wild-type IL-1386 
by inducing STAT6 phosphorylation, CD23 expression in 
monocytes and hydrocortisone-dependent IgE switching in B 
cells. It also has a lower affinity for the IL-13Rα2 decoy receptor 
and produced a more sustained eotaxin response in primary 
human fibroblasts expressing low levels of IL-13Rα2.87

IL-13 polymorphism associations have been inconsistent 
with some studies showing association with atopy in chil-
dren85,88 while others show associations with asthma and not 
atopy.86 Howard and colleagues89 also showed that the −1112 
C/T variant of IL13 contributes significantly to BHR suscepti-
bility (P = .003) but not to total serum IgE levels. Thus, it is 
possible that polymorphisms in IL13 may confer susceptibility 
to airway remodeling in persistent asthma, as well as to allergic 
inflammation in early life.

As discussed previously, positive association observed 
between an SNP and a phenotype does not imply that the SNP 
is casual. IL13 lies adjacent to IL4, an equally strong biological 

Figure 3-2  Graph showing effect of interaction between single nucle-
otide polymorphism (SNP) at rs1800925 (red, blue and green lines show 
different  genotypes)  and  percentage  methylation  at  cg13566430  on 
lung  function  (FEV1/FVC).  The  modifying  effect  of  genotype  on  the 
relationship between methylation and lung function demonstrates the 
interaction  of  early  environment  (methylation)  and  genetics  (SNP).98 
FEV1  –  forced  expiratory  volume  in  1  second,  FVC  –  forced  vital 
capacity. 
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gene encoding the protein filaggrin as a susceptibility gene for 
atopic dermatitis.

Filaggrin
Filaggrin (filament-aggregating protein) has a key role in epi-
dermal barrier function. The protein is a major component of 
the protein-lipid cornified envelope of the epidermis important 
for water permeability and blocking the entry of microbes and 
allergens.108 In 2002, the condition ichthyosis vulgaris, a severe 
skin disorder characterized by dry flaky skin and a predisposi-
tion to atopic dermatitis and associated asthma, was mapped to 
the epidermal differentiation complex on chromosome 1q21; 
this gene complex includes the filaggrin gene (FLG).109 In 2006, 
Smith and colleagues110 reported that loss of function mutations 
in the filaggrin gene caused ichthyosis vulgaris.

Noting the common occurrence of atopic dermatitis in  
individuals with ichthyosis vulgaris, these researchers subse-
quently showed that common loss of function variants  
(combined carrier frequencies of 9% in the European popula-
tion111) were associated with atopic dermatitis in the general 
population.112 Subsequent studies have confirmed an associa-
tion with atopic dermatitis,113–115 and also with asthma116 
and allergy117 but only in the presence of atopic dermatitis. 
Atopic dermatitis in children is often the first sign of atopic 
disease and these studies of filaggrin mutation have provided a 
molecular mechanism for the co-existence of asthma and  
dermatitis. It is thought that deficits in epidermal barrier  
function could initiate systemic allergy by allergen exposure 
through the skin and start the ‘atopic march’ in susceptible 
individuals.118,119

Molecular Regulation of Atopy  
and Atopic Disease, II:  
Disease-Modifying Genes
The concept of genes interacting to alter the effects of mutations 
in susceptibility genes is not unknown. A proportion of inter-
familial variability can be explained by differences in environ-
mental factors and differences in the effect of different mutations 
in the same gene. Intra-familial variability, especially in siblings, 
cannot be so readily accredited to these types of mechanisms. 
Many genetic disorders are influenced by ‘modifier’ genes that 
are distinct from the disease susceptibility loci.

GENETIC INFLUENCES ON DISEASE SEVERITY

Very few studies of the heritability of IgE-mediated disease  
have examined phenotypes relating to severity. Sarafino and 
Goldfedder35 studied 39 monozygotic twin pairs and 55 same-
sex dizygotic twin pairs for the heritability of asthma and 
asthma severity. Asthma severity (as measured by frequency and 
intensity of asthmatic episodes) was examined in twin pairs 
concordant for asthma. Severity was significantly correlated for 
monozygotic pairs but not for dizygotic pairs, suggesting there 
are distinct genetic factors that determine asthma severity as 
opposed to susceptibility.

A number of studies have examined associations between 
asthma severity and polymorphisms in candidate genes  
but were initially hampered by the lack of clear, easily applied, 
accurate phenotype definitions for asthma severity that  
distinguish between the underlying severity and level of thera-
peutic control. For example, it has been suggested that 

An Example of a Candidate Gene: Interleukin-33

Since its identification in 2005, IL-33 has emerged as one of the 
most important cytokines in Th2 differentiation, and its recep-
tor, ST2, is an excellent marker of Th2 cells.99 IL-33 is a member 
of the IL-1 family and is located on chromosome 9, therefore 
separate from the chromosome 5q31 cluster of IL13 and IL4, 
and not in LD with these genes. Its receptor is encoded by 
IL1RL1 on chromosome 2, associated with the IL1 cluster. IL33 
polymorphisms within two LD blocks have been identified in 
GWAS as associated with asthma,56,98,100,101 but these findings 
have not always been replicated.70 A number of polymorphisms 
have also been identified by candidate gene approaches and by 
both candidate gene and GWAS in the IL1RL1 gene (IL-33 
receptor).102 The IL-33/IL1RL1 pathway has been implicated in 
the stimulation of type 2 innate lymphoid cells (ILC2s) that 
produce IL-4, IL-5 and IL-13103 and thus may have a pivotal role 
in initiating the Th2 phenotype in atopy/asthma. Indeed IL1RL1 
polymorphisms have been shown to be associated with lower 
levels of IL1RL1 transcription.104

Any observed association of IL13 or IL33/IL1RL1 polymor-
phisms should have its effect reported in context by considering 
other variation in other relevant genes, whose products may 
modulate its effects. For example, there are a number of other 
functional polymorphisms in genes encoding other compo-
nents of the IL4/IL13 signaling pathway (IL4, IL13, IL4RA, 
IL13Rα1, IL13Rα2 and STAT6) with synergistic effects.105 Like-
wise, the IL1RL1 locus is closely related to the IL-18 receptor 
gene (IL18R1), which has a complex LD structure. IL-18 is 
associated with Th1 responses and cell adhesion. This difficulty 
has been reviewed by Grotenboer et al who describe the mul-
tiple genetic signals in the IL33 and IL1RL1 loci that contribute 
to asthma pathogenesis. Their suggestion is that the complex 
LD may be overcome by performing further association studies 
in other populations with less LD or using meta-analysis with 
a number of conditional sub-analyses. Further functional and 
mechanistic studies are also needed.102

The IL13/IL33 polymorphism studies illustrate many of the 
difficulties of genetic analysis in complex disease. Replication is 
often not found between studies and this may be accounted for 
by the lack of power to detect the small increases in disease risk 
that are typical for susceptibility variants in complex disease. 
Differences in genetic make-up,106,107 in environmental expo-
sure between study populations, and failure to ‘strictly repli-
cate’77 in either phenotype (IgE and atopy vs asthma and BHR) 
or genotype (different polymorphisms in the same gene) can 
all contribute to the lack of replication between studies. Fur-
thermore, studies of a single polymorphism, or even a single 
gene in isolation can over-simplify the complex genetic variants 
in asthma pathogenesis and the cross-talk between implicated 
cytokines, as shown by the roles of IL-13, IL-33, IL1RL1 and 
Th2/ILC2 cells in asthma pathogenesis.

ANALYSIS OF CLINICALLY  
DEFINED SUBGROUPS

One approach is to identify genes in a rare, severely affected 
subgroup of patients, in whom disease appears to follow a 
pattern of inheritance that indicates the effect of a single major 
gene. The assumption is that mutations (polymorphisms) of 
milder functional effect in the same gene in the general popula-
tion may play a role in susceptibility to the complex genetic 
disorder. One example of this has been the identification of the 
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detailed haplotypic variation to fully understand the role that 
variation at this locus plays in regulating β2 agonist response.137 
ARG1 encoding for arginase 1 is also associated with response 
to albuterol.138

While glucocorticoid therapy is a potent anti-inflammatory 
treatment for asthma, there is a subset of asthmatics who are 
poor responders and clinical studies have shown that those with 
severe disease are more likely to have glucocorticoid resis-
tance.139 Numerous mutations in the glucocorticoid receptor 
gene that alter expression, ligand binding and signal trans-
activation have been identified; however, these are rare and 
studies in asthma have not revealed an obvious correlation 
between any specific polymorphism in the glucocorticoid 
receptor gene and a response to corticosteroid treatment. 
However, a number of studies have examined variations in 
components of downstream signaling pathways or other related 
genes. For example, Tantisira and colleagues140 have shown that 
variation in the Adenylcyclase 9 gene predicts improved bron-
chodilator response following corticosteroid treatment, and 
also identified variation in the CRHR1 locus141,142 and the gene 
encoding TBX21143 as potential markers for steroid responsive-
ness. Other genes implicated in steroid responsiveness are 
STIP,144 GLCCI1145 and T.146 These discoveries have contributed 
to the growing recognition of steroid-resistant asthma as a  
separate phenotype that may be neutrophil-driven rather than 
eosinophilic.147

Genetic polymorphism may also play a role in regulating 
responses to anti-leukotrienes.148 In part, this is mediated by 
polymorphism in both ALOX5 and other components of the 
leukotriene biosynthetic pathway such as GPR99.149–151 There is 
also a substantial overlap in the genetic modulation of response 
to the two classes of leukotriene modifier drugs (5-LO inhibitor 
and Cysteinyl LT1 receptor antagonists).152 Genetic variation in 
the leukotriene biosynthetic pathway has also been shown to be 
associated with increased susceptibility to several chronic 
disease phenotypes including myocardial infarction,153,154 
stroke,154,155 atherosclerosis156 and asthma,157 suggesting varia-
tion in leukotriene production increases risk and severity of 
inflammation in many conditions. ALOX5 polymorphisms have 
also been linked to asthma severity.158

Increasingly, there is a focus on developing immune response 
modifier biologicals of asthma cytokines such as IL-4, IL-13, 
IL-5 and IL-33. Pikantra is a biological developed as an IL-4 
variant that inhibits the IL-4/13 pathway, but response is depen-
dent on IL4R genotype.159

The aim of pharmacogenetic approaches is to maximize  
the therapeutic response and minimize any side-effects and 
although there is no direct pharmacogenetic test for asthma 
treatment, there is a growing body of research suggesting that 
development of these tests would be of great benefit to develop 
new drugs, tailor treatment to those who will most benefit 
(improving cost-effectiveness) and provide better control of 
asthma.

Epigenetics and Allergic Disease
The important role of epigenetics as a mechanism by which the 
environment can alter disease risk in an individual is being 
increasingly recognized. The term epigenetics refers to biological 
processes that regulate gene activity but do not involve changes 
in the DNA sequence. Epigenetic processes include post-
translational modification of histones by acetylation and  
methylation, and DNA methylation. Modification of histones, 

β2-adrenergic receptor polymorphisms could influence asthma 
severity, and the Arg16Gly polymorphism has been associated 
with measures of asthma severity.120 However, it is not clear 
whether β2-adrenergic receptor polymorphisms affect patients’ 
responses to β2 agonists or, regardless of their effects on treat-
ment, these polymorphisms lead to more severe chronic 
asthma.121 GWAS has identified CDHR3 as being associated 
with severe asthma122 and a retrospective study of the Child-
hood Asthma Management Program (CAMP) cohort showed 
that variation in the gene encoding the low-affinity IgE receptor, 
FCER2, is associated with high IgE levels and increased fre-
quency of severe exacerbations despite inhaled corticosteroid 
treatment.123

GENETIC REGULATION OF RESPONSE TO 
THERAPY: PHARMACOGENETICS

Genetic variability may not only play a role in influencing sus-
ceptibility to allergy but may also modify its severity or influ-
ence the effectiveness of therapy.70 In asthma, patient response 
to drugs such as bronchodilators, corticosteroids and anti-
leukotrienes is heterogeneous.124,125 In the future, identification 
of such pharmacogenetic factors has the potential to allow indi-
vidualized treatment plans based on an individual’s genetic 
background.126 One of the most investigated pharmacogenetic 
effects has been the effect of polymorphisms at the gene encod-
ing the β2-adrenergic receptor, ADRB2, on the bronchodilator 
response to inhaled short- and long-acting β agonists.

Clinical studies have shown that β2-adrenergic receptor 
polymorphisms may influence the response to bronchodilator 
treatment. The two most common polymorphisms of the 
receptor are at amino acid 16 (Arg16Gly) and at amino acid 27 
(Gln27Glu).127 Asthmatic patients carrying the Gly16 polymor-
phism have been shown to be more prone to develop broncho-
dilator desensitization,128 whereas children who are homozygous 
or heterozygous for Arg16 are more likely to show positive 
responses to bronchodilators.129 Studies in vitro have shown 
that the Gly16 polymorphism increases down-regulation of the 
β2-adrenergic receptor after exposure to a β2 agonist. In con-
trast, the Glu27 polymorphism appears to protect against 
agonist-induced down-regulation and desensitization of the β2-
adrenergic receptor.130,131

However, a study of 190 asthmatics examined whether β2-
adrenergic receptor genotype affects the response to regular 
versus as-needed albuterol use.132 During a 16-week treatment 
period, there was a small but significant decline in morning 
peak flow in patients homozygous for the Arg16 polymorphism 
who used albuterol regularly. The effect was magnified during 
the 4-week run-out period when all patients returned to  
albuterol as needed. However, other studies have suggested  
that response to bronchodilator treatment is genotype 
independent.133,134

In contrast to the possible effects on short-acting broncho-
dilators, pharmacogenetic analysis of β2-adrenergic receptor 
polymorphisms has found no effect on response to long-acting 
β2 agonist therapy in combination with corticosteroids.135,136 
These findings are difficult to explain in the light of the studies 
discussed linking the Gly16 allele with BHR, β2 agonist effec-
tiveness, and asthma severity but may indicate that the 
co-administration of corticosteroids abrogates the effect of 
variation of ADRB2. The complexity of the genotype by 
response effects observed for variation in ADRB2 makes clinical 
application limited at this time and may require the use of 
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BOX 3-1 KEY CONCEPTS

What Can Genetics Studies of Allergic Disease Tell Us?

Greater Understanding of Disease Pathogenesis

• Identification of novel genes and pathways leading to new 
pharmacologic targets for developing therapeutics

Identification of Environmental Factors that Interact with an 
Individual’s Genetic Make-up to Initiate Disease

• Prevention of disease by environmental modification

Identification of Susceptible Individuals

• Early-in-life screening and targeting of preventative therapies 
to at-risk individuals to prevent disease

Targeting of Therapies

• Subclassification of disease on the basis of genetics and tar-
geting of specific therapies based on this classification

•  Determination of the likelihood of an individual responding 
to a particular therapy (pharmacogenetics) and individualized 
treatment plans

around which the DNA is coiled, alters the tightness with which 
the chromatin fiber is packed and affects rate of transcription. 
DNA methylation involves the addition of a methyl group to 
specific cytosine bases, altering gene expression. Increased DNA 
methylation in the promoter is typically associated with 
decreased gene expression, whereas within the body of the gene 
it is associated with increased gene expression, and around exon 
boundaries it can affect alternative splicing. DNA methylation 
patterns can be heritable across both cellular divisions and 
organismal generations. Epigenetic marks are altered by envi-
ronmental exposures experienced by the individual, and these 
changes can last decades.

There is evidence that epigenetic factors are important in 
allergic disease. Epigenetic profiles differ between individuals 
with and without allergic disease,160,161 though it is important 
to note that in most cases these epigenetic changes can be  
both causes and consequences of allergic disease. Importantly, 
changes to histone modifications and DNA methylation can be 
induced by risk factors for allergy such as tobacco smoke, cae-
sarean birth and maternal nutrition in early life.162 This evidence 
strongly supports epigenetics as a mechanism by which the envi-
ronment affects allergic disease risk and a mechanism by which 
gene-environment interaction can occur. Indeed, interactions 
between genetic variants and DNA methylation have been 
observed in asthma,72 lung function97 (Figure 3-2) and eczema.163

However, in itself, environmentally induced epigenetic 
change to an individual’s epigenome cannot explain the observed 
heritability of allergic disease – this would require the epigenetic 
change to be inherited through meiosis and the effect of expo-
sure in one generation to lead to increased risk in subsequent 
generations. In humans, trans-generational effects have been 
observed where the initial environmental exposure occurred in 
F0 generation and changes in disease susceptibility were still 
evident in F2 (grandchildren). Pembrey and colleagues164 
showed that exposures such as poor nutrition or smoking during 
the slow growth period of the F0 generation resulted in effects 
on life expectancy and growth through the male line and female 
line in the F2 generation, although there had been no further 
exposure. In mouse models, ancestral folate deprivation causes 
congenital malformations that persist for five generations, most 
likely via epigenetics.165 Observations such as grandmaternal 
smoking increasing the risk of childhood asthma in their grand-
children166 support the concept that trans-generational epigen-
etic effects may be operating in allergic disease. This is further 
supported by the study of animal models, for example in one 
model where mice were exposed to in utero supplementation 
with methyl donors and exhibited enhanced airway inflamma-
tion following allergen challenge.167 It is probable in the near 
future that the study of large prospective birth cohorts with 
information on maternal environmental exposures during preg-
nancy will provide important insights into the role of epigenetic 
factors in the heritability of allergic disease.168

Conclusions
The varying and sometimes conflicting results of studies to 
identify allergic disease susceptibility genes reflect the genetic 
and environmental heterogeneity seen in allergic disorders and 
illustrate the difficulty of identifying susceptibility genes for 
complex genetic diseases. This is the result of a number of 
factors, including difficulties in defining phenotypes and popu-
lation heterogeneity with different genetic loci showing 

association in populations of differing ethnicity and differing 
environmental exposure. However, despite this, there is now a 
rapidly expanding list of genes robustly associated with a wide 
range of allergic disease phenotypes.

This leads to the question, is it possible to predict the likeli-
hood that an individual will develop allergic disease? To an 
extent, clinicians already make some predictions of the risk of 
developing allergic disease through the use of family history  
and this has been shown to have some validity.169 However, at 
present, we are not in a position to utilize the rapidly accumu-
lating knowledge of genetic variants that influence allergic 
disease progression in clinical practice. This simply reflects the 
complex interactions between different genetic and environ-
mental factors required both to initiate disease and determine 
progression to a more severe phenotype in an individual, 
meaning that the predictive value of variation in any one gene 
is low, with a typical genotype relative risk of 1.1–1.5.170

However, it is possible that, as our knowledge of the genetic 
factors underlying disease increases, the predictive power of 
genetic testing will increase sufficiently to enable its use in clini-
cal decision making (Box 3-1). For example, simulation studies 
based on the use of 50 genes relevant for disease development 
demonstrated that an area under a curve (AUC) of 0.8 can be 
reached if the genotype relative risk is 1.5 and the risk allele 
frequency is 10%.170,171 Whether this is likely to improve on 
diagnostics using traditional risk factor assessment is a separate 
issue. Analyses of the power of genetic testing to predict risk of 
non-insulin-dependent diabetes (for which many more genetic 
risk factors have been identified through genome-wide 
approaches than for allergic disease at this stage) demonstrate 
that, currently, the inclusion of common genetic variants has 
only a small effect on the ability to predict the future develop-
ment of the condition.172,173 This has led some to question the 
‘disproportionate attention and resources’ given to genetic 
studies in the prevention of common disease.174 However, the 
identification of further risk factors and the development of 
better methods for incorporating genetic factors into risk 
models are likely to substantially increase the value of genotypic 
risk factors and may also provide a means for predicting pro-
gression to severe disease and targeting of preventative treat-
ment in the future.175
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example, in asthma, bronchoconstriction is triggered mostly by 
an allergic response to inhaled allergen accompanied by eosino-
philic inflammation in the lungs, but in some people who may 
have ‘asthma susceptibility genes’ but not atopy, asthma is trig-
gered by other exposures, such as toluene di-isocyanate.57 It is 
possible to group the genes identified into four broad groups 
(Figure 3-3). Firstly, there is a group of genes that are involved 
in directly modulating response to environmental exposures. 
These include genes encoding components of the innate 
immune system that interact with levels of microbial exposure 

Whatever the future value of genetic studies of allergic 
disease in predicting risk, it is unlikely that this will be the  
area of largest impact of genetics studies on the treatment and 
prevention of these conditions. Rather, it is the insight the 
genetic studies have provided, and undoubtedly will continue 
to provide, into disease pathogenesis. It is clear from genetic 
studies of allergic disease that the propensity to develop atopy 
is influenced by factors different than those that influence 
atopic disease. However, these disease factors require interac-
tion with atopy (or something else) to trigger disease. For 

Figure 3-3  Susceptibility genes for allergic disease: a large number of robustly associated genes have been identified that predispose to allergic 
disease. These can be broadly divided into four main groups. Group 1 – sensing the environment. This group of genes encodes molecules that 
directly modulate the effect of environmental risk factors for allergic disease. For example, genes such as TLR2, TLR4 and CD14 encoding compo-
nents of the innate immune system interact with levels of microbial exposure to alter risk of developing allergic immune responses. Polymorphism 
of glutathione-S-transferase genes (GSTM1, -2, -3, and -5, GSTT1 and GSTP1) has been shown to modulate the effect of exposures involving oxidant 
stress such as tobacco smoke and air pollution on asthma susceptibility. Group 2 – barrier function. The body is also protected from environmental 
exposure through the direct action of the epithelial barrier both in the airways and in the dermal barrier of the skin. A high proportion of the novel 
genes identified for susceptibility to allergic disease through genome-wide linkage and association approaches has been shown to be expressed 
in the epithelium. This  includes genes such as FLG  that directly affect dermal barrier  function and are associated not only with  increased risk of 
atopic dermatitis but also with increased atopic sensitization and inflammatory products produced directly by the epithelium such as chemokines 
and defensins. Other novel genes such as ORMDL3/GSDML are also expressed in the epithelium and may have a role in possibly regulating epi-
thelial barrier  function. Group 3 – regulation of (atopic) inflammation. This group of genes  includes genes that regulate Th1/Th2 differentiation 
and effector function such as IL13, IL4RA, STAT6, TBX21 (encoding T-bet) and GATA3, as well as genes such as IRAKM and PHF11 that potentially 
regulate both atopic sensitization and the level of inflammation that occurs at the end organ location for allergic disease (airway, skin, nose, etc.). 
This also includes the genes recently identified as regulating the level of blood eosinophilia using a GWAS approach (IL1RL1, IL33, MYB and WDR36). 
Group 4 – tissue response genes. This group of genes appears to modulate the consequences of chronic inflammation such as airway remodeling. 
They include genes such as ADAM33 expressed in fibroblasts and smooth muscle and COL29A1, encoding a novel collagen expressed in the skin 
and linked to atopic dermatitis. It is important to recognize that some genes may affect more than one component, for example IL13 may regulate 
atopic sensitization through switching B cells to produce IgE but also has direct effects on the airway epithelium and mesenchyme promoting goblet 
cell metaplasia and fibroblast proliferation. 
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Barrier function

FLG SPINK5 IL13 CTNNA3
PENDRIN COL29A1
ORMDL3/GSDML DPP10

Atopic immune responses

HLA-G
FCERIa CD23
OPN3/CHML
CYF1P2 IL4

IL4Ra
IL12, 13 & 16

TH1 TH2

GATA3 STAT5 & 6
TBX21 PHF11 IRAKM

Innate immune response
Oxidative stress
Epithelial barrier function
Cytokines, receptors and other regulators of  immune responses
Airway remodelling
Signal transduction/transcription factors
Extracellular matrix composition



30 SECTION A General Concepts

to alter risk of developing allergic immune responses as well as 
detoxifying enzymes such as the Glutathione S-transferase 
genes that modulate the effect of exposures involving oxidant 
stress, such as tobacco smoke and air pollution. The second 
major group that includes many of the genes identified through 
hypothesis independent genome-wide approaches is a group of 
genes involved in maintaining the integrity of the epithelial 
barrier at the mucosal surface and signaling of the epithelium 
to the immune system following environmental exposure. For 
example, polymorphisms in FLG that directly affect dermal 
barrier function are associated, not only with increased risk of 
atopic dermatitis, but also with increased atopic sensitization. 
The third group of genes are those that regulate the immune 
response, including those such as IL13, RAD50 IL4RA, STAT6, 
TBX21 (encoding Tbet), FCER1A, HLAG and GATA3 that regu-
late Th1/Th2 differentiation and effector function, but also 
others such as IRAKM and PHF11 that may regulate the level 
of inflammation that occurs at the end organ for allergic disease 
(i.e. airway, skin, nose, etc.). Finally, but not least, a number of 
genes appear to be involved in determining the tissue response 
to chronic inflammation, such as airway remodeling. They 
include genes such as ADAM33 expressed in fibroblasts and 
smooth muscle and COL29A1 encoding a novel collagen 
expressed in the skin and linked to atopic dermatitis.

Thus, the insights provided by the realization that genetic 
variation in genes regulating atopic immune responses is not 
the only, or even the major, factor in determining susceptibility 
to allergic disease, have highlighted the importance of local 
tissue response factors and epithelial susceptibility factors in the 
pathogenesis of allergic disease.176 This is possibly the greatest 
contribution that genetic studies have made to the study of 
allergic disease and where the most impact in the form of new 
therapeutics targeting novel pathways of disease pathogenesis is 
likely to occur.

In conclusion, over the past 15 years, there have been many 
linkage and association studies examining genetic susceptibility 
to atopy and allergic disease resulting in the unequivocal iden-
tification of a number of loci that alter the susceptibility of an 
individual to allergic disease. While further research is needed 
to confirm previous studies and to understand how these 
genetic variants alter gene expression and/or protein function, 
and therefore contribute to the pathogenesis of disease, genetic 
studies have already helped to change our understanding of 
these conditions. In the future, the study of larger cohorts and 
the pooling of data across studies will be needed to allow the 
determination of the contribution of identified polymorphisms 

BOX 3-2 KEY CONCEPTS

GENETIC EFFECTS ON ALLERGY AND ALLERGIC DISEASE

Determine Susceptibility Atopy

• ‘Th2’ or ‘IgE switch’ genes
Determine specific target-organ disease in atopic individuals

• Asthma susceptibility genes
‘Lung-specific factors’ that regulate susceptibility of lung 
epithelium/fibroblasts to remodeling in response to allergic 
inflammation, such as ADAM33

• Atopic dermatitis susceptibility genes
Genes that regulate dermal barrier function, such as FLG

Influence the Interaction of Environmental Factors with Atopy 
and Allergic Disease

• Determining immune responses to factors that drive Th1/Th2 
skewing of the immune response, such as CD14 and TLR4 
polymorphism and early childhood infection

• Modulating the effect of exposures involving oxidant stress 
such as tobacco smoke and air pollution on asthma 
susceptibility

• Altering interaction between environmental factors and 
established disease, such as genetic polymorphism regulating 
responses to respiratory syncytial virus infection and asthma 
symptoms

Modify Severity of Disease

• Examples are tumor necrosis factor α and CDHR3 
polymorphisms

Regulate Response to Therapy

• Pharmacogenetics
• Examples are β2-adrenergic receptor polymorphism and 

response to β2 agonists
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KEY POINTS

• IgE-producing B cells arise from IgM+ or IgG+ B cells via 
the process of class switch recombination (CSR). B cells 
undergoing CSR undergo somatic gene rearrangements 
in the immunoglobulin heavy chain locus leading to the 
assembly of a gene encoding the ε-heavy chain retaining 
the original antigenic specificity of the B cell clone.

• IgE antibody production is regulated by Th2 cells. These 
provide a combination of signals including secreted cyto-
kine (IL-4 or IL-13) and cell surface molecules (CD40L).

• IgE signaling via FcεRI, its high-affinity receptor, on mast 
cells and basophils by polyvalent antigen leads to the 
activation of a complex array of signaling pathways 
resulting in the release of preformed and newly synthe-
sized mediators of immediate hypersensitivity.

• The low-affinity IgE receptor, CD23, mediates IgE-
facilitated antigen uptake by antigen-presenting cells, 
transcellular allergen transport in gastrointestinal and 
airway epithelium and regulation of IgE production.

• IgE antibodies regulate numerous aspects of hypersen-
sitivity including IgE-receptor density on mast cells and 
basophils and mast cell homeostasis.

Normally	present	at	very	low	levels	in	plasma,	antibodies	of	the	
immunoglobulin	E	(IgE)	isotype	were	first	discovered	in	1967,	
decades	after	the	description	of	IgG,	IgA	and	IgM.	IgE	antibod-
ies	are	produced	primarily	by	plasma	cells	in	mucosal-associated	
lymphoid	 tissue	 and	 their	 levels	 are	 uniformly	 elevated	 in	
patients	 suffering	 from	atopic	 conditions	 like	 asthma,	 allergic	
rhinitis	 and	 atopic	 dermatitis.	 Production	 of	 allergen-specific	
IgE	in	atopic	individuals	is	driven	both	by	a	genetic	predisposi-
tion	to	the	synthesis	of	this	isotype	as	well	as	by	environmental	
factors,	including	chronic	allergen	exposure.	The	lineage	com-
mitment	by	B	cells	to	produce	IgE	involves	irreversible	genetic	
changes	at	the	immunoglobulin	heavy	chain	gene	locus	and	is	
very	tightly	regulated.	It	requires	both	cytokine	signals	(inter-
leukin	[IL]-4	and	IL-13)	and	interaction	of	TNF	receptor	family	
members	on	the	B	cell	surface	with	their	ligands.

IgE	 antibodies	 exert	 their	 biologic	 functions	 via	 the	 high-
affinity	IgE	receptor,	FcεRI,	and	the	low-affinity	receptor,	CD23.	
In	the	classic	immediate	hypersensitivity	reaction,	the	interac-
tion	 of	 polyvalent	 allergens	 with	 IgE	 bound	 to	 mast	 cells	 via	
FcεRI	triggers	receptor	aggregation,	which	 initiates	a	series	of	
signals	that	result	in	the	release	of	vasoactive	and	chemotactic	
mediators	of	acute	tissue	inflammation.	Clinical	manifestations	

of	 IgE-induced	 immediate	 hypersensitivity	 include	 systemic	
anaphylaxis	(triggered	by	foods,	drugs	and	insect	stings),	bron-
chial	edema	with	smooth	muscle	constriction	and	acute	airflow	
obstruction	 in	 asthmatic	 patients	 (following	 allergen	 inhala-
tion),	 angioedema	 and	 urticaria.	 Although	 best	 known	 for		
their	critical	function	in	mediating	antigen-specific	immediate	
hypersensitivity	 reactions,	 IgE	 antibodies	 also	 exert	 potent	
immunoregulatory	 effects	 including	 regulation	 of	 mast	 cell	
homeostasis,	 stabilization	 of	 IgE	 receptor	 expression	 and	
enhancement	of	mast	cell-mediated	expansion	of	Th2	responses	
and	suppression	of	TREG	responses	to	allergens.

Components of the  
Immune Response
IMMUNOGLOBULIN E PROTEIN STRUCTURE 
AND GENE ORGANIZATION

Immunoglobulin	E	(IgE)	antibodies	are	tetramers	consisting	of	
two	 light	 chains	 (κ	or	λ)	and	 two	ε-heavy	chains	 (Figure	4-1	
and	 Box	 4-1).	 The	 heavy	 chains	 each	 contain	 a	 variable	 (VH)	
region	 and	 four	 constant	 region	 domains.	 The	 VH	 domain,	
together	 with	 the	 V-regions	 of	 the	 light	 chains	 (VL),	 confers	
antibody	specificity	and	the	Cε	domains	confer	isotype-specific	
functions,	including	interaction	with	FcεRI	and	CD23.	IgE	anti-
bodies	 are	 heavily	 glycosylated	 and	 contain	 numerous	 intra-
chain	and	interchain	disulfide	bonds.	The	exons	encoding	the	
ε-heavy	chain	domains	are	located	in	the	Cε	 locus	near	the	3′	
end	 of	 the	 immunoglobulin	 heavy	 chain	 locus	 (IgH)	 (Figure	
4-2).1	 Additional	 exons,	 M1	 and	 M2,	 encode	 hydrophobic	
sequences	present	in	the	ε-heavy	chain	mRNA	splice	isoforms	
encoding	transmembrane	IgE	in	IgE+	B	cells.	In	contrast	to	IgG	
antibodies,	which	have	a	half-life	of	about	3	weeks,	IgE	antibod-
ies	are	very	short-lived	in	plasma	(T1

2
	1ess	than	1	day),	but	they	

can	remain	fixed	to	mast	cells	in	tissues	for	weeks	or	months.
The	assembly	of	a	functional	IgE	gene	requires	two	sequen-

tial	processes	of	DNA	excision	and	ligation.2,3	In	the	first,	which	
occurs	in	pre-B	cells,	individual	VH,	D,	and	JH	exons	randomly	
combine	 to	 generate	 a	 VHDJH	 cassette	 encoding	 an	 antigen-	
specific	VH	domain.	In	B	cells	that	have	undergone	‘productive’	
VHDJH	 rearrangements	 (e.g.	 no	 stop	 codons	 have	 been	 intro-
duced	 during	 assembly),	 this	 VHDJH	 cassette	 is	 situated	 just	
upstream	 of	 the	 Cµ	 and	 Cδ	 exons	 so	 that	 functional	µ-	 and	
δ-heavy	chain	transcripts	can	be	produced.

A	 second	 DNA	 excision	 and	 ligation	 process,	 called	 class 
switch recombination	 (CSR),	 must	 occur	 before	 B	 cells	 can	
produce	antibodies	of	other	isotypes,	including	IgE.	These	anti-
bodies	retain	their	original	VHDJH	cassette	and	antigenic	speci-
ficity	but	exchange	CH	cassettes	of	various	isotypes	to	construct	



32	 SECTION A General Concepts

Figure 4-1  IgE antibody structure.  IgE antibodies are  tetramers containing  two  immunoglobulin  light chains and  two  immunoglobulin ε-heavy 
chains connected by interchain disulfide bonds as indicated. Each light chain contains one VL and one CL immunoglobulin domain and each ε-heavy 
chain  contains  an  N-terminal  VH  domain  and  four  Cε  domains.  Intrachain  disulfide  bonds  are  contained  within  each  of  these  immunoglobulin 
domains. The Cε domains contain IgE isotype-specific sequences important for interactions with IgE receptors FcεRI and CD23. IgE antibodies are 
relatively heavily glycosylated; glycosylation sites are indicated with circles. 
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different	 heavy	 chains	 that	 exert	 distinct	 biologic	 functions.		
In	 this	 tightly	 regulated	 and	 irreversible	 process,	 sometimes	
referred	to	as	deletional	switch	recombination,	a	long	stretch	of	
genomic	DNA	spanning	from	the	Sµ	region	between	VHDJH	and	
Cµ	to	Sε	upstream	of	the	Cε	 locus	is	excised	(see	Figure	4-2).	
The	 DNA	 products	 of	 this	 reaction	 include	 an	 extrachromo-
somal	circle	of	intervening	DNA	and	the	contiguous	VHDJH	and	
Cε	sequences,	joined	by	Sµ-Sε	ligation,	to	generate	a	functional	
IgE	gene.	A	complex	series	of	cytokine	signals	and	cell	surface	
interactions	collaborate	to	trigger	deletional	switch	recombina-
tion	in	B	cells	destined	for	IgE	production.

REGULATION OF IgE ISOTYPE SWITCHING

ε-Germline Transcription Precedes Isotype 
Switch Recombination
Before	 deletional	 isotype	 switch	 recombination	 is	 initiated,	
cytokine	 signals	 provided	 by	 IL-4	 and/or	 IL-13	 induce	 RNA	
transcription	 in	 the	 IgH	 locus	 of	 B	 cells.	 This	 occurs	 at	 the	
unrearranged	or	‘germline’	ε-heavy	chain	 locus	driven	 from	a	
promoter	 5′	 of	 the	 Iε	 exon,	 located	 just	 upstream	 of	 the	 Sε	
switch	 recombination	 region	 and	 the	 four	 Cε	 exons	 (Figure	
4-3).	This	is	referred	to	as	ε-germline	RNA	and	the	transcripts	
include	 a	 140-bp	 Iε	 exon	 as	 well	 as	 exons	 Cε1-Cε4.4,5	 As	 Iε	

contains	 several	 stop	 codons,	 germline	 transcripts	 do	 not	
encode	functional	proteins	and	have	been	referred	to	as	‘sterile’.6

Regulation of Germline Transcription,  
The Iε Promoter
Initiation	of	germline	transcription	is	regulated	by	the	Iε	pro-
moter	that	contains	binding	sites	for	several	known	transcrip-
tion	factors	including	STAT-6,	NF-κB,	BSAP	(Pax5),	C/EBP	and	
PU.1	(see	Figure	4-3).	Accessibility	of	the	promoter	is	regulated	
by	 the	 non-histone	 chromosomal	 protein,	 HMG-I(Y).7	 This	
repression	is	released	upon	IL-4-driven	phosphorylation	of	the	
protein.8,9	Translocation	of	activated	STAT-6	 to	 the	nucleus	 is	
triggered	by	IL-4	and	IL-13	signaling.	STAT-6	activation	appears	
to	 be	 the	 key	 inducible	 regulator	 of	ε-germline	 transcription;	
neither	BSAP	nor	NF-κB	nuclear-binding	activities	are	altered	
by	 cytokine	 signaling,	 but	 these	 promoter	 elements	 must	 be	
present	 for	 normal	 Iε	 promoter	 function.10,11	 CD40	 signaling	
also	 enhances	 cytokine-driven	germline	 transcription	by	acti-
vating	the	NF-κB	promoter	elements.

BCL-6,	a	POZ/zinc-finger	transcription	factor	expressed	 in	
B	cells,	 is	an	important	negative	regulator	of	the	Iε	promoter.	
BCL-6	binds	to	STAT-6	sites	and	can	repress	the	induction	of	
ε-germline	 transcripts	 by	 IL-4.12,13	 BCL-6	 is	 induced	 by	 the	
cytokine,	IL-21,	which	is	known	to	suppress	IgE	production	in	
B	cells	and	which	has	been	reported	to	induce	apoptosis	of	IgE+	
B	 cells.14	 IL-21	 is	 important	 in	 germinal	 center	 formation	
and	 germinal	 centers	 have	 relatively	 low	 levels	 of	 IgE	
production.14,15

Cytokines IL-4 and IL-13 Activate STAT-6
The	cytokines	IL-4	and	IL-13	are	potent	inducers	of	ε-germline	
transcription	in	B	cells.5,16,17	The	multimeric	receptors	for	these	
two	cytokines	share	the	IL-4R-αchain.	The	type	I	IL-4	receptor,	
which	 binds	 IL-4,	 is	 composed	 of	 the	 ligand-binding	 IL-4Rα	
and	the	signal-transducing	common	cytokine	receptor	γ-chain	
γc.	The	 type	 II	 receptor,	which	can	bind	either	 IL-4	or	 IL-13,	
contains	the	IL-4R-α	chain	along	with	an	IL-13	binding	chain,	
IL-13Rα1.	 IL-4	 receptor	 signaling	 triggers	 the	 activation	 of	
Janus	family	tyrosine	kinases	Jak-1	(via	IL-4Rα),	Jak-3	(via	γc)	
and	TYK2	(via	 IL-13Rα).18–21	These	activated	 Jaks	 then	phos-
phorylate	tyrosine	residues	in	the	intracellular	domains	of	the	
receptor	 chain.	 These	 phosphotyrosines	 serve	 as	 binding	 sites	
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Figure 4-2  The human  immunoglobulin heavy chain gene  locus; deletional  class-switch  recombination.  (A) The human  immunoglobulin heavy 
chain locus contains clusters of VH, DH and JH cassettes that are stochastically rearranged during B cell ontogeny. This process, which involves DNA 
excision and repair, results in the assembly of a complete VDJ exon encoding an antigen-binding VH domain. Pre-B cells that have completed this 
rearrangement are capable of producing  intact µ-heavy chains and,  following an analogous process of  light chain rearrangements, can produce 
intact IgM antibodies. (B) Production of other antibody isotypes, bearing the original antigenic specificity, requires an additional excision and repair 
process, deletional ‘class-switch recombination’ (CSR). For IgE isotype switching, this process involves the excision of a large piece of genomic DNA 
spanning  from  Sµ  switch  sequences  just  upstream  of  the µ-heavy  chain  exons  to  the  Sε  sequence  5′  of  the  Cε  exons.  (C)  Ligation  of  the  VDJ 
sequences to the Cε locus then gives rise to an intact ε-heavy chain gene containing a VH-encoding VDJ exon and exons Cε1-4 encoding the con-
stant region domains of ε-heavy chain. The M1 and M2 exons encode trans-membrane sequences that are present in RNA splice isoforms encoding 
the membrane IgE of IgE+ B cells. 
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Figure 4-3  ε-Germline transcription (εGLT). Class switch recombination is invariably preceded by a process of RNA transcription at the CH locus 
being targeted by specific cytokine signals. ε-Germline transcripts originate at a promoter upstream of the Iε exon. This promoter contains binding 
sites for transcription factors C/EBP, PU.1, STAT-6, NF-κB (two sites), and Pax5. STAT-6 activation is triggered by IL-4 and IL-13 receptor signaling 
and is the critical regulatory factor in ε-germline transcription. BCL-6 is a transcriptional repressor that binds to the STAT-6 target site and inhibits 
εGLT. Germline transcripts contain Iε and Cε1-4 exons but, because the Iε exon contains stop codons (‘X’), these RNAs do not encode a functional 
protein. 

for	STAT-6,	which	is,	in	turn,	phosphorylated	and	then	dimer-
izes	and	translocates	to	the	nucleus.22,23

CD40/CD154 Provides Second Signal for Isotype 
Switch Recombination
The	 cytokines	 IL-4	 and	 IL-13	 are	 very	 efficient	 inducers	 of	
ε-germline	transcription,	and	this	transcription	is	an	absolute	
prerequisite	 for	 isotype	switching.	However,	cytokine-induced	
germline	transcription	alone	is	not	sufficient	to	drive	B	cells	to	
complete	the	genomic	deletional	switch	recombination	reaction	
that	 gives	 rise	 to	 a	 functional	 IgE	 gene.	A	 second	 signal,	 pro-
vided	 by	 the	 interaction	 of	 the	 TNF	 receptor	 family	 member	

CD40	on	B	cells	with	its	ligand,	CD154,	on	activated	T	cells,	is	
required	to	bring	the	process	to	completion.

CD154	is	transiently	expressed	on	antigen/MCH-stimulated	
T	 cells.24	 T	 cell	 CD154	 induces	 CD40	 aggregation	 on	 B	 cells,	
triggering	 signal	 transduction	 via	 four	 intracellular	 proteins	
belonging	 to	 the	 TRAF	 family	 of	 TNF-receptor	 associated	
factors.25,26	 TRAF-2,	 -5,	 and	 -6	 promote	 the	 dissociation	 of	
NF-κB	from	its	 inhibitor,	 IκB,	allowing	NF−κB	to	 translocate	
to	 the	 nucleus	 and	 synergize	 with	 STAT-6	 to	 activate	 the	 Iε	
promoter	as	described	above.27,28	In	addition	to	inducing	TRAF	
association	and	signaling,	aggregation	of	CD40	activates	protein	
tyrosine	 kinases	 (PTKs)	 including	 Jak-3,	 which	 play	 an	
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been	demonstrated	that	IgE	class	switch	recombination	occurs	
not	only	in	central	lymphoid	organs	but	also	in	the	respiratory	
mucosa	of	patients	with	allergic	rhinitis	and	asthma.42

Cytokine-Stimulated Germline Transcripts  
and CD40-Induced AID Collaborate to Execute 
Switch Recombination
Deletional	class	switch	recombination	stimulated	by	cytokines	
and	CD40/CD154	requires	the	synthesis	of	a	new	intracellular	
protein,	activation-induced	cytidine	deaminase	(AID),	which	is	
expressed	in	activated	splenic	B	cells	and	in	the	germinal	centers	
of	lymph	nodes.43,44	AID-deficient	mice	have	elevated	IgM	levels	
and	 a	 major	 defect	 in	 isotype	 switching	 with	 absent	 IgG,	 IgE	
and	 IgA.	 A	 rare	 autosomal	 form	 of	 hyper-IgM	 syndrome	
(HIGM2),	which	is	associated	with	striking	lymphoid	hypertro-
phy,	has	now	been	attributed	to	mutations	in	the	AID	gene.45

AID	 is	 recruited	 to	 sites	 of	 active	 germline	 transcription	
where	it	deaminates	deoxy-cytidine	residues	within	the	C-rich	
Sε	 and	Sµ	 sequences,	generating	uracils	and	consequent	U	:	G	
mismatches	 (see	Figure	4-4).46,47	 Subsequent	 removal	of	 these	
uracils	by	 the	enzyme	uracil	glycocylase	 (UNG)	results	 in	 the	
introduction	of	abasic	sites.	The	enzyme	apurinic/apyrimidinic	

important	role	in	immunoglobulin	class	switching.29,30	CD154	
is	encoded	on	the	X	chromosome.	Boys	with	X-linked	immu-
nodeficiency	with	hyper-IgM	(XHIM)	are	deficient	in	CD154.	
Consequently,	 their	B	cells	are	unable	 to	produce	 IgG,	 IgA	or	
IgE.31–35

Alternative Second Signals for Isotype  
Switch Recombination
Recently,	 alternative	 switching	 pathways	 have	 been	 defined	 in	
which	 the	 second	 ‘switch’	 signal	 is	 provided	 not	 by	 CD40/
CD154	 ligation	 but	 rather	 by	 interaction	 of	 other	 TNF-like	
molecules	with	their	receptors.	One	such	TNF	family	member,	
BAFF,	binds	to	its	receptor	TACI	on	cytokine-stimulated	B	cells,	
inducing	 isotype	 switching	 even	 in	 the	 absence	 of	 CD40.36,37	
BAFF/TACI-driven	switching	may	be	of	particular	importance	
at	mucosal	sites,	especially	IgA	production	in	the	gastrointesti-
nal	 tract.	 Defects	 in	 this	 pathway	 underlie	 some	 cases	 of	 IgA	
deficiency.38,39	Although	BAFF	can	drive	IgE	switching,	its	physi-
ologic	relevance	in	IgE	regulation	remains	to	be	clarified.	It	has	
been	reported	that	respiratory	epithelium	produces	BAFF,	with	
elevations	of	 the	 factor	 in	bronchoalveolar	 lavage	fluid	(BAL)	
of	segmental	allergen-challenged	subjects.40,41	In	addition,	it	has	

Figure 4-4  Activation-induced  cytidine  de-
aminase  (AID)  is recruited to sites of cytokine-
driven germline transcription (Sµ and Sε) in the 
IgH locus where it catalyzes cytidine deamina-
tion to uracil. Uracil glyosylase (UNG) introduces 
abasic sites which are then converted to nicks by 
apurinic/apyridinimic  endonuclease  1  (APE1). 
Subsequent  double  strand  DNA  breaks  fol-
lowed by end joining of the Sµ and Sε sequenc-
es leads to the generation of an intact VDJ-Cε1-4 
ε-heavy chain gene along with an excised epi-
somal  DNA  circle  containing  the  intervening 
sequences. 
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endonuclease	1,	APE1,	generates	nicks	at	these	sites	which	ulti-
mately	 lead	 to	 double-stranded	 DNA	 breaks.	 In	 subsequent	
steps	 of	 the	 process,	 analogous	 breaks,	 located	 at	 Sµ	 between	
VHDJH	and	the	Cµ	exons,	are	annealed	to	generate	a	functional	
IgE	gene.	The	heterogeneous	nature	of	the	Sµ-Sε	junctions	sug-
gests	a	nonhomologous	end-joining	mechanism	such	as	would	
be	 generated	 by	 the	 DNA	 repair	 enzymes,	 Ku70,	 Ku80	 and	
DNA-PKcs.	 Consistent	 with	 this	 possibility,	 B	 cells	 lacking	
Ku70,	Ku80	and	DNA-PKcs,	all	of	which	are	involved	in	non-
homologous	 end	 joining,	 cannot	 execute	 isotype	 switching	
normally.48,49

REGULATION OF ALLERGEN-SPECIFIC  
T CELL RESPONSES

The	execution	of	 IgE	 isotype	switch	recombination	 in	B	cells,	
as	detailed	previously,	requires	 that	cytokine	(IL-4	and	IL-13)	
signals	 and	 the	 CD40	 ligand,	 CD154	 signal,	 be	 delivered	 in	 a	
coordinated	 fashion.	Both	 these	 stimuli	are	provided	by	Th2-
type	allergen-specific	T-helper	cells.	Thus,	the	mechanisms	that	
regulate	expansion	and	survival	of	Th2	cells	are	crucial	in	regu-
lating	IgE	responses.

Th2 Helper T Cell Development
Naïve	 CD4+	 Th	 cells	 have	 the	 capacity	 to	 differentiate	 into	 a	
number	of	distinct	 types	of	effector	helper,	each	with	distinct	
capacities	 for	 induction	 of	 cellular	 immune	 responses	 (Th1),	
antibody	production	and	allergic	 responses	 (Th2),	 inflamma-
tory	 responses	 (Th17)	 and	 regulation	 (TREG,	 see	 Figure	 4-5).	
These	Th	types	are	 further	characterized	by	 the	expression	of	
specific	transcription	factors	that	maintain	their	specific	lineage	
commitments	and	direct	their	respective	cytokine	transcription	

profiles	(Chapter	5).	Some	of	the	Th	lineages	can	be	identified	
by	specific	cell	surface	markers.	Th1	cells,	which	arise	under	the	
direction	of	 IL-12	or	 IL-18,	express	abundant	IFN-γ	and	IL-2	
and	are	important	in	immunity	to	intracellular	pathogens.	Th1	
cells	are	further	characterized	by	the	presence	of	the	transcrip-
tion	factor,	T-bet.	The	Th17	subset	 is	 induced	in	the	presence	
of	TGF-β	and	IL-6	and	produces	IL-17,	TNF-α	and	IL-1.	Th17	
cells	harbor	the	transcription	factors	RORγt	and	STAT3	and	are	
important	in	driving	neutrophil	recruitment	and	inflammatory	
responses.	As	their	name	implies,	TREG,	which	are	generated	in	
the	presence	of	TGF-β	and	IL-2	(absent	IL-6),	are	important	in	
controlling	 immune	 responses	 via	 immunosuppressive	 cyto-
kines	including	TGF-β	and	IL-10.	The	transcription	factor	asso-
ciated	with	this	lineage	is	FoxP3.

The	 critical	 Th	 cells	 promoting	 IgE	 production	 are	 Th2,	
which	 are	 induced	 by	 IL-4,	 express	 the	 transcription	 factor	
GATA-3	 and	 produce	 IL-4,	 IL-5,	 IL-6,	 IL-9,	 IL-10,	 IL-13	 and	
GM-CSF.	Th2	cells	express	cell	surface	receptors,	which	target	
their	trafficking	to	allergic	sites	and	trigger	activation	in	settings	
of	 allergic	 inflammation,	 including	 the	 chemokine	 receptors	
CCR3,	 CCR4,	 CRTh2	 and	 CCR8	 and	 the	 IL-33	 receptor,		
T1/ST2.50–53

Genetic Influences on Th2 Development
Both	 host	 and	 environmental	 factors	 promote	 the	 Th2	 shift	
observed	in	allergic	individuals.	Genetic	predispositions	toward	
Th1	 or	 Th2	 are	 partly	 accounted	 for	 by	 T	 cell	 autonomous	
tendencies	to	transcribe	Th1	versus	Th2	cytokines,	but	are	also	
the	 result	 of	 a	 wide	 range	 of	 influences	 external	 to	 T	 cells.54	
Perhaps	 the	 most	 potent	 Th1/Th2-polarizing	 effect	 is	 exerted	
by	the	cytokine	milieu,	particularly	tissue	levels	of	IL-4,	IL-12	
and	 IFN-γ.	 IL-4	 promotes	 Th2	 responses	 and	 suppresses	 Th1	
development.	IL-12	drives	Th1	differentiation	(an	effect	that	is	
greatly	potentiated	 by	 the	 presence	 of	 IFN-γ)	 and	 can	 inhibit	
and	 even	 reverse	 Th2	 development.	 In	 ongoing	 immune	
responses	 these	 cytokines	 can	 be	 provided	 by	 existing	 T	 cells	
already	 committed	 to	 a	 particular	 Th	 phenotype.	 In	 de	 novo	
allergen	encounters,	cytokines	produced	by	cells	of	the	‘innate’	
immune	response	may	tip	the	balance.

Antigen-Presenting Cell Function  
in Th Differentiation
Naïve	T	cells	initially	encounter	antigens	as	MHC-bound	pro-
cessed	 peptides	 on	 the	 surface	 of	 antigen-presenting	 cells	
(APCs).	The	most	potent	APCs	are	dendritic	cells	(DCs),	which	
reside	in	tissues	as	immature	sentinels	and	sample	antigens	in	
their	milieu.	Upon	activation,	 these	cells	acquire	mature	APC	
function	and	migrate	to	regional	lymphoid	tissues,	where	they	
efficiently	 activate	 antigen-specific	 T	 helper	 cells	 via	 MHC-
peptide	complexes.	Dendritic	cells	obtained	from	various	lym-
phoid	 tissues	 in	 vivo	 or	 cultured	 ex	 vivo	 under	 a	 range	 of	
conditions	all	express	MHC	II	and,	following	activation,	express	
costimulatory	molecules,	including	CD80/86.	However,	there	is	
some	 functional	 heterogeneity	 among	 DCs,	 especially	 with	
respect	 to	 the	 ability	 to	 induce	 Th1	 versus	 Th2	 T	 helper	
responses.55	 DC-derived	 IL-12	 drives	 Th1	 responses;	 IL-23,	
TGF-β	and	IL-6	support	Th17	induction;	and	IL-10	drives	both	
TREG	and	Th2.56

Microbial Products and Dendritic Cell Phenotype
The	recent	understanding	that	Th	polarity	may	be	determined	
by	 DC	 polarity	 obviously	 begs	 the	 following	 question:	 what	

Figure 4-5  CD4+  T-helper  cell  differentiation.  CD4+  T-helper  cells 
undergo a process of differentiation to Th1 (producing IL-2, IFN-γ and 
TNF-α), Th2  (producing IL-4,  IL-5,  IL-6,  IL-9,  IL-10,  IL-13 and GM-CSF), 
Th17 (producing IL-17, TNF-α and IL-22) and TREG (producing IL-10 and 
TGF-β) phenotypes. Each lineage is further characterized by the pres-
ence  of  specific  transcription  factors  (as  indicated  in  the  nuclei).  The 
critical  regulator  of  IgE  production  is  the  Th2  lineage  which  uniquely 
produces IL-4. 
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IgE RECEPTORS

FcεRI Structure

The	high-affinity	 IgE	receptor	FcεRI	 is	a	multimeric	complex	
expressed	in	two	isoforms,	a	tetrameric	αβγ2	receptor	present	
on	 mast	 cells	 and	 basophils	 and	 a	 trimeric	 αγ2	 receptor	
expressed,	albeit	at	 levels	10-fold	to	100-fold	 lower,	by	several	
cell	 lineages	 including	 eosinophils,	 platelets,	 monocytes,	 den-
dritic	cells	and	cutaneous	Langerhans	cells69	(Figure	4-6).	The	
α	 chain	 contains	 two	 extracellular	 immunoglobulin-related	
domains	and	is	responsible	 for	binding	IgE.	The	β	 subunit	of	
the	receptor	contains	 four	 transmembrane-spanning	domains	
with	both	N-	and	C-terminal	ends	on	the	cytosolic	side	of	the	
plasma	membrane.	FcεRI-β	appears	to	have	two	functions	that	
result	 in	 enhanced	 receptor	 activity.	β-chain	 expression	 both	
enhances	cell	surface	density	of	FcεRI	and	amplifies	the	signal	
transduced	 following	 activation	 of	 the	 receptor	 by	 IgE	
aggregation.69–72	The	γ	 chains	 (which	have	homology	 to	 the	ζ	
and	η	 chains	 important	 in	 T	 cell	 receptor	 signaling)	 exist	 as	
disulfide-linked	 dimers	 with	 trans-membrane	 domains	 and	
cytoplasmic	 tails.	 The	 β	 and	 γ	 chains	 perform	 critical	 signal	
transduction	functions	and	their	intracellular	domains	contain	
immunoreceptor	tyrosine-based	activation	motifs	(ITAMs),	18	
amino	acid	long	tyrosine-containing	sequences	that	constitute	
docking	sites	for	SH2	domain-containing	signaling	proteins.

CD23 Expression and Structure
Although	 its	 common	 designation	 as	 the	 ‘low-affinity’	 IgE	
receptor	 implies	 differently,	 CD23	 actually	 has	 a	 fairly	 high	
affinity	for	IgE	with	a	KA	of	about	108.73,74	A	wide	variety	of	cell	
types	express	CD23	 in	humans,	 including	B	cells,	Langerhans	
cells,	 follicular	dendritic	cells,	T	cells	and	eosinophils.75	 It	 is	a	
type	 II	 transmembrane	 protein	 with	 a	 C-type	 lectin	 domain,	
making	it	the	only	immunoglobulin	receptor	that	is	not	in	the	
Ig	 superfamily.76–78	 Adjacent	 to	 its	 lectin	 domain,	 CD23	 has	
sequences	that	are	predicted	to	give	rise	to	α-helical	coiled-coil	
stalks	(Figure	4-7).	As	a	result,	CD23	is	known	to	have	a	 ten-
dency	to	multimerize	and	only	oligomeric	CD23	will	bind	IgE.79	
CD23	has	homology	to	the	asialoglycoprotein	receptor,	suggest-
ing	a	role	for	CD23	in	endocytosis.	In	addition	to	binding	IgE,	
CD23	 binds	 to	 a	 second	 ligand,	 the	 B	 cell	 surface	 molecule,	
CD21.80,81

Principles of IgE-Mediated  
Disease Mechanisms
Once	 produced,	 allergen-specific	 IgE	 antibodies	 engage	 their	
receptors	and	trigger	a	wide	variety	of	tissue-specific	responses.	
The	cellular	and	molecular	mechanisms	of	pathogenesis	giving	
rise	to	specific	allergic	disorders	are	presented	in	great	detail	in	
Chapters	24–58.	This	section	will	provide	a	general	overview	of	
the	consequences	of	IgE	interaction	with	its	receptors,	including	
immediate	hypersensitivity,	 late-phase	reactions,	 regulation	of	
IgE	receptor	expression	and	immune	modulation	(Box	4-2).

MAST CELL ACTIVATION AND HOMEOSTASIS

FcεRI Signaling
FcεRI	has	high	affinity	for	IgE	(Kd	10−8	M)	and	under	physio-
logic	conditions	mast	cell	and	basophil	FcεRI	is	fully	occupied	
by	 IgE	 antibodies.	Aggregation	 of	 this	 receptor-bound	 IgE	 by	

determines	 DC	 polarity?	 IFN-γ	 favors	 DC1	 development,	
whereas	 histamine	 and	 PGE2	 promote	 the	 development	 of	
DC2.57–59	 IL-10	 may	 negatively	 regulate	 DC	 production	
of	 IL-12.60	 Conserved	 microbial	 structures,	 which	 signal	 via	
the	Toll-like	 receptor	 (TLR)	 family	of	 receptors,	 can	 shift	DC	
polarity.	Dendritic	cells	express	a	range	of	TLR	and	the	specific	
effects	 of	 ligand	 binding	 by	 each	 of	 these	 receptors	 on	 DC		
phenotype	 remain	 to	 be	 fully	 elucidated.	 The	 default	 state		
of	 mucosal	 DC	 appears	 to	 be	 skewed	 toward	 Th2	 induction	
with	relatively	 low	basal	 IL-12	and	constitutive	production	of	
IL-10.61

Non-T Cell Sources of IL-4: Mast Cells, Basophils, 
NKT Cells and NK Cells
Although	allergen-specific	T-helper	cells	committed	to	the	Th2	
lineage	are	a	major	 source	of	 IL-4	 in	allergic	 tissues	and	may	
predominate	during	chronic	or	memory	responses	to	allergen,	
several	other	cell	types	can	provide	IL-4	and	IL-13	and	may	be	
more	important	in	initial	allergen	encounters.	Mast	cells,	which	
are	abundant	in	the	respiratory	and	gastrointestinal	mucosa,	are	
excellent	producers	of	both	IL-4	and	IL-13	following	activation	
via	IgE/FcεRI.62,63	IgE-stimulated	mast	cells	appear	to	be	a	key	
early	 source	 of	 IL-4	 in	 Th2-dominant	 immune	 responses	 to	
food	 allergens.64	 Basophils	 are	 rapidly	 induced	 in	 response	 to	
allergens	or	parasites	and	constitutively	produce	large	quantities	
of	IL-4.	NK1.1+	CD4+	T	(NKT)	cells	are	another	source	of	IL-4.	
These	 cells	 express	 a	 very	 restricted	 repertoire	 of	 αβ	 T	 cell	
receptors	and	interact	with	the	non-classical	MHC	class	I	mol-
ecule,	 CD1.65	 The	 intravenous	 injection	 of	 anti-CD3	 in	 mice	
induces	 large	 amounts	 of	 IL-4,	 derived	 primarily	 from	 these	
NKT	cells.	Another	recently	identified	cytokine-producing	cell	
of	the	innate	immune	system,	the	innate	lymphoid	cell	type-2	
(ILC2),	is	commonly	found	at	mucosal	sites	where	its	expansion	
is	stimulated	by	the	epithelial	cell	cytokines,	IL-25	and	IL-33.66	
The	ILC2	lineage	is	stabilized	by	the	transcription	factor	RORα,	
and	secretes	IL-4,	IL-13	and	IL-5.

Sites of IgE Class Switch Recombination  
and Mechanisms of IgE Memory
Studies	 of	 IgG	 production	 in	 mice	 have	 revealed	 that	 high-
affinity	antibody	responses	arise	in	germinal	centers	of	second-
ary	lymphoid	tissues	in	which	IgM+	B	cells	are	driven	by	cytokine	
signals	 and	 costimulatory	 molecules	 from	 T	 follicular	 helper	
cells	 (TFH)	 to	 switch	 to	 IgG	 (µ-γ	 switch),	 followed	 by	 affinity	
maturation	and	generation	of	 long-lived	memory	B	cells.	 IgE	
responses	 may	 also	 be	 induced	 in	 germinal	 centers	 via	 direct	
IgM-IgE	switching	(µ-ε),	but	several	 lines	of	evidence	suggest	
that	affinity	maturation	is	optimized	in	B	cells	that	have	sequen-
tially	undergone	µ-γ,	and	then	γ-ε	 switches	and	that	memory	
resides	in	the	intermediate	IgG+	B	cell	compartment.	IgE+	B	cells	
are	 short-lived	 in	 germinal	 centers,	 possibly	 because	 of	 rapid	
transition	to	plasma	cells.	Early,	low-affinity	IgE	responses	may	
arise	 at	 extrafollicular	 sites	 including	 in	 the	 respiratory	 and	
gastrointestinal	mucosa	where	the	presence	of	ε	germline	tran-
scripts	and	switch	excision	circles	(Figure	4-4)	is	readily	detected,	
especially	following	allergen	exposure.	Mice	unable	to	generate	
germinal	 centers	 (including	 BCL-6−/−	 and	 MHC	 II-deficient	
mice)	 are	 capable	 of	 producing	 abundant	 IgE.	 The	 current	
understanding	of	IgE	synthesis	gleaned	from	these	observations	
is	that	early	low-affinity	IgE	responses	arise	in	mucosal	sites,	but	
that	affinity	maturation	and	memory	are	optimized	in	germinal	
centers.67,68
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an	encounter	with	polyvalent	allergen	triggers	a	cascade	of	sig-
naling	events82,83	(see	Figure	4-6).	Receptor	aggregation	induces	
transphosphorylation	 of	 intracellular	 ITAMs	 on	 FcεRI-β	 and	
FcεRI-γ	 by	 receptor-associated	 lyn	 tyrosine	 kinase,	 providing	
docking	sites	to	recruit	the	SH2-containing	syk	protein	tyrosine	
kinase.	 Syk	 levels	 are	 decreased	 during	 chronic	 IgE-mediated	
stimulation	of	FcεRI,	suggesting	a	possible	mechanism	whereby	
drug	desensitization	might	attenuate	mast	cell	activation	at	this	
early	 step	 in	 the	 signaling	 cascade.84	 Receptor-associated	 syk	
phosphorylates	 a	 series	 of	 scaffolding	 and	 adapter	 molecules	
leading	to	the	assembly	of	a	supramolecular	plasma	membrane-
localized	 signaling	 complex,	 focused	 around	 the	 scaffolding	
molecules	LAT1/2,	SLP-76	and	Grb2.	This	complex	recruits	and	
activates	 PLCγ	 with	 resultant	 changes	 in	 cytosolic	 calcium,	
degranulation,	activation	of	gene	 transcription	and	 induction	
of	 PLA2	 activity	 with	 eicosanoid	 formation.	 Mast	 cells	 from	
animals	 with	 mutations	 in	 several	 key	 components	 of	 this	

Figure 4-6  FcεRI structure and signal transduction. FcεRI is a tetramer containing an IgE-binding α-chain (with two extracellular immunoglobulin-
type  domains),  a  disulfide-linked,  signal-transducing  dimer  of  γ-chains,  each  of  which  contains  an  intracellular  immunoreceptor  tyrosine-based 
activation motif (ITAM) and a tetramembrane spanner β-chain that also contains a cytosolic ITAM and serves to augment FcεRI surface expression 
and signal transduction intensity. Trimeric forms of the receptor, lacking the β-chain, can be expressed on some cell types.

Aggregation of  the  receptor by  the  interaction of  its  ligand,  IgE, with polymeric antigens  induces signal  transduction. The β-chain associated 
protein tyrosine kinase, lyn, in aggregated receptor complexes phosphorylates (P) the β- and γ-chain ITAMs, generating docking sites for the SH2-
domain containing kinase, syk. Activated syk phosphorylates the membrane-associated scaffolding protein LAT as well as the adapter, SLP-76 (which 
is also bound to LAT via the Grb-2 homolog, Gads). These proteins have no inherent enzymatic activity but serve to assemble a membrane-associated 
supramolecular complex of proteins  that brings  together a number of signaling molecules. LAT and SLP-76 both recruit PLC-γ, whose activity  is 
enhanced by the SLP-76 associated kinases btk and  itk. PLC-γ activation results  in  the conversion of PIP2  (phosphatidylinositol 4,5-bisphosphate) 
into inositol trisphosphate (IP3) and diacyl glycerol (DAG) with resultant increases in intracellular Ca2+ and activation of protein kinase C (PKC).

Alongside this protein tyrosine kinase pathway, FcεRI aggregation triggers a vav/cytoskeletal signaling cascade. The guanine nucleotide exchange 
factor, vav, which  is directly associated with FcεRI-γ as well as with SLP-76, activates  the GTPase Cdc42 which,  in  turn,  induces a conformational 
change in a complex of proteins, WASP and WIP, associated with the cytoskeleton. This exposes binding sites for Arp2/3, a complex of proteins 
that mediates actin polymerization. Vav activation also drives the stress- activated protein kinase  (SAPK) pathway. Vav and Sos, another guanine 
nucleotide exchange factor, also result  in the activation of the Ras/MAPK pathway. The combined effects of elevated Ca2+, PKC activation, actin 
polymerization and SAPK activation drive mast cell degranulation, eicosanoid formation and induction of gene expression. 
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a	drop	in	FEV1,	an	effect	that	can	be	blocked	by	inhibition	of	
IgE	with	a	monoclonal	anti-IgE	antibody.93–95

In	many	subjects	exposed	to	allergens	by	inhalation,	inges-
tion,	cutaneous	exposure	or	injection,	immediate	responses	are	
followed	8	to	24	hours	later	by	a	second,	delayed-phase	reaction,	
designated	the	late-phase	response	(LPR).	LPR	can	manifest	as	
delayed	or	repeated	onset	of	airflow	obstruction,	gastrointesti-
nal	 symptoms,	 skin	 inflammation	 or	 anaphylaxis	 hours	 after	
initial	allergen	exposure	and	after	the	acute	response	has	com-
pletely	subsided.	In	animal	models,	IgE	antibodies	can	transfer	
both	acute	and	LPR	sensitivity	to	allergen	challenge.96	Interfer-
ence	with	mast	cell	activation	or	inhibition	of	mast	cell	media-
tors	 blocks	 the	 onset	 of	 both	 acute-phase	 and	 late-phase	
responses.97	 It	 has	 been	 proposed	 that	 chronic	 obstructive	
symptoms	 in	asthma	patients	 subjected	 to	 recurrent	 environ-
mental	 allergen	 exposure	 result	 from	 persistent	 late-phase	
responses.98,99

Antigen-Independent IgE Signaling via FcεRI and 
IgE Effects on Mast Cell Homeostasis
Although	 IgE-mediated	 signaling	 via	 FcεRI	 has	 long	 been	
believed	to	be	dependent	on	antigen-mediated	receptor	aggre-
gation,	 some	recent	evidence	 suggests	 that	 the	binding	of	 IgE	
per	se,	in	the	absence	of	antigen,	provides	a	signal	to	mast	cells	
and	basophils.	Experiments	using	cultured	bone	marrow	mast	
cells	have	revealed	that	monomeric	IgE	has	an	FcεRI-mediated	
survival-enhancing	effect,	protecting	these	cells	from	apoptosis	
following	 the	 withdrawal	 of	 growth	 factor.100,101	A	 number	 of	
other	mast	cell	functions	have	been	reported	to	be	induced	by	
IgE	alone,	in	the	absence	of	antigen,	including	cytokine	produc-
tion,	 histamine	 release,	 leukotriene	 synthesis	 and	 calcium	
flux.102–105

The	observation	that	IgE	antibodies	promote	the	viability	of	
cultured	 mast	 cells	 suggests	 that	 IgE	 might	 similarly	 regulate	
mast	 cell	 survival	 in	 vivo.	 Indeed,	 there	 is	 evidence	 that	 mast	
cell	 induction	 in	 parasitized	 mice	 or	 animals	 exposed	 to		
allergens	 depends	 upon	 the	 presence	 of	 IgE	 antibodies.106,107	
Thus,	 in	 addition	 to	 their	 role	 in	 allergen-triggered	 mast	 cell	
activation,	 IgE	 antibodies	 are	 key	 regulators	 of	 mast	 cell	
homeostasis.

Regulation of IgE Receptors by IgE
The	expression	of	both	FcεRI	and	CD23	is	positively	regulated	
by	 their	 mutual	 ligand,	 IgE.	 FcεRI	 expression	 is	 markedly	
diminished	 on	 peritoneal	 mast	 cells	 from	 IgE-deficient	 mice	
and	 this	 defect	 can	 be	 reversed	 in	 vivo	 by	 injection	 of	 IgE	
antibodies.108–110	Low	FcεRI	expression	in	IgE−/−	mice	is	associ-
ated	with	diminished	mast	cell	activation	following	IgE	sensiti-
zation	 and	 allergen	 exposure.	 Treatment	 of	 allergic	 subjects	
with	anti-IgE	has	been	shown	to	induce	a	decrease	in	IgE	recep-
tor	expression	on	mast	cells,	basophils	and	dendritic	cells.88,111,112

CD23	expression	on	cultured	B	cells	is	enhanced	in	the	pres-
ence	of	IgE,	which,	by	occupancy	of	its	receptor,	prevents	pro-
teolytic	degradation	of	CD23	and	shedding	into	the	medium.73,113	
This	 shedding	 is	 mediated	 by	 the	 endogenous	 protease,	
ADAM10,	but	can	also	be	triggered	by	allergens	with	protease	
activity,	 including	 Der	 p	 1.114,115	 This	 regulatory	 interaction	
between	IgE	and	CD23	is	operative	in	vivo	as	well:	B	cells	from	
IgE−/−	animals	have	markedly	diminished	CD23	levels	and	intra-
venous	 injection	 of	 IgE	 induces	 normal	 CD23	 expression.116	
Restoration	 of	 CD23	 expression	 can	 be	 induced	 using	

signaling	complex,	 including	LAT	and	SLP-76,	have	markedly	
inhibited	FcεRI-mediated	mast	cell	activation	following	recep-
tor	 cross-linking.85,86	 Cytoskeletal	 reorganization	 provides	 a	
critical	parallel	signaling	pathway	driven	by	FcεRI	aggregation	
in	mast	cells	and	basophils.	This	cytoskeletal	signaling	is	driven	
by	the	guanine	nucleoside	exchange	factor	‘vav’.87	Vav	is	encoded	
a	proto-oncogene,	 important	 in	hematopoiesis,	playing	a	 role	
in	T	cell	and	B	cell	development	and	activation.	Vav	associates	
both	with	the	SLP-76/LAT	complex	and	directly	with	FcεRI.88	
Vav	activates	Cdc42,	a	GTPase,	which	binds	to	Wiskott-Aldrich	
syndrome	 protein	 (WASP)	 and	 induces	 a	 conformational	
change	 in	 the	 cytoskeletal	 WASP/WASP-interacting	 protein	
(WIP)	 protein	 complex,	 allowing	 interaction	 with	 the	 actin-
polymerizing	 Arp2/3	 complex.89	 Vav	 (as	 well	 as	 Sos,	 another	
GTP	exchanger)	also	activates	 the	Ras	pathway	with	resultant	
transcriptional	activation.	 It	has	recently	been	shown	that	 the	
affinity	 of	 antigen	:	IgE	 interaction	 can	 affect	 which	 signaling	
pathways	are	preferentially	activated,	with	low-affinity	binding	
favoring	Syk	phosphorylation	of	LAT1	and	cytokine	production	
and	high-affinity	binding	leading	to	LAT2	phosphorylation	and	
chemokine	production.90	The	activating	signaling	pathways	ini-
tiated	in	mast	cells	by	FcεRI	cross-linking	can	be	countered	by	
IgG	antibodies	interacting	with	the	inhibitory	receptor,	FcγRIIb.	
This	mechanism	may	account	in	part	for	the	ability	of	patients	
undergoing	allergen	immunotherapy,	who	generate	strong	IgG	
responses,	 to	 tolerate	 allergen	 challenge	 despite	 persistently	
elevated	specific	IgE.91,92

In	 the	 classic	 immediate	 hypersensitivity	 reaction,	 cross-
linking	of	IgE	induces	the	complex	signaling	cascade	described	
above,	resulting	in	the	release	of	preformed	mediators	including	
histamine,	proteoglycans	and	proteases;	 transcription	of	cyto-
kines	(IL-4,	TNF,	IL-6);	and	de	novo	synthesis	of	prostaglandins	
(PGD2)	 and	 leukotrienes	 (LTD4).	 In	 the	 airways	 of	 asthmatic	
patients,	 these	 mediators	 rapidly	 elicit	 bronchial	 mucosal	
edema,	 mucus	 production	 and	 smooth	 muscle	 constriction	
and,	eventually,	recruit	an	inflammatory	infiltrate.	In	asthmatic	
patients	 subjected	 to	 allergen	 inhalation,	 these	 cellular	 and	
molecular	events	result	in	an	acute	obstruction	of	airflow	with	

Figure 4-7  CD23 structure. CD23 is a type II transmembrane protein 
(with  intracellular N-terminus)  that contains α-helical coiled stalks and 
oligomerizes  at  the  cell  surface.  Occupancy  of  the  receptor  by  IgE 
stabilizes  the  receptor.  In  the  absence  of  the  IgE  ligand,  protease-
sensitive sites appear (ovals) and endogenous proteases (ADAM10) as 
well  as  proteases  present  in  allergens  such  as  Der  p  1  cleave  CD23, 
shedding soluble sCD23 into the milieu. 
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blood	mononuclear	cells,	and	this	is	accompanied	by	decreased	
IgE	production	following	stimulation	with	IL-4.138

Conclusions
To	summarize,	IgE	antibodies	are	typically	elevated	in	individu-
als	affected	by	the	atopic	conditions	of	asthma,	allergic	rhinitis	
and	atopic	dermatitis.	The	production	of	IgE	follows	a	series	of	
complex	 genomic	 rearrangements	 in	 B	 cells,	 called	 deletional	
class	switch	recombination,	a	process	that	is	tightly	regulated	by	
the	cytokines	IL-4	and	IL-13	along	with	T-B	cell	interaction	and	
CD40/CD154	 signaling.	 IgE	 antibodies	 exert	 their	 biologic	
effects	 via	 receptors	 FcεRI	 and	 CD23.	 It	 is	 now	 clear	 that,	 in	
addition	 to	 mediating	 the	 classic	 immediate	 hypersensitivity	
reactions	by	inducing	acute	mediator	release	by	mast	cells,	IgE	
antibodies	 have	 a	 number	 of	 immunomodulatory	 functions	
(Figure	4-8).	These	include	up-regulation	of	IgE	receptors,	pro-
motion	of	mast	cell	 survival,	 enhancement	of	allergen	uptake	
by	B	cells	for	antigen	presentation,	and	induction	of	Th2	cyto-
kine	expression	by	mast	cells	and	may	all	collaborate	to	amplify	
and	 perpetuate	 allergic	 responses	 in	 susceptible	 individuals.	
Thus,	 blockade	 of	 IgE	 effects,	 using	 novel	 anti-IgE	 therapies,	
may	ultimately	prove	to	have	a	broad	benefit.

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

monomeric	 IgE	 and	 is	 antigen	 independent.	 Exposure	 to	 IgE	
does	 not	 alter	 transcription	 of	 mRNA	 encoding	 CD23	 or	 the	
FcεRI	 subunits	 but	 rather	 modulates	 receptor	 turnover	 and	
proteolytic	 shedding.117	 The	 positive	 feedback	 interaction	
between	IgE	and	its	receptors	may	have	 implications	 in	terms	
of	augmenting	allergic	responses	in	atopic	individuals	with	high	
IgE	levels.

CD23 Function: Antigen Capture
Several	investigators	have	now	shown	that	the	binding	of	aller-
gen	by	specific	IgE	facilitates	allergen	uptake	by	CD23-bearing	
cells	 for	 processing	 and	 presentation	 to	 T	 cells.118–120	 Mice	
immunized	 intravenously	 with	 antigen	 produce	 stronger	 IgG	
responses	when	antigen-specific	IgE	is	provided	at	the	time	of	
immunization.121,122	As	expected,	CD23−/−	mice	cannot	display	
augmentation	of	immune	responses	by	IgE	but	acquire	respon-
siveness	to	IgE	following	reconstitution	with	cells	from	CD23+	
donors.123,124	 These	 findings	 suggest	 a	 scenario	 in	 which	 pre-
formed	 allergen-specific	 IgE	 present	 in	 the	 bronchial	 and	 gut	
mucosa	 of	 patients	 with	 recurrent	 allergen	 exposure	 would	
enhance	immune	responses	upon	repeated	allergen	inhalation	
or	ingestion.

CD23 Function: IgE Regulation
In	addition	to	its	role	in	allergen	uptake,	CD23	appears	to	have	
regulatory	 influences	 on	 IgE	 synthesis	 and	 allergic	 inflamma-
tion.	Although	the	data	in	this	area	have	seemed	to	be	conflict-
ing	at	times,	the	emerging	consensus	from	human	and	animal	
studies	 is	 that	 ligation	 of	 membrane-bound	 CD23	 on	 B	 cells	
suppresses	IgE	production.	Ligation	of	CD23	on	human	B	cells	
by	activating	antibodies	inhibits	IgE	synthesis125	and	transgenic	
mice	overexpressing	CD23	have	suppressed	IgE	responses.126,127	
Conversely,	mice	rendered	CD23-deficient	by	targeted	gene	dis-
ruption	have	increased	and	sustained	specific	IgE	titers	follow-
ing	 immunization,	also	consistent	with	a	suppressive	effect	of	
membrane-bound	 CD23.128	 This	 enhanced	 tendency	 toward	
IgE	synthesis	in	CD23−/−	mice	is	also	observed	following	allergen	
inhalation	 and	 is	 accompanied	 by	 increased	 eosinophilic	
inflammation	of	the	airways.129–132

In	 contrast,	 there	 have	 been	 reports	 that	 soluble	 CD23	
(sCD23)	 fragments,	which	are	generated	by	proteolytic	 cleav-
age,	may	enhance	 IgE	production,	either	by	direct	 interaction	
with	B	cells	(via	CD21)	or	by	binding	to	IgE,	thereby	blocking	
its	 interaction	 with	 membrane-bound	 CD23.133	 The	 IgE-
enhancing	effects	of	crude	sCD23	have	not	yet	been	reproduced	
with	recombinant	sCD23134	and	it	is	unclear	whether	this	dis-
crepancy	arises	from	IgE-inducing	activity	attributable	to	other	
components	 of	 sCD23-containing	 culture	 supernatants	 or	
whether	the	lack	of	activity	of	recombinant	sCD23	is	the	con-
sequence	of	a	nonphysiologic	structure.	Recent	data	implicate	
a	role	for	allergens,	some	of	which	are	proteases,	as	effectors	of	
CD23	 cleavage	 and	 for	 IgE	 itself	 as	 a	 stabilizer	 of	 membrane	
CD23	 and	 inhibitor	 of	 proteolytic	 shedding.135	 Two	 possible	
consequences	 of	 such	 allergen-mediated	 cleavage	 would	 be	
decreased	 suppressive	 signaling	 to	 the	 B	 cell	 via	 CD23,	 along	
with	increased	production	of	activating	sCD23	fragments,	both	
promoting	IgE	production.	Inhibition	of	proteolytic	activity	of	
Der	p	1	blocks	its	ability	to	induce	IgE	responses	in	vivo	both	
in	 normal	 and	 humanized	 scid	 mice.136,137	 Similar	 effects	 are	
observed	in	culture	systems.	Metalloproteinase	inhibitors	block	
sCD23	 shedding	 in	 cultures	 of	 tonsillar	 B	 cells	 or	 peripheral	

Figure 4-8  The IgE network: cellular and cytokine control of IgE pro-
duction  in  allergic  tissues  and  amplification  of  allergic  responses  by 
preformed IgE. A confluence of cellular and molecular stimuli supports 
IgE synthesis in the tissues of asthmatic patients. Tissue DCs are driven 
toward a Th2-promoting DC2 phenotype by a variety of environmental 
influences,  including  exposure  to  microbial  ‘pathogen-associated 
molecular patterns’ (PAMPs) and histamine and PGE2 (both of which can 
be provided by mast cells). Activated DC2s translocate to mucosal- or 
skin-associated  lymphoid  tissues  where  they  attain  competence  as 
antigen-presenting cells  (APCs) and drive the generation of Th2 cells. 
B  cells  also  serve  as  APCs,  a  function  that  is  augmented  when  pre-
formed IgE (generated during previous allergen encounter)  is present 
and can facilitate B cell antigen uptake via CD23.

IL-4  and  IL-13  are  derived  from  numerous  cellular  sources.  In  the 
setting  of  recurrent  allergen  challenge,  preexisting,  allergen-specific 
Th2 T cells are likely to provide a major source of IL-4. Additional pro-
ducers of IL-4 include NKT cells and mast cells. Mast cell IL-4 synthesis 
can be triggered via FcεRI in the presence of preformed IgE. IL-4 and 
IL-13 along with cognate T-B interactions involving antigen presentation 
and CD40 signaling then support IgE isotype switching in B cells. 
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KEY POINTS

• A hallmark of allergic inflammation is the accumulation 
of a large number of leukocytes, including eosinophils, 
neutrophils, lymphocytes, basophils and macrophages, 
in the inflammatory tissues.

• Leukocyte migration into tissues is regulated by chemo-
kines, chemoattractive cytokines.

• Th2 cytokines (e.g. interleukin [IL]-4 and IL-13) are 
potent inducers of allergy-associated chemokines (e.g. 
eotaxin).

• Chemokines are potent cellular activating factors.

• Leukocytes bind to the endothelium via low-affinity 
reversible interactions mediated by selectins, and tight 
adhesion of leukocytes to endothelium is mediated by 
specific adhesion molecules such as integrins.

• Animal and human experimental systems have demon-
strated that allergic inflammatory responses are often 
biphasic.

Introduction
One	of	the	hallmarks	of	allergic	inflammation	is	the	accumula-
tion	 of	 an	 abnormally	 large	 number	 of	 leukocytes,	 including	
eosinophils,	 neutrophils,	 lymphocytes,	 basophils	 and	 macro-
phages,	 in	 the	 inflammatory	 tissue.	 There	 is	 substantial	 evi-
dence	 that	 inflammatory	 cells	 are	 major	 effector	 cells	 in	 the	
pathogenesis	of	allergic	disorders.	Therefore,	understanding	the	
mechanisms	by	which	leukocytes	accumulate	and	are	activated	
in	tissues	is	very	relevant	to	allergic	diseases.	Substantial	prog-
ress	 has	 been	 made	 in	 understanding	 the	 specific	 molecules	
involved	 in	 leukocyte	 migration	 and	 the	 specific	 mechanisms	
by	 which	 effector	 cells	 participate	 in	 disease	 pathogenesis.	 In	
particular,	 cellular	 adhesion	 proteins,	 integrins	 and	 chemoat-
tractant	cytokines	(chemokines)	have	emerged	as	critical	mol-
ecules	 in	 these	 processes.	 Chemokines	 are	 potent	 leukocyte	
chemoattractants	and	cellular	activating	factors,	making	them	
attractive	new	therapeutic	targets	for	the	treatment	of	allergic	
disease.	This	chapter	focusses	on	recently	emerging	data	on	the	
mechanisms	by	which	 specific	 leukocyte	 subsets	 are	 recruited	
into	 allergic	 tissues	 and	 how	 leukocytes	 participate	 in	 disease	
pathogenesis.

Animal	 and	 human	 experimental	 systems	 have	 demon-
strated	that	allergic	inflammatory	responses	are	often	biphasic.	
For	 example,	 asthma	 is	 characterized	 by	 a	 biphasic	 broncho-
spasm	response,	consisting	of	an	early-phase	asthmatic	response	
(EAR)	and	a	late-phase	asthmatic	response	(LAR)1	(Figure	5-1).	

The	EAR	is	characterized	by	immediate	bronchoconstriction	in	
the	 absence	 of	 pronounced	 airway	 inflammation	 or	 morpho-
logic	changes	in	the	airway	tissue.1,2	The	EAR	has	been	shown	
to	 directly	 involve	 immunoglobulin(Ig)	 E/mast	 cell-mediated	
release	 of	 histamine,	 prostaglandin	 D2	 and	 cysteinyl-peptide	
leukotrienes	(CysLTs),	which	are	potent	mediators	of	broncho-
constriction.	 After	 the	 immediate	 response,	 individuals	 with	
asthma	 often	 experience	 an	 LAR,	 which	 is	 characterized	 by	
persistent	bronchoconstriction	associated	with	extensive	airway	
inflammation	 and	 morphologic	 changes	 to	 the	 airways.1,3–5	
Clinical	investigations	have	demonstrated	that	the	LAR	is	asso-
ciated	with	increased	levels	of	inflammatory	cells,	in	particular	
activated	 T	 lymphocytes	 and	 eosinophils	 (Figure	 5-1).	 The	
elevated	levels	of	T	lymphocytes	and	eosinophils	correlate	with	
increased	levels	of	eosinophilic	constituents	in	the	bronchoal-
veolar	 lavage	fluid	(BALF),	the	degree	of	airway	epithelial	cell	
damage,	enhanced	bronchial	responsiveness	to	inhaled	spasmo-
gens	and	disease	severity1,4–8	In	this	chapter,	we	concentrate	on	
understanding	the	inflammatory	cells	that	participate	in	allergic	
responses,	 the	 mechanisms	 involved	 in	 their	 accumulation	 in	
natural	human	allergic	responses	and	in	experimental	models,	
such	 as	 the	 biphasic	 response	 described	 above	 (Figure	 5-1),		
and	 the	 complex	 interplay	 of	 these	 diverse	 cells	 with	 resident		
cells	including	endothelial,	epithelial,	smooth	muscle	cells	and	
fibroblasts.9–11

Myelocytes
EOSINOPHILS

Eosinophils	 are	 multifunctional	 leukocytes	 implicated	 in	 the	
pathogenesis	 of	 numerous	 inflammatory	 processes,	 especially	
allergic	 disorders.12	 In	 addition,	 eosinophils	 play	 a	 role	 in	
homeostasis	and	may	have	a	physiologic	role	in	organ	morpho-
genesis	(e.g.	postgestational	mammary	gland	development)	and	
the	development	of	immune	architecture,	particularly	the	for-
mation	and	function	of	IgA-secreting	B	cells.13,14	The	gastroin-
testinal	 (GI)	 tract,	 spleen,	 lymph	 nodes,	 thymus,	 mammary	
glands	and	uterus	are	rich	in	eosinophils.15,16	In	adipose	tissue,	
eosinophils	 are	 important	 for	 the	 maintenance	 of	 glucose		
metabolic	homeostasis.17	Additionally,	experimental	eosinophil	
accumulation	in	the	GI	tract	is	associated	with	the	development	
of	 weight	 loss,	 which	 is	 attenuated	 in	 eotaxin-deficient	 mice	
that	have	a	deficiency	in	GI	eosinophils.18	It	is	important	to	note	
that	 recent	 attention	 has	 focussed	 on	 the	 key	 role	 of	 innate	
helper	 lymphoid	 cells	 (ILC),	 particularly	 ILC2,	 in	 regulating	
eosinophils	via	production	of	interleukin	(IL)-5	and	IL-13,	and	
this	regulation	is	related	to	nutritional	intake	in	the	GI	tract.19

Eosinophils	 express	 numerous	 receptors	 for	 chemokines	
(e.g.	 eotaxin,	 an	 eosinophil-selective	 chemoattractant)	 that,	
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Figure 5-1  Early-phase and late-phase allergic responses. The airway response (e.g. forced expiratory volume in the first second [FEV1]) is illustrated 
for when an allergen-sensitized individual is experimentally exposed to an allergen. A biphasic bronchospasm response, consisting of an early-phase 
asthmatic response (EAR) and a late-phase asthmatic response (LAR), is shown. The EAR phase is characterized by immediate bronchoconstriction 
in the absence of pronounced airway inflammation or morphologic changes in the airways tissue. The EAR phase has been shown to directly involve 
IgE/mast cell-mediated release of histamine, prostaglandin D2 and cysteinyl-peptide leukotrienes, which are potent mediators of bronchoconstric-
tion. After the immediate response, the airway recovers but later undergoes marked decline in function, which is characterized by more persistent 
bronchoconstriction associated with extensive airway inflammation (involving T cells and eosinophils [Eos]). 
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Figure 5-2  Schematic diagram of an eosinophil and its diverse properties. Eosinophils are bilobed granulocytes that respond to diverse stimuli 
including allergens, helminths, viral infections, allografts and nonspecific tissue injury. Eosinophils express the receptor for IL-5, a critical eosinophil 
growth and differentiation factor, as well as the receptor for eotaxin and related chemokines (CCR3). The secondary granules contain four primary 
cationic  proteins  designated  eosinophil  peroxidase  (EPO),  major  basic  protein  (MBP),  eosinophil  cationic  protein  (ECP)  and  eosinophil-derived 
neurotoxin (EDN). All four proteins are cytotoxic molecules; also, ECP and EDN are ribonucleases. In addition to releasing their preformed cationic 
proteins, eosinophils can release a variety of cytokines, chemokines and neuromediators and generate large amounts of LTC4. Lastly, eosinophils 
can be induced to express MHC class II and costimulatory molecules and may be involved in propagating immune responses by presenting antigen 
to T cells. 
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when	engaged,	lead	to	eosinophil	activation,	resulting	in	several	
processes,	including	the	release	of	toxic	secondary	granule	pro-
teins20	(Figure	5-2).	The	secondary	granule	contains	a	crystal-
loid	core	composed	of	major	basic	protein	(MBP)	and	a	granule	
matrix	that	is	mainly	composed	of	eosinophil	cationic	protein	
(ECP),	 eosinophil-derived	 neurotoxin	 (EDN)	 and	 eosinophil	

peroxidase	(EPO).	These	granule	proteins	have	been	shown	to	
be	 cytotoxic,	 helminthotoxic	 and	 virotoxic.15,16,21	 Importantly,	
an	 anti-eotaxin	 antibody	 (bertilimumab)	 has	 been	 shown	 to	
decrease	nasal	congestion	with	a	trend	of	decreased	eosinophils	
in	 allergic	 rhinitis	 and	 is	 being	 studied	 currently	 for	 another	
eosinophil-related	condition,	ulcerative	colitis.22
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peripheral	 blood	 eosinophils	 and	 eosinophil	 granule	 protein	
levels	are	increased	and	correspond	with	disease	activity	in	most	
patients	with	atopic	dermatitis,	and	eosinophil	granule	proteins	
have	been	shown	to	be	deposited	in	lesional	skin.40	Eosinophil	
accumulation	 in	 the	 GI	 tract	 is	 a	 common	 characteristic	 of	
numerous	disorders,	including	gastroesophageal	reflux	disease	
(GERD),	 inflammatory	 bowel	 disease	 (IBD),	 drug	 reactions,	
helminthic	 infections,	 hypereosinophilic	 syndrome	 (HES),	
eosinophilic	 GI	 disorders	 (EGIDs)	 and	 allergic	 colitis.15,16,38	
EGIDs,	 including	 eosinophilic	 esophagitis	 (EoE),	 eosinophilic	
gastritis	 (EG)	 and	 eosinophilic	 gastroenteritis	 (EGE),	 often	
occur	without	peripheral	blood	eosinophilia,	indicating	the	sig-
nificance	of	GI-specific	mechanisms	for	regulating	local	eosino-
phil	levels.	Although	absent	in	the	normal	esophagus,	eosinophils	
markedly	accumulate	in	the	esophagus	of	patients	with	EoE.	A	
number	 of	 experimental	 models	 have	 provided	 evidence	 that	
eosinophils	are	key	effector	cells	in	EGIDs	and	contribute	to	the	
disease	 pathology.41	 In	 allergic	 rhinitis	 during	 allergy	 season,	
there	is	an	increase	in	eosinophils	and	their	granule	proteins.42	
The	 above	 data	 collectively	 demonstrate	 the	 importance	 of	
eosinophils	in	allergic	disease.

MAST CELLS

Mast	cells	are	normally	present	particularly	in	tissues	in	contact	
with	 the	 external	 environment	 (i.e.	 skin,	 respiratory	 mucosa,	
conjunctiva	and	GI	mucosa).	Mast	cells	contribute	to	immune	
responses	 to	 bacteria43	 and	 venom44	 and	 are	 important	 in	
homeostasis	and	wound	repair.45	Mast	cells	are	major	effector	
cells	involved	in	allergic	responses;	in	addition,	they	are	impor-
tant	 cytokine-producing	 cells	 that	 are	 involved	 in	 nonallergic	
processes	such	as	the	innate	immune	response	(Figure	5-3).	In	
contrast	 to	 other	 hematopoietic	 cells	 that	 complete	 their	 dif-
ferentiation	in	the	bone	marrow,	mast	cell	progenitors	leave	the	
bone	 marrow	 and	 complete	 their	 differentiation	 in	 tissues.	
Elegant	studies	in	mice	have	demonstrated	that	development	of	
mast	 cells	 from	 bone	 marrow	 cells	 is	 dependent	 on	 IL-3	 and	
that	their	tissue	differentiation	is	primarily	dependent	on	stem	
cell	 factor	 (SCF).46–48	 In	 contrast	 to	 the	 mast	 cell	 culture	

Activation	of	eosinophils	also	leads	to	the	generation	of	large	
amounts	of	LTC4,	which	induces	increased	vascular	permeabil-
ity,	 mucus	 secretion	 and	 smooth	 muscle	 constriction.23	 Also,	
activated	eosinophils	generate	a	wide	range	of	cytokines	includ-
ing	 IL-1,	 IL-3,	 IL-4,	 IL-5	 and	 IL-13;	 GM-CSF;	 transforming	
growth	 factor	 (TGF)-α/β;	 tumor	 necrosis	 factor	 (TNF)-α;	
RANTES	(regulated	on	activation,	normal	T	cells	expressed	and	
secreted);	 macrophage	 inflammatory	 protein	 (MIP)-1α;	 and	
eotaxin.	This	indicates	that	they	have	the	potential	to	sustain	or	
augment	multiple	aspects	of	the	immune	response,	inflamma-
tory	reaction	and	tissue	repair	processes.24	Eosinophils	also	have	
the	 capacity	 to	 initiate	 antigen-specific	 immune	 responses	 by	
acting	 as	 antigen-presenting	 cells.	 Consistent	 with	 this	 role,	
eosinophils	 express	 relevant	 costimulatory	 molecules	 (CD40,	
CD28,	CD86,	B7),25,26	 secrete	cytokines	capable	of	 inducing	T	
cell	 proliferation	 and	 maturation	 (IL-2,	 IL-4,	 IL-6,	 IL-10,	
IL-12)24,27,28	 and	 can	 be	 induced	 to	 express	 MHC	 class	 II	
molecules.27	 Interestingly,	 experimental	 adoptive	 transfer	
of	 antigen-pulsed	 eosinophils	 induces	 antigen-specific	 T	 cell	
responses	in	vivo29	(Box	5-1).	Finally,	it	has	been	shown	that	the	
GI	 eosinophils	 have	 a	 unique	 and	 fascinating	 innate	 effector	
response.	 It	 appears	 that	 eosinophils	 may	 eliminate	 invading	
bacteria	by	ejecting	their	mitochondrial	DNA,	which	is	encased	
in	highly	cationic	proteins.30	Evidence	continues	to	emerge	sug-
gesting	 that	 eosinophils	 have	 an	 important	 role	 in	 innate	
immune	responses,	in	addition	to	their	well-established	role	in	
allergic	disease.

Eosinophils	are	 important	 for	the	development	of	asthma-
associated	 airway	 hyperresponsiveness	 (AHR).15,16,31	 Eosino-
phils	are	the	principal	source	of	CysLTs	and	have	been	identified	
as	the	dominant	source	of	leukotriene	LTC4	in	asthmatic	bron-
chial	 airway.32	These	 leukotrienes	 can	 initiate	mucus	hyperse-
cretion,	AHR	and	edema.	MBP	is	cytotoxic	to	airway	epithelial	
cells	and	may	be	at	least	partly	responsible	for	the	tissue	damage	
that	 is	 associated	 with	 eosinophil	 infiltration	 in	 bronchial	
mucosa	in	asthma	and	has	been	associated	with	fatal	asthma.33	
Importantly,	eosinophils	have	been	implicated	in	the	regulation	
of	pulmonary	T	cell	responses34	and	appear	to	be	required	for	
complete	Type	2	T	helper	cell	(Th2)	cytokine	production	and	
allergen-induced	 mucus	 production	 in	 the	 lung.35	Within	 the	
last	 few	 years,	 attempts	 have	 been	 made	 to	 further	 classify	
asthma	phenotypes;	one	subtype	is	eosinophilic	asthma,	which	
is	often	a	severe,	steroid-refractory	disease.36	Eosinophils	selec-
tively	 express	 the	 receptor	 for	 IL-5,	 a	 cytokine	 that	 regulates	
eosinophil	expansion	and	eosinophil	survival	and	primes	eosin-
ophils	 to	 respond	 to	 appropriate	 activating	 signals.	 Multiple	
studies	have	supported	the	beneficial	usage	of	anti-IL-5	therapy	
for	patients	with	asthma16,37,38	and	nasal	polyposis.39	Moreover,	

BOX 5-1 KEY CONCEPTS

Eosinophils

• Eosinophils are multifunctional leukocytes that normally 
account for 1% to 3% of circulating leukocytes.

• Eosinophils normally reside in mucosal tissues such as the 
gastrointestinal tract.

• Eosinophil granules contain cationic (basic) proteins that are 
cytotoxic to a variety of host tissues (e.g. respiratory 
epithelium).

• Eosinophil expansion is regulated by the growth factor IL-5.
• Eosinophil tissue mobilization is regulated by the eotaxin sub-

family of chemokines.

Figure 5-3  Schematic diagram of a mast cell and its products. Mast 
cells are mononuclear cells that express high-affinity IgE receptors and 
contain a large number of metachromatic granules. Mast cells express 
c-Kit, the receptor for stem cell factor (SCF), a critical mast cell growth 
and  differentiation  factor.  The  secondary  granule  of  a  mast  cell  also 
contains abundant levels of proteases, proteoglycans and histamine. In 
addition  to  releasing  their  preformed  proteins,  mast  cells  can  also 
release  a  variety  of  cytokines  and  generate  large  amounts  of  prosta-
glandins (PGD2) and leukotrienes (LTC4). Mast cells also express Toll-like 
receptors  (TLR),  indicating  that  mast  cells  participate  during  innate 
immune responses. 
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the	bone	marrow	and	circulate	as	mature	cells,	representing	less	
than	2%	of	blood	 leukocytes	 (Box	5-3).	Similar	 to	mast	 cells,	
basophils	express	substantial	levels	of	FcεRI	and	store	histamine	
in	their	granules.	They	are	distinguished	from	mast	cells	by	their	
segmented	 nuclei,	 ultrastructural	 features,	 growth	 factor	
requirements,	granule	constituents	and	surface	marker	expres-
sion	(c-Kit–,	FcεRI+).64	Basophils	are	more	readily	distinguished	
from	 eosinophils	 microscopically	 due	 to	 differences	 in	 their	
nuclei,	cytoplasmic	granules	and	appearance	on	hematoxylin-	
and	 eosin-stained	 tissues.	 In	 the	 human	 system,	 they	 develop	
largely	 in	response	to	IL-3	 in	a	process	augmented	by	TGF-β.	
Mature	basophils	maintain	expression	of	the	IL-3	receptor,	and	
IL-3	is	a	potent	basophil-priming	and	-activating	cytokine.65

Several	 processes	 activate	 basophils;	 upon	 cross-linking	 of	
their	surface-bound	IgE,	basophils	release	preformed	mediators	
including	histamine	and	proteases	and	synthesize	LTC4.	In	addi-
tion,	they	secrete	cytokines	such	as	IL-4	and	IL-13;	notably,	the	
amount	 of	 IL-4	 secreted	 by	 basophils	 compared	 with	 that	 by	
Th2	 cells	 appears	 to	 be	 substantial.66	 Similar	 to	 eosinophils,	
basophils	 are	 also	 activated	 by	 IgA	 (via	 FcαR)	 and	 by	 CCR3	
ligands.	Basophils	also	express	several	other	chemokine	recep-
tors,	 including	 CCR2,	 whose	 ligands	 are	 potent	 histamine-
releasing	factors.	Basophils	also	express	major	histocompatibility	
complex	 (MHC)	 class	 II	 and	 costimulatory	 molecules	 CD80	
and	 CD86	 and	 may	 be	 an	 antigen-presenting	 cell	 that	 can	
induce	Th2	cell	differentiation	in	the	lymph	node	via	IL-4.67–69

Recent	murine	 studies	 suggest	 that	basophils	help	 to	expel	
helminths.70	Additionally,	other	animal	models	have	suggested	
that	 basophils	 participate	 in	 the	 resistance	 of	 ectoparasitic	
ticks.71	Studies	have	linked	basophils	to	the	sensitization	phase	
in	EoE72	and	the	late-phase	response	in	allergic	rhinitis,	asthma	
and	 allergic	 contact	 dermatitis.73–76	 Basophils	 have	 also	 been	
implicated	 in	 a	 unique	 IgG-mediated	 mechanism	 of	 anaphy-
laxis	in	mice.	It	appears	that	this	mechanism	of	anaphylaxis	is	
dependent	 upon	 IgG,	 macrophages	 and	 platelet-activating	
factor	 (PAF).	 Elegant	 mouse	 studies	 have	 demonstrated	 that	

conditions	 in	 the	 murine	 system	 (which	 depend	 on	 IL-3),	
mature	human	mast	cells	are	obtained	by	culturing	progenitor	
cells	 with	 SCF,	 IL-6	 and	 IL-10.	 Furthermore,	 treatment	 of	
mature	human	mast	cells	with	IL-4	induces	further	maturation,	
including	 enhancing	 their	 capacity	 for	 IgE-dependent	 activa-
tion	and	their	enzymatic	machinery	for	synthesizing	PGD2	and	
CysLTs.49

Mast	cells	exist	as	heterogeneous	populations	depending	on	
the	 tissue	microenvironment	 in	which	 they	reside	and	on	 the	
immunologic	status	of	the	individual.	In	work	with	rodents,	the	
terms	mucosal mast cell	(MMC)	and	connective tissue mast cell	
(CTMC)	have	emerged,	but	designating	these	two	populations	
of	mast	 cells	by	 tissue	 location	alone	 is	 an	oversimplification.	
In	 general,	 MMCs	 express	 less	 sulfated	 proteoglycans	 (chon-
droitin	sulfate)	in	their	granules	than	CTMCs	and	hence	have	
different	staining	characteristics	with	metachromatic	stains.	In	
addition,	 mast	 cell	 populations	 express	 distinct	 granule	 pro-
teases;	 in	 humans,	 the	 mast	 cell	 nomenclature	 is	 based	 on	
neutral	 protease	 expression.	 Human	 cells	 that	 express	 only	
tryptase	(MCT)	are	distinguished	 from	mast	cells	 that	express	
tryptase,	chymase,	carboxypeptidase	and	cathepsin	G	(MCTC).	
In	 normal	 tissues,	 MCT	 cells	 are	 the	 predominant	 cells	 in	 the	
lung	 and	 small	 intestinal	 mucosa,	 whereas	 MCTC	 cells	 are	 the	
predominant	types	found	in	the	skin	and	GI	submucosa.

Mast	cell	activation	occurs	through	several	pathways.	Clas-
sically,	a	multivalent	allergen	cross-links	IgE	molecules	bound	
to	 the	 high-affinity	 IgE	 receptor	 (FcεRI).	 Mast	 cells	 undergo	
regulated	exocytosis	of	their	granules,	resulting	in	the	release	of	
preformed	mediators;	in	addition,	activated	mast	cells	undergo	
de	novo	synthesis	and	release	of	a	variety	of	potent	mediators	
(such	as	prostaglandin	D2	and	LTC4).	Preformed	mediators	in	
mast	cells	 include	biogenic	amines	such	as	histamine	(a	vaso-
dilator),	various	neutral	proteases,	a	variety	of	cytokines,	acid	
hydrolases	(e.g.	β-hexosaminidase)	and	proteoglycans.	Notably,	
nearly	20%	of	the	protein	of	human	mast	cells	is	composed	of	
tryptase,	 a	 proinflammatory	 protease	 with	 a	 wide	 range	 of	
activities	 (e.g.	 cleavage	 of	 complement	 proteins).50	 Mast	 cells	
store	a	variety	of	cytokines	in	their	granules	(e.g.	TNF-α,	IL-1,	
IL-4,	IL-5	and	IL-6	and	chemokines	including	IL-8)	and,	after	
activation	 with	 allergens	 or	 cytokines,	 mast	 cells	 can	 increase	
their	synthesis	and	secretion	of	these	cytokines.51

It	is	well	established	that	mast	cell	products	contribute	to	the	
immediate	allergic	responses	in	asthma,52	anaphylaxis,52	allergic	
rhinoconjunctivitis53	and	urticaria.54	There	is	also	evidence	that	
mast	 cells	 can	 contribute	 to	 allergic	 sensitization	 via	 IL-4-	
mediated	skewing	of	T	cells	toward	the	Th2	phenotype55	via	a	
mechanism	involving	dendritic	cell	activation	of	T	cells.56–59

The	contribution	of	mast	cell	products	such	as	cytokines	has	
been	less	clear,	though	mast	cells	appear	to	be	a	chief	source	of	
TNF-α	in	asthmatic	lung	(Box	5-2).	In	addition,	mast	cells	have	
been	shown	to	contribute	to	the	chronic	inflammation	associ-
ated	 with	 the	 LAR	 in	 experimental	 asthma.52	 The	 LAR	 also	
responds	dramatically	to	omalizumab	therapy,60	suggesting	that	
LAR	is	initiated	by	mast	cell	activation	during	the	EAR.	Addi-
tionally,	 mast	 cells	 have	 been	 linked	 to	 more	 chronic,	 T	 cell-
mediated	allergic	diseases	such	as	atopic	dermatitis61	and	EoE.62

BASOPHILS

Basophils	are	hematopoietic	cells	that	arise	from	a	granulocyte-
monocyte	progenitor	(GMP)	that	shares	 its	 lineage	with	mast	
cells	and	eosinophils.63	Basophils	complete	their	development	in	

BOX 5-2 KEY CONCEPTS

Mast Cells

• Mast cells are bone marrow-derived, tissue-dwelling cells.
• Mast cells do not normally exist in the circulation.
• Mast cell development is critically dependent on the cytokine 

stem cell factor and its receptor c-Kit.
• Mast cells express a high-affinity IgE receptor (FcεR) that is 

normally occupied with IgE.
• Mast cell activation results in the release of preformed media-

tors (e.g. histamine and proteases) and newly synthesized 
mediators such as prostaglandins and leukotrienes.

• Mast cells also produce cytokines such as tumor necrosis 
factor (TNF)-α and have an important role in innate immune 
responses (e.g. by attracting neutrophils).

BOX 5-3 KEY CONCEPTS

Basophils

• Basophils are bone marrow leukocytes that normally account 
for less than 2% of circulating leukocytes.

• Basophils express the high-affinity IgE receptor FcεR.
• Basophils are distinguished from mast cells by their separate 

lineage, bilobed nuclei and distinct granule proteins.
• Basophils accumulate in tissues during late-phase responses.
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macrophages.	Classically	activated	macrophages	(M1)	are	asso-
ciated	 with	 a	 proinflammatory	 response	 and	 are	 activated	 by	
Th1	cytokines,	whereas	alternatively	activated	macrophages,	so	
named	because	they	are	activated	in	the	presence	of	Th2	cyto-
kines,	are	associated	with	 the	resolution	of	 inflammation	and	
tissue	 repair.	 Alternatively	 activated	 macrophages	 (M2)	 may	
serve	as	a	link	between	the	innate	and	adaptive	immune	system,	
and	 further	 investigation	 into	 their	 function	 in	allergic	disor-
ders	is	needed.	A	central	mechanism	for	the	differentiation	of	
these	macrophage	subsets	is	the	metabolism	of	arginine	via	two	
competing	 pathways,	 depending	 on	 their	 cytokine	 polariza-
tion.90	For	example,	interferon	(IFN)-γ	and	lipopolysaccharide	
(LPS)	augment	the	expression	of	inducible	nitric	oxide	synthase	
(iNOS),	which	results	in	the	production	of	NO	as	a	product	of	
arginine	metabolism.	NO	is	a	potent	smooth	muscle	relaxer	and	
endothelial	cell	 regulator.	Alternatively,	 the	 treatment	of	mac-
rophages	with	IL-4	or	IL-13	induces	the	expression	of	arginase,	
which	 preferentially	 shunts	 arginine	 away	 from	 NO	 and	 thus	
promotes	 bronchoconstriction.	Arginase	 metabolizes	 arginine	
into	ornithine,	a	precursor	for	polyamines	and	proline,	critical	
regulators	of	cell	growth	and	collagen	deposition,	respectively.	
Both	 M1	 and	 M2	 macrophages	 have	 been	 reported	 in	
asthmatics.91–93

NEUTROPHILS

Neutrophils	are	bone	marrow-derived	granulocytes	and	account	
for	 the	 largest	proportion	of	cells	 in	most	 inflammatory	sites.	
Neutrophils	develop	in	the	bone	marrow	by	the	sequential	dif-
ferentiation	of	progenitor	cells	into	myeloblasts,	promyelocytes	
and	 then	myelocytes,	 an	ordered	process	 regulated	by	growth	
factors	such	as	GM-CSF.	Granulocyte-CSF	promotes	the	termi-
nal	differentiation	of	neutrophils,	which	normally	reside	in	the	
bloodstream	for	only	6	to	8	hours.	A	significant	pool	of	margin-
ated	neutrophils	exists	in	select	tissues,94	allowing	rapid	mobi-
lization	of	neutrophils	in	response	to	a	variety	of	triggers	(e.g.	
IL-8,	LTB4,	PAF).

Activated	neutrophils	have	 the	capacity	 to	release	a	variety	
of	 products	 at	 inflammatory	 sites,	 which	 may	 induce	 tissue	
damage.	These	products	include	those	of	primary	(azurophilic),	
secondary	(or	specific)	and	tertiary	granules,	including	proteo-
lytic	enzymes,	oxygen	radicals	and	lipid	mediators	(LTB4,	PAF	
and	thromboxane	A2).	Neutrophil	granules	contain	more	than	
20	enzymes;	of	 these,	elastase,	collagenase	and	gelatinase	have	
the	greatest	potential	 for	 inducing	tissue	damage.	Neutrophil-
derived	defensins,	lysozyme	and	cathepsin	G	have	well-defined	
roles	in	antibacterial	defense.	In	fact,	studies	have	suggested	that	
the	 major	 function	 of	 superoxide	 release	 into	 the	 phagocytic	
vesicle	is	increasing	the	intravesicular	concentration	of	H+	and	
K+,	permitting	conditions	for	optimal	protease-mediated	bacte-
rial	killing.95

Although	 neutrophils	 are	 not	 the	 predominant	 cell	 type	
associated	with	allergic	disorders,	several	studies	have	demon-
strated	 a	 correlation	 and	 possible	 role	 for	 neutrophils	 in	 the	
pathogenesis	of	allergic	disease.96	Individuals	who	die	within	1	
hour	of	 the	onset	of	an	acute	asthma	attack	have	neutrophil-
dominant	 airway	 inflammation,97	 suggesting	 that	 neutrophils	
may	have	a	pathogenic	role	in	some	clinical	situations.	Neutro-
phils	in	bronchial	biopsy	and	induced	sputum	are	more	likely	
seen	with	severe	asthma.

Patients	with	neutrophilic	asthma	appear	to	be	less	respon-
sive	 to	 corticosteroids,	 and	 high	 doses	 of	 corticosteroids	 may	

mice	deficient	in	IgE,	FcεRI	and	mast	cells	still	experience	ana-
phylaxis	via	an	IgG-mediated	process.77	However,	IgG-mediated	
anaphylaxis	 is	 abolished	 in	 basophil-deficient	 mice.78	 Further	
investigations	are	needed	to	define	the	role	of	basophils	in	this	
newly	described	anaphylactic	pathway.

MACROPHAGES

Macrophages	 are	 tissue-dwelling	 cells	 that	 originate	 from	
hematopoietic	 stem	 cells	 in	 the	 bone	 marrow	 and	 are	 subse-
quently	 derived	 from	 circulating	 blood	 monocytes.79	 Under	
healthy	conditions,	bone	marrow	colony-forming	cells	rapidly	
progress	through	monoblast	and	promonocyte	stages	to	mono-
cytes,	 which	 subsequently	 enter	 the	 bloodstream	 for	 about	 3	
days,	where	they	account	for	about	5%	of	circulating	leukocytes	
in	most	species.	On	entering	various	tissues,	monocytes	termi-
nally	 differentiate	 into	 morphologically,	 histochemically	 and	
functionally	distinct	 tissue	macrophage	populations	 that	have	
the	 capacity	 to	 survive	 for	 several	 months.80	 Tissue-specific	
populations	of	macrophages	include	dendritic	cells	(skin,	gut),	
Kupffer	 cells	 (liver)	 and	alveolar	macrophages	 (lung).	Macro-
phage	 colony-stimulating	 factor	 (M-CSF)	 1	 promotes	 mono-
cyte	differentiation	into	macrophages,	and	mice	with	a	genetic	
mutation	in	Csf1	have	a	deficiency	of	tissue	macrophages.81	In	
addition,	GM-CSF	promotes	the	survival,	differentiation,	pro-
liferation	 and	 function	 of	 myeloid	 progenitors,	 as	 well	 as	 the	
proliferation	and	function	of	macrophages.82

Tissue	macrophages	contribute	to	innate	immunity	by	virtue	
of	 their	 ability	 to	 migrate,	 phagocytose	 and	 kill	microorgan-
isms	 and	 to	 recruit	 and	 activate	 other	 inflammatory	 cells.	 By	
expressing	 Toll-like	 receptor	 mediated	 pathogen-recognition	
molecules	that	induce	the	release	of	cytokines	capable	of	pro-
gramming	 adaptive	 immune	 responses,	 macrophages	 provide	
important	links	between	innate	and	adaptive	immunity.83	Mac-
rophages	also	express	high-	and	low-affinity	receptors	for	IgG	
(FcγRI/II)	and	complement	receptors	(CR1)	that	promote	their	
activation.	Activated	macrophages	produce	a	variety	of	pleio-
tropic	 proinflammatory	 cytokines	 such	 as	 IL-1,	 TNF-α	 and	
IL-8,	 as	 well	 as	 lipid	 mediators	 (e.g.	 leukotrienes	 and	 prosta-
glandins).	 Notably,	 macrophages	 express	 costimulatory	 mol-
ecules	 (e.g.	 CD86)	 and	 are	 potent	 antigen-presenting	 cells	
capable	of	efficiently	activating	antigen-specific	T	cells.

A	 substantial	 body	 of	 evidence	 has	 revealed	 that	 macro-
phages	 are	 critical	 effector	 cells	 in	 allergic	 responses.	 For	
example,	peripheral	blood	monocytes	from	asthmatic	individu-
als	 secrete	 elevated	 levels	of	 superoxide	anion	and	GM-CSF.84	
In	addition,	the	lung	tissue	and	BALF	from	asthmatic	individu-
als	have	elevated	levels	of	macrophages.85	Consistent	with	this	
finding,	the	asthmatic	lung	overexpresses	macrophage-attracting	
chemokines	 (e.g.	 mast	 cell	 protease	 [MCP]-1).86	Additionally,	
there	appear	 to	be	different	 types	of	 lung	macrophages	based	
on	 tissue	 location.	Alveolar	 macrophages	 promote	 an	 inflam-
matory	 response,	 whereas	 interstitial	 macrophages	 have	
decreased	phagocytosis	and	increased	antiinflammatory	effect.87	
Alveolar	macrophages	have	no	antiinflammatory	effect	during	
the	 sensitization	 phase	 of	 lung	 immune	 responses,88	 whereas	
interstitial	 macrophages	 suppress	 responses	 against	 inhaled	
allergens.89	 Interstitial	 macrophages	 prevent	 Th2	 polarization	
in	 response	 to	 inhaled	 antigens	 via	 an	 IL-10/dendritic	 cell	
mechanism.

We	 now	 recognize	 that	 there	 are	 at	 least	 two	 distinct		
subsets	 of	 macrophages,	 classically	 and	 alternatively	 activated	
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cells	 are	 primarily	 derived	 in	 response	 to	 stimulation	 with	
GM-CSF,	TNF-α	and	IL-4;	plasmacytoid	dendritic	cells	develop	
in	culture	with	IL-3.	Monocyte-derived	dendritic	cells	give	rise	
to	inflammatory	dendritic	cells	that	have	a	potent	stimulatory	
capacity	 toward	 naïve	 CD4+	 T	 cells	 and	 the	 ability	 to	 cross-
present	antigen	to	CD8+	T	cells	and	to	produce	key	inflamma-
tory	cytokines	including	IL-1,	IL-6,	TNF-α,	IL-12	and	IL-23.105

Dendritic	cells	can	influence	Th	cell	differentiation	(Figure	
5-4).	There	 is	 evidence	 that	 the	 same	population	of	dendritic	
cells	can	 influence	Th1	and	Th2	differentiation	depending	on	
several	 factors.	 For	 example,	 the	 ratio	 between	 dendritic	 cells	
and	T	cells	has	profound	effects	on	 influencing	Th1	and	Th2	
differentiation.106	In	addition,	Th1-polarized	effector	dendritic	
cells	 induce	 Th1	 responses,	 whereas	 Th2-polarized	 dendritic	
cells	induce	Th2	responses.104	Also,	plasmacytoid	dendritic	cells	
stimulated	first	with	 IL-3	and	 then	with	CD40	 ligand	(before	
adding	naïve	T	cells)	induce	strong	Th1	responses	but	no	Th2	
cytokine	production.	MicroRNA	(miR)-21	expression	 in	den-
dritic	cells	targets	IL-12p23;	hence,	up-regulation	of	miR-21	by	
Th2	cytokines	 introduces	a	Th2-generating	propagation	 loop.	
Finally,	dendritic	cells	that	express	specific	costimulatory	mol-
ecules	 may	 promote	 distinct	 Th	 differentiation;	 for	 example,	
expression	of	B7-related	protein	(ICOS	ligand)	promotes	Th2	
development.107

increase	 neutrophils	 by	 reducing	 apoptosis.98	 Another	 lung	
disease	 associated	 with	 asthma,	 allergic	 bronchopulmonary	
aspergillosis	 (ABPA),	 features	 neutrophilic	 inflammation	 and	
activation.99	 Numerous	 risk	 exposures	 are	 linked	 to	 neutro-
philic	 inflammation,	 including	 environmental	 exposures	 such	
as	air	pollution,	smoking,	infection	and	endotoxin,	and	health-
related	exposures	such	as	high-fat,	low-antioxidant	diets,	obesity	
and	 inflammatory	 states.	 Two	 fairly	 specific	 neutrophil		
therapies	 (anti-CXCL8	and	anti-CXCR2)	have	begun	 to	 show	
promise	 in	 treating	 neutrophilic	 airway	 inflammation.100,101	
Collectively,	 these	 data	 suggest	 an	 important	 role	 for	 neutro-
phils	 in	 the	 acute	 and	 chronic	 manifestations	 of	 allergen-
induced	asthma.

DENDRITIC CELLS

Dendritic	cells	are	unique	antigen-presenting	cells	 that	have	a	
pivotal	role	in	innate	and	acquired	immune	responses.	They	are	
considered	 the	 quintessential	 antigen-presenting	 cells	 and	 are	
known	 for	 their	 ability	 to	 effect	 a	 primary	 immune	 response	
including	allergen	sensitization.	These	cells	are	also	important	
in	 maintenance	 of	 allergic	 inflammation	 via	 propagation	 of	
effector	responses.	Dendritic	cells	originate	in	the	bone	marrow	
and	 subsequently	 migrate	 into	 the	 circulation	 before	 they	
assume	tissue	locations	as	immature	dendritic	cells,	incidentally	
at	 locations	 where	 maximum	 allergen	 encounter	 occurs	 (e.g.	
skin,	GI	tract	and	airways).	Immature	dendritic	cells	are	potent	
in	antigen	uptake,	efficient	in	capturing	pathogens	and	produc-
ers	of	potent	 cytokines	 (e.g.	 IFN-α	 and	 IL-12).	By	expressing	
pattern-recognition	receptors,	dendritic	cells	directly	recognize	
a	variety	of	pathogens.	Immature	dendritic	cells	express	the	CC	
chemokine	 receptor	 (CCR)	 6	 that	 binds	 to	 MIP-3α	 and	
β-defensin,	which	are	produced	locally	in	tissues	such	as	those	
in	 the	 lung.102	 After	 antigen	 uptake,	 dendritic	 cells	 rapidly	
cross	into	the	lymphatic	vessels	and	migrate	into	draining	sec-
ondary	 lymphoid	 tissue.	 During	 this	 migration,	 the	 dendritic	
cells	 undergo	 maturation,	 which	 is	 characterized	 by	 down-
regulation	of	their	antigen-capturing	capacity,	up-regulation	of	
their	 antigen-processing	 and	 -presenting	 capabilities,	 and	
up-regulation	 of	 CCR7,	 which	 likely	 promotes	 dendritic	 cell	
recruitment	 to	 secondary	 lymphoid	 organs	 (which	 express	
CCR7	 ligands).103	 After	 presentation	 of	 antigen	 to	 antigen-
specific	T	cells	 in	the	T	cell-rich	areas	of	secondary	 lymphoid	
organs,	dendritic	cells	mainly	undergo	apoptosis.

Dendritic	cells	are	composed	of	heterogeneous	populations	
based	on	ultrastructural	 features,	 surface	molecule	expression	
and	function.	In	human	blood,	dendritic	cells	are	divided	into	
three	 types	 comprising	 two	 myeloid-derived	 subpopulations	
and	one	lymphoid-derived	population	(plasmacytoid	dendritic	
cells).104	The	myeloid	populations	can	be	divided	into	CD1+	and	
CD1−.	CD1	is	a	molecule	involved	in	the	presentation	of	glyco-
lipids	to	T	cells.	CD1c+	myeloid	dendritic	cells	also	express	high	
levels	of	CD11c	(complement	receptor	4	[iC3b	receptor])	and	
include	 interstitial	 and	 Langerhans	 dendritic	 cells;	 a	 skin-
specific,	self-renewing	specialized	dendritic	cell;	and	inflamma-
tory	dendritic	cells.	CD1−	myeloid	dendritic	cells	are	identified	
by	CD141	expression	and	are	cross-presenting	dendritic	cells.105	
The	 plasmacytoid	 dendritic	 cell	 population	 is	 CD1c−/CD11c−	
but	 is	distinguished	by	 its	high	 levels	of	 IL-3	receptor	expres-
sion.	This	population	of	dendritic	cells	appears	to	be	a	primary	
source	of	 IFN-α.	Dendritic	 cells	 can	be	 cultured	 from	 freshly	
isolated	 human	 cord	 or	 peripheral	 blood;	 myeloid	 dendritic	

Figure 5-4  T helper subsets. All currently recognized T helper subsets 
have been implicated in allergic disease. Th0 cells differentiate  into T 
regulatory (TREG), Th1, Th2, Th9, Th17 or Th22 cells after their activation 
by antigen-presenting cells in the context of their respective promoting 
cytokines  as  noted.  The  unique  transcription  factors  responsible  for 
driving cytokine development are  identified. AHR – Aryl hydrocarbon 
receptor. 
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responses,	whereas	CD8+	T	cells	 recognize	antigen	 in	associa-
tion	with	MHC	class	I	molecules	and	are	primarily	involved	in	
cytotoxicity.	Class	I	MHC	molecules	are	present	on	the	surface	
of	all	nucleated	cells,	and	their	antigens	are	 typically	 intracel-
lularly	derived.	More	recently,	populations	of	regulatory	T	cells	
have	been	characterized.	Regulatory	T	cells	are	commonly	iden-
tified	 as	 CD4+/CD25+/FOXP3+	 T	 cells;	 these	 cells	 are	 chief	
sources	of	regulatory	cytokines,	including	IL-4	and	IL-10,	and	
are	thought	to	participate	in	tolerance	induction	after	allergen	
immunotherapy.121	The	absence	of	or	decrease	in	the	function	
of	T	regulatory	cells	leads	to	an	increase	in	activity	of	effector	
T	lymphocytes	and	is	associated	with	the	development	of	auto-
immunity.122	CD4+	T	lymphocytes	have	central	roles	in	allergic	
responses	by	regulating	the	production	of	IgE	and	the	effector	
function	of	mast	cells	and	eosinophils.123

CD4+	Th1-type	T	lymphocytes	produce	IL-2,	TNF-β	(lym-
photoxin)	and	IFN-γ	 and	are	 involved	 in	delayed-type	hyper-
sensitivity	responses.	Th2	lymphocytes	secrete	IL-4,	IL-5,	IL-9,	
IL-10	and	IL-13	and	promote	antibody	responses	and	allergic	
inflammation	(Figure	5-4).	Notably,	there	is	a	strong	correlation	
between	 the	 presence	 of	 CD4+	 Th2	 lymphocytes	 and	 disease	
severity,	suggesting	an	integral	role	for	these	cells	in	the	patho-
physiology	 of	 allergic	 diseases.124,125	 Th2	 cells	 are	 thought	 to	
induce	asthma	through	the	secretion	of	cytokines	that	activate	
inflammatory	 and	 residential	 effector	 pathways	 both	 directly	
and	 indirectly.126	The	major	T	cell	 subset	 in	allergic	disease	 is	
Th2,	but	other	subsets,	such	as	Th1,	CD8+,	Th9,	Th17	and	Th22,	
also	participate,	especially	in	severe	disease.127–129	In	fact,	Th17	
cells	 appear	 to	 be	 a	 critical	 component	 of	 the	 neutrophilic	
inflammation	associated	with	severe	asthma.130

Th2-associated	 cytokines,	 IL-4	 and	 IL-13,	 are	 produced	 at	
elevated	levels	in	the	allergic	tissue	and	are	thought	to	be	central	
regulators	 of	 many	 of	 the	 hallmark	 features	 of	 the	 disease.131	
However,	in	addition	to	Th2	cells,	inflammatory	cells	within	the	
allergic	 tissue	 also	 produce	 IL-4,	 IL-13	 and	 a	 variety	 of	 other	
cytokines.20,24	 IL-4	promotes	Th2	cell	differentiation,	 IgE	pro-
duction,	tissue	eosinophilia	and,	in	the	case	of	asthma,	morpho-
logic	changes	to	the	respiratory	epithelium	and	AHR.132	IL-13	
induces	 IgE	 production,	 mucus	 hypersecretion,	 eosinophil	
recruitment	 and	 survival,	 AHR	 and	 the	 expression	 of	 CD23,	
adhesion	 systems	 and	 chemokines.131,133,134	 A	 critical	 role	 for	
IL-13	in	orchestrating	experimental	asthma	has	been	suggested	
by	 the	 finding	 that	 a	 soluble	 IL-13	 receptor	 homolog	 blocks	
many	of	the	essential	features	of	experimental	asthma.135,136	Fur-
thermore,	 mice	 deficient	 in	 the	 IL-4Rα	 chain	 have	 impaired	
eosinophil	recruitment	and	mucus	production	but	still	develop	
AHR.137

Collectively,	these	studies	have	provided	the	rationale	for	the	
development	of	multiple	therapeutic	agents	that	interfere	with	
specific	 inflammatory	 pathways.	Additionally,	 as	 noted	 above,	
another	important	Th2-produced	cytokine,	IL-5,	is	 important	
for	 eosinophil	 proliferation,	 survival	 and	 activation,	 and	 its	
inhibition	has	been	linked	to	improved	asthma	and	nasal	polyp-
osis	(Box	5-5).

B CELLS

B	cells	play	a	key	role	in	humoral	allergic	response	through	IgE	
production.	Lymph	nodes	are	the	major	anatomic	structure	of	
antigenic	 B	 cell	 education	 or	 affinity	 maturation.	 After	 these	
processes,	 B	 cells	 then	 become	 either	 memory	 B	 cells	 or	
antibody-producing	plasma	cells.	IgE	synthesis	is	regulated	by	

Dendritic	cells	 likely	have	critical	roles	 in	 the	development	
of	allergic	responses.	Current	evidence	and	theory	suggest	that	
allergen	 can	 induce	 a	 Th2-mediated	 response,	 either	 alone	
(with	a	self-adjuvant	effect)	or	in	combination	with	other	envi-
ronmental	adjuvants	(viral	or	bacterial	infections	or	air	pollu-
tion),108	and	that	this	effect	likely	occurs	via	communication	of	
resident	stromal	cells	and	dendritic	cells.109,110	Pollen	allergens	
in	vitro	have	been	shown	to	induce	a	Th2-polarizing	dendritic	
cell,111	 whereas	 house	 dust	 mite-mediated	 dendritic	 cell	
polarization	 is	 dependent	 on	 the	 allergy	 background	 of	 the	
patient.112,113	 Dendritic	 cells	 are	 required	 for	 the	 development	
of	 eosinophilic	 airway	 inflammation	 in	 response	 to	 inhaled	
antigen.114	 Importantly,	 adoptive	 transfer	 of	 antigen-pulsed	
dendritic	cells	has	been	shown	to	be	sufficient	for	the	induction	
of	 Th2	 responses	 and	 eosinophilic	 airway	 inflammation	 to	
inhaled	 antigen.103,115	 Elevated	 levels	 of	 CD1a+/MHC	 class	 II+	
dendritic	cells	are	found	in	the	lung	of	atopic	asthmatics	com-
pared	with	of	nonasthmatics103	(Box	5-4).

In	addition	to	the	importance	of	dendritic	cells	in	sensitiza-
tion,	selective	depletion	of	dendritic	cells	during	allergen	chal-
lenge	 in	both	asthma	and	allergic	 rhinitis	murine	models	has	
demonstrated	the	importance	of	dendritic	cells	in	the	effector	
phase	of	these	diseases.116,117	FcεRI	expression	on	dendritic	cells	
in	humans	and	mice	in	asthma	and	atopic	dermatitis	is	corre-
lated	with	increased	Th2	effector	response.118–120

LYMPHOCYTES

Lymphocytes	 are	 integral	 to	 the	 development	 of	 a	 complete	
innate	and	adaptive	immune	response.	One	important	function	
of	lymphocytes	is	to	generate	adaptive	immune	responses	and	
to	develop	a	memory	compartment	for	future	responses.	Innate	
lymphocytes	 serve	 as	 sentinel	 cells	 in	 epithelial-associated	
tissues,	providing	prompt	release	of	cytokines	that	help	to	form	
the	 adaptive	 response.	 Lymphocytes	 both	 aid	 in	 pathogen	
defense	and	facilitate	allergic	disease.	In	addition	to	Th2	cells,	
many	 lymphocytes	 can	 participate	 in	 allergic	 inflammation	
including	Th1	cells,	Th17	cells,	CD8+	T	cells,	B	cells,	γ/δ	T	cells,	
natural	killer	(NK)	cells	and	natural	killer	T	(NKT)	cells.

T CELLS

T	cells	are	specialized	leukocytes	distinguished	by	their	expres-
sion	of	antigen-specific	receptors	that	arise	from	somatic	gene	
rearrangement.	 Two	 major	 subpopulations	 were	 originally	
defined	 on	 the	 basis	 of	 the	 expression	 of	 the	 CD4	 and	 CD8	
antigens	and	their	associated	function.	CD4+	T	cells	recognize	
antigen	in	association	with	MHC	class	II	molecules	on	antigen-
presenting	 cells,	 including	 dendritic	 cells,	 B	 cells	 and	 macro-
phages,	 and	 are	 primarily	 involved	 in	 orchestrating	 immune	

BOX 5-4 KEY CONCEPTS

Dendritic Cells

• Dendritic cells normally exist as tissue surveillance cells.
• On contact with antigen (e.g. invading pathogen), dendritic 

cells migrate via lymphatics to secondary lymphoid organs.
• Immature dendritic cells are chief sources of innate cytokines 

(e.g. interferon [IFN]-α).
• Mature dendritic cells are potent antigen-presenting cells.
• Dendritic cells can preferentially activate T subset responses.



48	 SECTION A General Concepts

INNATE LYMPHOID CELLS

Populations	of	resident	tissue	lymphoid	cells	that	lack	B	and	T	
cell	 antigen	 receptors	 (BCR	 and	 TCR)	 and	 promote	 T	 helper	
cell	 development	 have	 been	 identified.	 These	 cells	 are	 lineage	
negative,	meaning	that	they	fail	to	express	mature	lymphocyte	
markers	 such	 as	 CD3,	 CD14,	 CD16,	 CD19,	 CD20	 and	 CD56,	
but	 express	 high	 levels	 of	 stem	 cell	 markers	 such	 as	 CD117	
(c-Kit).	These	cells	are	a	small	fraction	of	the	total	cell	popula-
tion	 in	a	given	 tissue	but	appear	 to	be	a	major	reservoir	of	T	
cell-skewing	 cytokines.	 Recently,	 it	 has	 been	 appreciated	 that	
these	 cells,	 like	 T	 helper	 cells,	 divide	 into	 subsets,	 and	 their	
nomenclature	has	been	defined	to	reflect	the	cytokine	and	tran-
scription	factor	similarity	to	their	respective	CD4+	T	cell	subsets	
Th1,	Th2	and	Th17.	The	proposed	subsets	include	ILC1,	ILC2	
and	ILC3.148

ILC1s,	 like	 NK	 cells,	 are	 triggered	 by	 IL-12	 to	 secrete	 high	
levels	of	 IFN-γ	and	are	dependent	on	T-bet,149	but	unlike	NK	
cells,	they	lack	perforin	and	granzyme	expression.150	ILC2	cells	
were	identified	in	lung,	intestine	and	blood.	They	produce	IL-4,	
IL-5	and	IL-13	in	response	to	stimulation	with	IL-25,	IL-33	and	
thymic	 stromal	 lymphopoietin	 (TSLP)	 and	 are	 dependent	 on	
GATA3.151	They	are	the	first	producers	of	IL-13	in	the	gut	after	
helminth	infection.152	ILC2s	have	been	shown	to	be	important	
in	 multiple	 Th2-mediated	 allergic	 diseases,	 including	 asthma	
and	atopic	dermatitis.153,154	As	mentioned	above,	ILC2s	are	also	
important	regulators	of	eosinophil	homeostasis	in	the	gut	in	a	
nutritionally	 dependent	 fashion.19	 ILC3s	 secrete	 IL-17A	 and	
IL-22	upon	IL-23	stimulation	and	are	dependent	on	RORγt.155	
The	role	of	these	cells	in	relation	to	specific	disease	phenotypes	
is	being	actively	investigated	(Figure	5-5).

Leukocyte Recruitment
The	trafficking	of	leukocytes	into	various	tissues	is	regulated	by	
a	 complex	 network	 of	 signaling	 events	 between	 leukocytes	 in	
the	circulation	and	endothelial	cells	lining	blood	vessels.	After	
injury	or	infection,	resident	cells	at	the	site	of	injury	or	infection	
release	chemokines,	which	interact	via	a	gradient	with	the	cor-
responding	 chemokine	 receptors	 on	 inflammatory	 cells.	 This	

IL-4	and	IL-13	and	may	be	augmented	by	IL-9.	B	cells	also	are	
found	in	gut	lymphoid	tissue	and	localized	in	diseased	epithelial	
tissue.138	In	allergic	rhinitis,	asthma	and	EoE,	localized	epithelial	
B	 cells	 produce	 Cε	 germ-line	 transcripts,	 as	 well	 as	 IL-4	 and	
IL-13.139,140	 Additionally,	 MHC	 class	 II-expressing	 B	 cells	 can	
function	as	antigen-presenting	cells	and	drive	Th2	cells.141

NATURAL KILLER CELLS

NK	cells	lack	rearranged	antigen	receptors	and	are	considered	
part	of	the	innate	immune	system.	They	produce	high	levels	of	
IFN-γ	 early	 during	 infection	 and	 directly	 kill	 virally	 infected	
cells	 by	 release	 of	 cytotoxic	 granules	 and	 Fas	 ligand-induced		
cell	death.	Additionally,	NK	cells	 suppress	Th2	allergic	airway	
inflammation	post	respiratory	syncytial	virus.142	However,	NK	
cells	have	also	been	shown	to	produce	IL-5	and	have	been	asso-
ciated	with	eosinophilic	inflammation.143

NATURAL KILLER T CELLS

NKT	 cells	 are	 a	 population	 of	 CD1d-restricted	 T	 cells	 that	
express	α/β	T	cell	receptor	(TCR),	have	some	NK	cell	receptors,	
and	share	similar	cytotoxic	mechanisms	to	NK	cells.	Invariant	
NKT	 (iNKT)	 cells	 have	 a	 narrow	 repertoire	 of	 TCRs	 and	
respond	 to	 glycolipid	 antigen.	 iNKT	 cells	 can	 promote	 IgE		
production	and,	via	cytokine	production,	may	impact	Th2	dif-
ferentiation	 in	 the	 respiratory	 tract;	 they	 accumulate	 in	 the	
airways	 of	 asthmatics	 and	 increase	 with	 antigen	 challenge	 or	
exacerbation.144

γ/δ T CELLS

The	γ/δ	T	cells	are	a	subset	of	T	cells	that	have	a	TCR	formed	
from	γ	and	δ	chains	rather	than	α/β	chains.	The	γ/δ	T	cells	reside	
in	 intraepithelial	 regions	 in	 the	skin	and	mucosa	and	 in	 lym-
phoid	tissue.	Intraepithelial	γ/δ	T	cells	do	not	recognize	antigen	
in	 the	 context	 of	 MHC	 but	 rather	 respond	 to	 nonprocessed	
antigens,	 including	 lipids	 and	 heat	 shock	 proteins.145	 They	
produce	 IFN-γ	 and	 IL-4	 in	 vivo	 in	 response	 to	 Th1-	 or	 Th2-
stimulating	pathogens,	respectively.146	γ/δ	T	cells	 that	produce	
IL-4,	IL-5	and	IL-13	have	been	isolated	from	asthmatic	airways	
and	increase	in	number	after	antigen	challenge.147	Interestingly,	
murine	γ/δ	T	cells	appear	to	be	important	both	in	the	generation	
of	Th2	immunity	and	protection	from	Th2-mediated	disease.147

Figure 5-5  Innate  lymphoid  cell  subsets.  Three  main  subtypes  of 
innate lymphoid cells have been identified: ILC1, ILC2 and ILC3. They 
arise from a common precursor cell that expresses a transcription factor 
called inhibitor of DNA binding-2 (ID2). The unique cytokine profile and 
transcription  factors  responsible  for driving cytokine development  for 
the respective subsets are identified. 
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BOX 5-5 KEY CONCEPTS

T Cells

• Mature T cells are primarily divided into CD4+ and CD8+ cells.
• T cells express antigen-specific T cell receptors (TCR) that 

recognize antigen in the context of major histocompatibility 
molecules (MHC).

• CD4+ T cells are engaged by antigen in the context of class 
II molecules.

• CD4+ T cells subsets include Th1, Th2, Th9, Th17, Th22 and 
TREG cells.

• Th1 cells are major producers of Th1 cytokines (e.g. interferon 
[IFN]-γ), and Th2 cells are major producers of Th2 cytokines 
(e.g. IL-4, IL-5, IL-13). Newly discovered subsets include Th9, 
Th17 and Th22, which are major producers of IL-9, IL-17A and 
IL-22, respectively.



	 5  Inflammatory and Effector Cells/Cell Migration  49

CHEMOKINE AND CHEMOKINE  
RECEPTOR FAMILIES

Chemokines	are	the	guiding	signals	that	direct	leukocytes	to	the	
site	of	injury	or	infection.	Chemokines	represent	a	large	family	
of	 chemotactic	 cytokines	 that	 have	 been	 divided	 into	 four	
groups,	designated	CXC,	CC,	C	and	CX3C,	on	the	basis	of	the	
spacing	of	conserved	cysteines	(Figure	5-7).	These	four	families	
of	 chemokines	 are	 grouped	 into	 distinct	 chromosomal	 loci	
(Figure	5-7).	The	CXC	and	CC	groups,	in	contrast	to	the	C	and	
CX3C	groups,	contain	many	members	and	have	been	studied	in	
great	 detail.	 The	 CXC	 chemokines	 mainly	 target	 neutrophils,	
whereas	the	CC	chemokines	target	a	variety	of	cell	types	includ-
ing	macrophages,	eosinophils	and	basophils.	The	current	che-
mokine	receptor	nomenclature	uses	CC,	CXC,	XC	or	CX3C	(to	
designate	chemokine	group)	followed	by	R	(for	receptor)	and	
then	a	number.	The	new	chemokine	nomenclature	substitutes	
the	R	for	L	(for	ligand),	and	the	number	is	derived	from	the	one	
already	assigned	to	the	gene	encoding	the	chemokine	from	the	
SCY	(small	secreted	cytokine)	nomenclature.	Thus,	a	given	gene	
has	the	same	number	as	its	protein	ligand	(e.g.	the	gene	encod-
ing	 eotaxin-1	 is	 SCYA11,	 and	 the	 chemokine	 is	 referred	 to	 as	
CCL11).	Table	5-1	summarizes	the	chemokine	family	using	this	
nomenclature.156,157	There	have	been	seven	CXC	receptors	iden-
tified,	which	are	referred	to	as	CXCR1	through	CXCR7,	and	11	
human	CC	receptor	genes	cloned,	which	are	known	as	CCR1	
through	 CCR11	 (Figure	 5-8).	 The	 chemokine	 and	 leukocyte	
selectivities	of	chemokine	receptors	overlap	extensively;	a	given	
leukocyte	 often	 expresses	 multiple	 chemokine	 receptors,	 and	
more	than	one	chemokine	typically	binds	to	the	same	receptor	
(Figure	5-8),	creating	a	scheme	of	redundancy	and	pleiotropy	
that	ensures	adequate	leukocyte	recruitment.

CHEMOKINE RECEPTOR SIGNAL 
TRANSDUCTION

With	 nearly	 1,000	 members,	 the	 seven-transmembrane,	 G	
protein-coupled	receptors	(GPCRs)	are	universally	employed	to	
sense	 small	 changes	 in	concentrations	of	molecules.	The	che-
mokine	 receptors	 are	 a	 subfamily	 of	 this	 GPCR	 superfamily.	
Chemokines	 induce	 leukocyte	 migration	 and	 activation	 by	
binding	 to	 specific	 GPCRs.156	 Although	 chemokine	 receptors	
are	similar	to	many	GPCRs,	they	have	unique	structural	motifs	
such	as	the	amino	acid	sequence	DRYLAIV	in	the	second	intra-
cellular	domain.

chemokine	:	chemokine	receptor	interaction	is	critical	for	both	
leukocyte	 extravasation	 from	 the	 bloodstream	 into	 the	 tissue	
and	leukocyte	navigation	within	tissue	to	the	site	of	 injury	or	
infection.	Because	each	type	of	 leukocyte	expresses	a	different	
array	 of	 chemokine	 receptors,	 the	 type	 of	 inflammation	 that	
develops	 in	a	given	 situation	 is	highly	dependent	on	 the	 che-
mokines	secreted	by	resident	cells.	These	interactions	involve	a	
multistep	process:	(1)	leukocyte	rolling	(mediated	by	endothe-
lial	selectin	and	specific	leukocyte	carbohydrate	ligands),	which	
exposes	chemokine	receptors	on	leukocytes	to	chemokines	dis-
played	 on	 endothelial	 cells;	 (2)	 rapid	 activation	 of	 leukocyte	
integrins,	 in	 which	 chemokine	 receptor	 signaling	 induces		
an	 inside-out	 signaling	 in	 the	 leukocyte	 leading	 to	 integrin	
clustering	on	 the	cell	 surface	and	an	 increase	 in	 the	 integrin’s	
affinity	 for	 its	 ligand;	 (3)	 firm	 adhesion	 between	 endothelial	
molecules	 and	 counterligands	 on	 leukocytes	 (via	 integrins);		
and	 (4)	 transmigration	 of	 leukocytes	 through	 the	 endothelial	
layer	via	junctional	adhesion	molecules	(JAMs),	platelet	endo-
thelial	cell	adhesion	molecule	(PECAM),	CD99	and	endothelial	
cell-selective	 adhesion	 molecule	 (ESAM)	 (Figure	 5-6).	 This	
multistep	 signaling	 cascade	 must	 occur	 rapidly	 to	 allow	 for		
the	 leukocytes	 to	 reduce	 rolling	 velocity,	 mediate	 adherence		
and	extravasate	into	tissues	in	response	to	a	chemokine	gradi-
ent.	 In	 addition	 to	 mediating	 leukocyte	 movement	 from	 the	
bloodstream	 into	 tissues,	 chemokines	 use	 similar	 steps	 to	
mediate	leukocyte-directed	motion	across	other	tissue	barriers,	
such	as	respiratory	epithelium	and	the	extracellular	matrix	(Box	
5-6).	Leukocyte	adhesion	deficiency	(LAD)	is	a	human	disease	
associated	with	recurrent	bacterial	 infections.	The	defect	 is	 in	
CD18,	or	β2	integrin,	and	results	in	the	inability	of	neutrophils	
to	be	recruited	from	the	blood	to	the	site	of	infection.

Figure 5-6  Overview of leukocyte migration. The traffick-
ing  of  leukocytes  into  various  tissues  is  regulated  by  a 
complex network of signaling events between leukocytes in 
the  circulation  and  endothelial  cells  lining  blood  vessels. 
These interactions involve a multistep process including (1) 
leukocyte rolling (mediated by endothelial selectin and spe-
cific leukocyte ligands), (2) rapid activation of leukocyte inte-
grins by chemokines, (3) firm adhesion between endothelial 
molecules  and  activated  integrins  on  leukocytes,  and  (4) 
transmigration of  leukocytes  through the endothelial  layer 
via junctional adhesion molecules (JAMs), platelet endothe-
lial cell adhesion molecule (PECAM), CD99 and endothelial 
cell-selective adhesion molecule (ESAM). 
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BOX 5-6 KEY CONCEPTS

Leukocyte Trafficking

• Leukocytes bind to the endothelium via low-affinity reversible 
interactions mediated by selectins.

• Tight adhesion of leukocytes to endothelium is mediated  
by specific adhesion molecules such as integrins (e.g. β2 
integrins).

• Transmigration is mediated by PECAM, CD99, JAMs, and 
ESAM.

• Leukocyte migration into tissues is regulated by 
chemoattractants.



50	 SECTION A General Concepts

Figure 5-7  The human chemokine family. 
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Figure 5-8  Ligands for CC (A) and CXC (B) receptor families. 
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Receptor	 activation	 leads	 to	 a	 cascade	 of	 intracellular		
signaling	events.	 In	addition	 to	 triggering	 intracellular	events,	
engagement	 with	 ligand	 induces	 rapid	 chemokine	 receptor	
internalization.	Ligand-induced	internalization	of	most	chemo-
kine	 receptors	 occurs	 independent	 of	 calcium	 transients,	 G	
protein	coupling	and	protein	kinase	C,	indicating	a	mechanism	
different	 from	 the	 one	 induced	 by	 chemotaxis.	 Thus,	 chemo-
kine	 receptor	 internalization	 may	 provide	 a	 mechanism	 for	
chemokines	also	to	halt	leukocyte	trafficking	in	vivo.	There	are	
many	 signaling	 pathways	 downstream	 of	 chemokine	 receptor	
binding.	 This	 heterogeneity	 of	 signaling	 pathways	 allows	 for	
different	 chemokine	 receptors,	 expressed	 on	 the	 same	 cell,	 to	
signal	through	distinct	pathways	and	for	the	same	chemokine	
receptor	to	induce	a	variety	of	effects.

REGULATION OF CHEMOKINE AND 
CHEMOKINE RECEPTOR EXPRESSION

The	main	stimuli	for	the	secretion	of	chemokines	are	the	early	
proinflammatory	cytokines	such	as	IL-1	and	TNF-α,	bacterial	

products	such	as	LPS	and	viral	 infection158–160	(Figure	5-9).	In	
addition,	products	of	the	adaptive	arm	of	the	immune	system,	
including	from	both	Th1	and	Th2	cells,	IFN-γ	and	IL-4,	respec-
tively,	also	induce	the	production	of	chemokines	independently	
and	 in	 synergy	 with	 IL-1	 and	 TNF-α.	 Recently,	 it	 has	 been	
demonstrated	 that	 miRs	 also	 regulate	 chemokines.	 miR-21	
regulates	 polarization	 of	 the	 adaptive	 immune	 response	 in	
asthma	 and	 is	 one	 of	 the	 most	 up-regulated	 in	 EoE.161	 It	 has	
also	 been	 correlated	 with	 increased	 CCL26	 (eotaxin-3)	 and	
tissue	 eosinophilia	 in	 EoE.162	 Additionally,	 miR-21	 has	 been	
shown	 to	 regulate	 keratinocyte-derived	 chemokine	 (KC),163	
CXCL10164	and	CCL20.165,166	miR-155	is	the	most	up-regulated	
miR	in	atopic	dermatitis	and	regulates	MCP-1,167	CXCL8168	and	
CCL2.169

Although	 there	 are	 many	 similarities	 in	 the	 regulation	 of	
chemokines,	important	differences	that	may	have	implications	
for	asthma	are	beginning	to	be	appreciated.	For	example,	in	the	
healthy	lung,	epithelial	cells	are	the	primary	source	of	chemo-
kines;	however,	in	the	inflamed	lung,	infiltrating	cells	within	the	
submucosa	are	a	major	cellular	source	of	chemokines.170
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Systematic 
Name Human Ligand Mouse Ligand

CXC FAMILY

CXCL1 GRO-α/MGSA-α GRO1/KC*
CXCL2 GRO-β/MGSA-β GRO-β/MIP-2α
CXCL3 GRO-γ/MGSA-γ Dcip1/Gm1960
CXCL4 PF4 PF4
CXCL5 ENA-78 LIX
CXCL6 GCP-2 Ckα-3
CXCL7 NAP-2 CTAP3/LA-PF4/NAP-2
CXCL8 IL-8 ?
CXCL9 Mig Mig
CXCL10 IP-10 IP-10
CXCL11 I-TAC I-TAC/Ip9
CXCL12 SDF-1α/β SDF-1
CXCL13 BLC/BCA-1 BLC/BCA-1
CXCL14 BRAK/bolekine BRAK
CXCL15 ? Lungkine/Il-8
CXCL16 SCYB16/SRPSOX SR-PSOX
CXCL17 VCC-1/DMC/SCYB17 VCC-1

CC FAMILY
CCL1 I-309 TCA-3, P500
CCL2 MCP-1/MCAF JE/MCAF/MCP-1
CCL3 MIP-1α/LD78α MIP-1α
CCL4 MIP-1β MIP-1β
CCL5 RANTES RANTES
CCL6 ? C10, MRP-1
CCL7 MCP-3 MARC/MCP-3
CCL8 MCP-2 MCP-2/HC14
CCL9/10 ? MRP-2/CCF18
CCL11 Eotaxin-1 Eotaxin-1
CCL12 ? MCP-5
CCL13 MCP-4 ?
CCL14 HCC-1 ?
CCL15 HCC-2/Lkn-1/MIP-1 ?
CCL16 HCC-4/LEC LEC/HCC-4/LMC
CCL17 TARC TARC
CCL18 DC-CK1/PARC/AMAC-1 Madh3
CCL19 MIP-3β/ELC/exodus-3 MIP-3β/ELC/exodus-3
CCL20 MIP-3α/LARC/exodus-1 MIP-3α/LARC/exodus-1
CCL21 6Ckine/SLC/exodus-2 6Ckine/SLC/exodus-2/

TCA-4
CCL22 MDC/STCP-1 ABCD-1
CCL23 MPIF-1 ?
CCL24 MPIF-2/Eotaxin-2 Eotaxin-2
CCL25 TECK TECK
CCL26 Eotaxin-3 ?
CCL27 CTACK/ILC ALP/CTACK/ILC/ESkine
CCL28 MEC MEC

C FAMILY
XCL1 Lymphotactin/SCM-1α/

ATAC
Lymphotactin

XCL2 SCM-1β ?

CX3C FAMILY
CX3CL1 Fractalkine Neurotactin

*A question mark indicates that the mouse and human homologs are 
ambiguous.

TABLE 

5-1 
Systematic Names for Human and  
Mouse Ligands

CELLULAR RECEPTOR EXPRESSION

Chemokine	receptors	are	constitutively	expressed	on	some	cells,	
whereas	they	are	inducible	on	others.	For	example,	CCR1	and	
CCR2	 are	 constitutively	 expressed	 on	 monocytes	 but	 are	
expressed	 on	 lymphocytes	 only	 after	 IL-2	 stimulation.171,172	
Activated	lymphocytes	are	then	responsive	to	multiple	CC	che-
mokines	that	use	these	receptors,	including	the	MCPs.	In	addi-
tion,	 some	 constitutive	 receptors	 can	 be	 down-modulated	 by	
biologic	response	modifiers.	For	example,	IL-10	was	shown	to	
modify	the	activity	of	CCR1,	CCR2	and	CCR5	on	dendritic	cells	
and	monocytes.173	Normally,	dendritic	cells	mature	in	response	
to	 inflammatory	 stimuli	 and	 shift	 from	 expressing	 CCR1,	
CCR2,	CCR5	and	CCR6	 to	expressing	CCR7.	However,	 IL-10	
blocks	 the	 chemokine	 receptor	 switch.	 Importantly,	 although	
CCR1,	CCR2	and	CCR5	remain	detectable	on	the	cell	surface	
and	 bind	 appropriate	 ligands,	 they	 do	 not	 signal	 in	 calcium	
mobilization	 or	 chemotaxis	 assays.	 Thus,	 IL-10	 converts	 che-
mokine	receptors	to	functional	decoy	receptors,	thereby	serving	
a	down-regulatory	function	(Box	5-7).

Chemokine Regulation of Leukocyte 
Effector Function
CHEMOATTRACTION

Structural	motifs	 in	the	primary	amino	acid	sequence	of	che-
mokines	 have	 an	 important	 impact	 on	 their	 chemoattractive	

Figure 5-9  Regulatory  elements  in  chemokine  promoter.  Depicted 
are  the positions of  the  transcription  factor motifs and  the  regulatory 
cytokines of the eotaxin-1 promoter. The three exons of the gene are 
depicted with rectangles. Positive signals are indicated with (+), whereas 
inhibitory signals are  indicated with  (–). Notably,  IL-4/IL-13 via STAT-6 
induces  transcription;  IFN-γ  induces  transcription  through  an  IFN 
response  element  (γ-IRE);  and  TNF-α  induces  transcription  through 
NFκB. Glucocorticoids (GC) inhibit transcription via the glucocorticoid 
response element (GRE). 
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BOX 5-7 KEY CONCEPTS

Chemokines

• Chemokines are chemoattractive cytokines.
• Chemokines are functionally divided into molecules that are 

constitutively expressed and those that are inducible.
• Chemokines are divided into several families depending on 

the spacing of the first two cysteines (e.g. CC and CXC 
families).

• Chemokines bind to seven-transmembrane, G protein-linked 
receptors.

• Chemokine receptors are genetically polymorphic.
• Chemokine receptors often bind to more than one chemokine 

ligand (i.e. they are promiscuous).
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functions	include	(1)	chemotaxis	of	hematopoietic	progenitor	
cells	 (HPC),	 (2)	 suppressing	 or	 enhancing	 HPC	 proliferation	
and	differentiation	and	(3)	mobilizing	HPCs	to	the	peripheral	
blood.178	 For	 example,	 stromal	 cell-derived	 factor	 (SDF)-1,	 a	
CXC	chemokine,	 is	critical	 for	B	cell	 lymphopoiesis	and	bone	
marrow	 myelopoiesis	 as	 demonstrated	 by	 gene	 targeting.179	
Furthermore,	eotaxin	has	been	shown	to	directly	stimulate	the	
release	of	eosinophilic	progenitor	cells	and	mature	eosinophils	
from	the	bone	marrow.180	Eotaxin	synergizes	with	SCF	in	stimu-
lating	yolk	sac	development	into	mast	cells	 in	vitro181	and	has	
been	shown	to	function	as	a	GM-CSF	after	allergic	challenge	in	
the	lungs.182

MODULATION OF T CELL IMMUNE RESPONSES

T	lymphocytes	have	been	shown	to	express	receptors	for	most	
chemokines,	 thus	 making	 them	 potentially	 responsive		
to	 a	 large	 number	 of	 different	 chemokines.	 Characterization		
of	 chemokine	 receptor	 expression	 has	 shown	 that	 T	 lympho-
cytes	 display	 a	 dynamic	 expression	 pattern	 of	 chemokine		
receptors	and	that	 it	 is	 the	differential	expression	of	receptors	
during	 T	 lymphocyte	 maturation	 and	 differentiation	 that	 is	
thought	to	allow	for	individual	chemokine-specific	functional-
ity	on	T	lymphocytes.183	As	with	dendritic	cells,	CCR7	also	plays	
an	 important	 role	 in	 trafficking	 of	 naïve	 T	 cells	 into	 lymph	
nodes.184	Upon	activation,	T	cells	may	express	an	array	of	che-
mokine	receptors.	Thus,	they	become	sensitive	to	inflammatory	
chemokines,	including	MIP-1α,	MIP-1β,	MCP-3	and	RANTES,	
which	 are	 thought	 to	 mediate	 T	 cell	 trafficking	 to	 sites	 of	
inflammation.185

Chemokines	 have	 an	 important	 role	 in	 the	 induction	 of	
inflammatory	responses	and	are	central	in	selecting	the	type	of	
T	 helper	 response.	 During	 bacterial	 or	 viral	 infections,	 IP-10,	
MIG,	IL-8	and	I-TAC	production	correlates	with	the	presence	
of	CD4+	Th1-type	T	cells.	 In	contrast,	during	allergic	 inflam-
matory	 responses,	 eotaxin,	 RANTES,	 MCP-2,	 MCP-3	 and	
MCP-4	are	induced,	and	the	majority	of	the	CD4+	T	lympho-
cytes	 are	 of	 the	 Th2-type	 phenotype.	 The	 characterization		
of	 chemokine	 receptor	 expression	 on	 T	 lymphocytes	 suggests	
that	 these	 findings	 may	 be	 explained	 by	 CXCR3	 and		
CCR5	 being	 predominantly	 expressed	 on	 Th1-type	 T	 cells,	
whereas	 CCR3,	 CCR4	 and	 CCR8	 have	 been	 associated	 with	
Th2-type	 T	 cells	 and	 CCR6	 on	 Th17	 cells	 (Figure	 5-5).	 In		
addition,	 Th1	 and	 Th2	 cells	 secrete	 distinct	 chemokines186	
(Figure	5-5).	In	mice,	Th1	cells	preferentially	secrete	RANTES	
and	lymphotactin,	whereas	Th2	cells	secrete	MDC	and	TCA3.	
Interestingly,	 supernatants	 from	 Th2	 cells	 preferentially		
attract	Th2	cells.	Alternatively,	chemokines	may	directly	influ-
ence	 the	 differentiation	 of	 naïve	 T	 cells	 to	 the	 Th1	 or	 Th2	
phenotype.	MIP-1α	and	MCP-1	have	been	described	as	capable	
of	 inducing	 the	 differentiation	 of	 Th1	 and	 Th2	 cells,187	 and	
MCP-1-deficient	mice	have	defective	Th2	responses.188	Consis-
tent	with	this	possibility,	BCL-6-deficient	animals	express	high	
levels	of	chemokines,	including	MCP-1,	and	have	systemic	Th2-
type	inflammation.189

The	interaction	of	tissue-specific	dendritic	cells	with	T	cells	
triggers	 expression	 of	 tissue-specific	 homing	 molecules	 on	 T	
cells.	For	example,	intestinal	dendritic	cells	induce	direct	T	cell	
expression	of	the	intestinal	homing	molecules	α4β7	and	CCR9,190	
which	 recognize	 intestinal	 vascular	 mucosal	 addressin	 cell	
adhesion	 molecule	 1	 (MAdCAM-1)	 and	 intestinal	 epithelial	
CCL25.190

ability.	For	example,	CXC	chemokines	are	mainly	chemoattrac-
tants	for	neutrophils	and	lymphocytes.	Furthermore,	ELR	(Glu-
Leu-Arg)-containing	 CXC	 chemokines	 (e.g.	 IL-8)	 are	 mainly	
chemoattractive	 on	 neutrophils,	 whereas	 non-ELR	 CXC	 che-
mokines	(e.g.	IP-10)	chemoattract	selected	populations	of	lym-
phocytes	(Figure	5-7).	In	contrast	to	cellular	specificity	of	CXC	
chemokines,	CC	chemokines	are	active	on	a	variety	of	 leuko-
cytes,	including	dendritic	cells,	monocytes,	basophils,	lympho-
cytes	 and	 eosinophils.	 For	 example,	 as	 their	 names	 imply,		
all	MCPs	have	 strong	chemoattractive	activity	 for	monocytes.	
However,	 they	 display	 partially	 overlapping	 chemoattractant	
activity	 on	 basophils	 and	 eosinophils.	 In	 particular,	 MCP-2,	
MCP-3	and	MCP-4	have	basophil	and	eosinophil	chemoattrac-
tive	activity,	but	MCP-1	is	only	active	on	basophils.	In	contrast	
to	the	MCPs,	the	members	of	the	eotaxin	subfamily	of	chemo-
kines	 (i.e.	 eotaxin-1,	 -2	 and	 -3)	 have	 limited	 activity	 on		
macrophages	 but	 are	 potent	 eosinophil	 and	 basophil	 che-
moattractants.174,175	 Chemokines	 also	 work	 in	 concert	 with	
other	cytokines	to	promote	leukocyte	trafficking.	IL-5	collabo-
rates	 with	 eotaxin	 in	 promoting	 tissue	 eosinophilia	 by	 (1)	
increasing	 the	 pool	 of	 circulating	 eosinophils	 (by	 stimulating	
eosinophilopoiesis	and	bone	marrow	release)	and	(2)	priming	
eosinophils	 to	 have	 enhanced	 responsiveness	 to	 eotaxin.		
The	 ability	 of	 two	 cytokines	 (IL-5	 and	 eotaxin)	 that	 are	 rela-
tively	 eosinophil	 selective	 to	 cooperate	 in	 promoting	 tissue	
eosinophilia	offers	a	molecular	explanation	for	the	occurrence	
of	selective	tissue	eosinophilia	in	human	allergic	diseases	(Box	
5-8).

CELLULAR ACTIVATION

In	addition	to	promoting	leukocyte	accumulation,	chemokines	
are	 potent	 cell	 activators.	 After	 binding	 to	 the	 appropriate	
GPCR,	 chemokines	 elicit	 transient	 intracellular	 calcium	 flux,	
localized	 actin	 reorganization,	 oxidative	 burst	 with	 release	 of	
superoxide	 free	 radicals,	 the	 exocytosis	 of	 secondary	 granule	
constituents	and	 increased	avidity	of	 integrins	 for	 their	adhe-
sion	molecules.	For	example,	in	basophils,	chemokine-induced	
cellular	activation	 results	 in	degranulation	with	 the	 release	of	
histamine	and	the	de	novo	generation	of	LTC4.

158,176,177	Basophil	
activation	by	chemokines	 requires	 cellular	priming	with	 IL-3,	
IL-5	 or	 GM-CSF	 for	 the	 maximal	 effect	 of	 each	 chemokine,	
highlighting	 the	 capacity	 for	 cooperation	 between	 cytokines	
and	chemokines.

HEMATOPOIESIS

In	addition	to	being	involved	in	leukocyte	accumulation,	che-
mokines	 also	 have	 a	 role	 in	 regulating	 hematopoiesis.	 These	

BOX 5-8 KEY CONCEPTS

Chemokines in Allergic Responses

• Chemokines regulate leukocyte recruitment.
• Chemokines are potent cellular activating factors.
• Chemokines are potent histamine-releasing factors.
• Th2 cytokines (e.g. IL-4 and IL-13) are potent inducers of 

allergy-associated chemokines (e.g. eotaxin).
• In allergic tissue, chemokines are frequently produced by 

epithelial cells.
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cells,	 dendritic	 cells,	 eosinophils	 and	 innate	 lymphocytes	 and	
lymphoid	 cells)	 that	 induce	 proinflammatory	 pathways	 and	
adaptive	immune	pathways	have	been	elucidated.	Although	we	
are	in	the	early	phases	of	analysis	of	disease	pathogenesis,	we	have	
already	identified	critical	pathways	that	are	currently	being	ther-
apeutically	targeted	in	patients.	It	is	the	authors’	hope	that	this	
chapter	has	provided	the	appropriate	framework	for	the	reader	
to	understand	(and	contribute	to)	the	next	generation	of	clinical	
intervention	strategies	for	the	treatment	of	allergic	disorders.

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

Conclusion
Allergic	 disorders	 involve	 the	 complex	 interplay	 of	 a	 large	
number	of	leukocytes	(especially	mast	cells,	eosinophils,	neutro-
phils,	 lymphocytes,	 basophils,	 dendritic	 cells,	 innate	 lympho-
cytes	and	lymphoid	cells)	and	structural	tissue	cells	(especially	
epithelial	cells,	smooth	muscle	cells	and	fibroblasts).	A	combina-
tion	of	murine	and	human	studies	has	been	used	to	define	the	
specific	mechanisms	involved	in	leukocyte	activation,	migration	
and	effector	function.	In	particular,	cellular	adhesion	proteins,	
integrins	 and	 chemokines	 have	 emerged	 as	 critical	 molecules	
involved	 in	 leukocyte	 accumulation	 and	 activation.	 Also,		
combinations	 of	 innate	 activation	 pathways	 (involving	 mast	
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KEY POINTS

• The fetal immune system develops at least partial func-
tional competence prior to birth, but whether this 
includes capacity to prime for subsequent postnatal pro-
duction of the allergen-specific IgE antibody associated 
with persistent atopy remains contentious.

• Production of Th1 cytokines such as IFN-γ is restricted 
during fetal development, presumably to prevent  
rejection of the fetus by the mother’s immune system; 
relevant mechanisms include reversible promoter 
methylation.

• T cell populations in neonates are dominated by recent 
thymic emigrants, which respond to antigen with 
reduced specificity and have a reduced capacity to 
promote lasting T cell memory.

• Capacity for innate immune function in the neonatal 
period is a major determinant for risk of infection. 
Preterm babies, who are particularly susceptible to 
severe bacterial infections, have been shown to exhibit 
reduced Toll-like receptor function, a phenomenon also 
observed in infants with atopic mothers.

• Benign microbial stimulation, both postnatally and 
during intrauterine growth, promotes maturation of bal-
anced innate and adaptive immune functions; delayed 
immune maturation in children is associated with height-
ened risk for allergy.

The prevalence of allergic diseases has risen markedly since the 
1960s, particularly in the western world, and similar trends are 
emerging in developing countries transiting toward more afflu-
ent ‘western’ lifestyles. The diseases manifest initially during 
childhood, and have become more prevalent and persistent in 
successive birth cohorts, although there is evidence that preva-
lence may have peaked in several western countries. The impor-
tance of genetic susceptibility in the disease process is widely 
recognized, and it is further recognized that the ultimate expres-
sion of the disease is the result of complex interactions between 
genetic and environmental factors, neither of which have yet 
been comprehensively characterized. There is increasing evi-
dence that the level of complexity inherent in the pathogenesis 
of allergic diseases may be even greater than is currently con-
templated, as an additional set of crucial factors appear to be 
involved. Notably, it appears likely that the ultimate effect(s) of 
these ‘gene × environment’ interactions within individuals may 
also be related to the developmental status of the relevant target 
tissues at the time the interactions occur. Examples of the latter, 

discussed below, are elements of innate and adaptive immune 
function and aspects of airways function relevant to atopic 
asthma.

Immune Function during Fetal Life
The initial stage of hematopoiesis in the human fetus occurs in 
extraembryonic mesenchymal tissue and in the mesoderm of 
the yolk sac. Pluripotent erythroid and granulo-macrophage 
progenitors are detectable in the latter at around the fourth 
week of gestation (Box 6-1). These cells appear subsequently in 
the fetal circulation and by weeks 5 to 6 in the liver, which at 
that stage of development is the major site of hematopoiesis. 
Within the liver, the interactions between stromal cells and 
hematopoietic cells play an important role in regulation. Expres-
sion of fibronectin by stromal cells is increased during the 
second trimester and is believed to result in enhanced prolifera-
tion and differentiation of hematopoietic cells.1 The spleen and 
thymus are seeded from the liver, and by the eighth week of 
development CD7+ precursor cells are found in the thymus,2–4 
whereas stem cells do not appear in bone marrow until around 
the 12th week of gestation.5 T cells recognizable by expression 
of characteristic TcR/CD3 are found in peripheral lymphoid 
organs from weeks 13 to 15 of gestation onwards,6–8 despite the 
lack of well-defined thymic cortical and medullary regions and 
mature epithelial components.3 These early T cells also express 
CD2 and CD5.4 The maturation of nonlymphoid components 
within peripheral lymphoid tissues progresses even more slowly 
and takes up to 20 weeks.8–11

It is feasible that the fetal gastrointestinal tract may be an 
additional site for extrathymic T cell differentiation in the 
human fetus, as has been reported in the mouse.12 T cells are 
detectable in the intestinal mucosa by 12 weeks of gestation,13 
and many of these express the CD8αα phenotype, in particular 
within Peyer’s patches.14 In the mouse, CD8αα cells appear to 
be thymus independent and are believed to develop in the gut. 
Although there is no direct evidence for this in humans, it is 
noteworthy that fetal gut lamina propria lymphocytes are ini-
tially an actively proliferating population as indicated by con-
stitutive expression of Ki67, and there is little or no overlap 
between gut-derived and blood-derived TcRβ transcripts.15

The gut mucosa may also be a major site for differentiation 
of TcRγ/δ cells during fetal life. Rearranged TcRδ genes are 
first detectable in the gut at 6 to 9 weeks of gestation,16 
which is earlier than is observed in the thymus. The liver is 
another significant extrathymic site for TcRγ/δ differentiation 
in humans, including a unique subset expressing CD4.17

The capacity to respond to polyclonal stimuli such as phy-
tohemagglutinin (PHA) is first seen at 15 to 16 weeks of gesta-
tion.18 The degree to which the fetal immune system can respond 
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earlier contact with self or environmental antigens.36 CD4+ 
CD25+ T regulatory cells are detected in fetal lymphoid tissue, 
and they have been shown to have a suppressive effect on fetal 
CD4+ and CD8+ T cells expressing the activation antigen CD69.37 
Fetal thymic exposure to high-avidity TcR ligand has been 
shown to promote development of T regulatory cells in mice, 
while exposure to low-affinity TcR ligand did not; it appears 
that T regulatory cells require a higher ligand avidity for posi-
tive selection than conventional T cells.38 Interestingly, expres-
sion and function of T regulatory cells has been found to be 
impaired at birth in the offspring of atopic mothers.39

These findings collectively suggest that the fetal immune 
system develops at least partial functional competence before 
birth but lacks the full capacity to generate sustained immune 
responses; although IgM responses develop in the fetus follow-
ing maternal tetanus vaccination, there is no evidence of class-
switching in the offspring until they are actively vaccinated.26 
Given the fact that the fetal immune system can generate at least 
primary immune responses against external stimuli, the ques-
tion arises as to how immune responses within or in close 
contact with the fetal compartment are regulated. The necessity 
for tight control of these responses becomes obvious in light of 
findings that a variety of T cell cytokines are exquisitely toxic 
to the placenta.40 Part of this control may be at the level of 
transcription factor expression.

It is also pertinent to question how potential immunostimu-
latory interactions between cells derived from fetal and mater-
nal bone marrow are regulated at the fetomaternal interface. It 
has been clearly demonstrated that fetal cells readily traffic into 
the maternal circulation,41–45 potentially sensitizing the mater-
nal immune system against paternal HLA antigens present on 
the fetal cells. However, it is clear that the maternal immune 
system in the vast majority of circumstances successfully eradi-
cates fetal cells from the peripheral circulation while remaining 
functionally tolerant of the fetus.46 This suggests that tolerance 
of the fetal allograft is a regionally controlled process that is 
localized to the fetomaternal interface.

The mechanisms that regulate the induction and expression 
of immune responses in this milieu are complex and multilay-
ered. The first line of defense appears to involve tolerogenic 
HLA-G-expressing, IL-10-producing dendritic cells detectable 
in the maternal circulation and in the decidua,47 and the activity 
of these is complemented by decidual macrophage popula-
tions.48 The tolerogenic activity of these cell populations is sup-
ported via an immunosuppressive ‘blanket’ maintained through 
the local production within the placenta by trophoblasts and 
macrophages of metabolites of tryptophan generated via indol-
amine 2,3-dioxygenase, which are markedly inhibitory against 
T cell activation and proliferation.49 Constitutive production of 
high levels of IL-10 by placental trophoblasts provides a second 
broad-spectrum immunosuppressive signal to dampen local T 
cell responses,50 as well as the homeostatic function of alterna-
tively activated macrophages.51

An additional line of defense involves mechanisms that 
operate to protect against T cell activation events, which evade 
suppression via these pathways. These include the expression of 
FasL on cells within the placenta providing a potential avenue 
for apoptosis-mediated elimination of locally activated T 
cells,52,53 NK cells that selectively antagonize Th-17 cell activa-
tion,54 and the presence of maternally derived CD4+ CD25+ T 
regulatory cells, which are recruited to the maternofetal inter-
face where they act to dampen fetus-specific responses.55 These 

BOX 6-1 KEY CONCEPTS

MATURATION OF THE IMMUNE SYSTEM

• Weeks 5–6 of gestation: pluripotent erythroid and granulo-
macrophage progenitors are detected in the liver

• Week 8 of gestation: CD7+ precursor cells found in the thymus
• Week 12 of gestation: stem cells appear in bone marrow
• Weeks 13–15 of gestation: T cells found in peripheral lym-

phoid organs
• Weeks 15–16 of gestation: fetal T cells respond to mitogen
• IgM responses develop in fetus following maternal 

vaccination
• Infant T cells express CD1, PNA and CD38, indicative of 

mature thymocytes
• Proportion of CD45RO+ CD4+ T cells increases from <10% at 

birth to >65% in adulthood, reflecting progressive antigenic 
exposure

• Adult peripheral blood T cells express CCR-1, -2, -5, and -6 
and CXCR-3 and CXCR-4, whereas cord blood expresses only 
CXCR-4, reflecting decreased capacity to respond to proin-
flammatory signals at birth

• At infancy, cytotoxic effector functions and capacity to drive 
B cell immunoglobulin production are attenuated

to foreign antigens has not been clearly established. On the one 
hand, the offspring of mothers infected during pregnancy with 
a range of pathogens including mumps,19 ascaris,20 malaria,21 
schistosomes22 and helminths23 display evidence of pathogen-
specific T cell reactivity at birth, whereas infection with other 
organisms such as toxoplasma24 may induce tolerance. However, 
more recent studies have detected significant populations of T 
cells in cord blood that express the effector memory phenotype, 
even in the absence of any evidence of previous maternal  
infection.25 Additionally, vaccination of pregnant women with 
tetanus toxoid results in the appearance of IgM in the fetal 
circulation that is indicative of fetal T cell sensitization.26 Simi-
larly, vaccination of pregnant women against influenza results 
in the presence of influenza-specific IgM in cord blood, and 
virus-specific CD8+ T cells detected by the use of MHC tetra-
mers.27 There is also a variety of evidence based on in vitro 
lymphoproliferation of cord blood mononuclear cells28 and 
recently the presence of low levels of IgE in cord blood29,30 which 
suggests that environmental antigens (including dietary and 
inhalant allergens) to which pregnant women are exposed may 
in some circumstances prime T cell responses transplacentally. 
However these conclusions have been challenged on the basis 
of a variety of evidence of low specificity of cord blood responses 
to allergen (further discussion below) and on the kinetics of 
postnatal development of allergen-specific Th memory,31 and 
the issue remains contentious.32 The recent discovery that the 
placenta is not sterile, but rather hosts a distinct microbiome in 
healthy pregnancy, is sure to stimulate much additional research 
into fetal immune function.33

Studies examining lymphocyte subsets in cord blood from 
babies born at gestational ages between 20 and 42 weeks found 
that the proportion of cord natural killer (NK) cells increased 
with gestational age, while the proportion of CD4+ cells and the 
ratio of CD4+ : CD8+ cells decreased.34,35 Despite the lack of 
significant numbers of CD4+ and CD8+ CD45RO+ T cells in 
cord blood, fetal spleen and cord blood samples from prema-
ture infants contain these cells in relatively high frequency.36 
These ‘postactivated’ or ‘memory’ T cells were unresponsive to 
recombinant IL-2, suggesting they may have been anergized by 
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are RTE, as reflected by their high level of TRECs. These 
researchers also demonstrated that, analogous to thymocytes, 
the RTE were highly susceptible to apoptosis,79 and unlike 
mature adult-derived CD4+ CD45RA+ naïve T cells, they were 
uniquely responsive to common γ-chain cytokines, particularly 
IL-7.79,80 Whereas IL-7 promotes their proliferation and sur-
vival, IL-7-exposed RTE could not reexpress recombination-
activating gene-2 gene expression in vitro. These findings 
suggest that postthymic naïve peripheral T cells in early infancy 
are at a unique stage in ontogeny as RTE, during which they can 
undergo homeostatic regulation including survival and antigen-
independent expansion, while maintaining their preselected 
TcR repertoire.79

Studies examining the patterns of postnatal change in T  
cell surface marker expression have identified relatively high 
numbers of T cells coexpressing both CD4 and CD8 during 
infancy, which is also a hallmark of immaturity.74,81,82 In con-
trast, the expression of CD57 on T cells, which marks non-
MHC-restricted cytotoxic cells, is infrequent, as are T cells 
coexpressing IL-2 and HLA-DR, which is indicative of recent 
activation.82 The expression of other activation markers such as 
CD25, CD69 and CD154 is also low.74

Of particular interest in relation to the understanding of 
overall immune competence during postnatal life are changing 
patterns of surface CD45RA and CD45RO on T cells. T cells 
exported from the thymus express the CD45RA isoform of the 
leukocyte common antigen CD45, and after activation switch 
to CD45RO expression. Most postactivated neonatal CD4+ 
CD45RO+ T cells are short-lived and die within a matter of days, 
but a subset of these is believed to be programmed to enter the 
long-lived recirculating T cell compartment as T memory 
cells.83 The proportion of CD45RO+ cells within the CD4+ T cell 
compartment progressively increases from a baseline of less 
than 10% at birth, up to 65% in adulthood, reflecting age-
dependent accumulation of antigenic exposure.74,82–88 The rate 
of increase within the TcRα/β and TcRγ/δ populations is 
approximately equivalent and is slightly more rapid for CD4+ 
T cells relative to CD8+ T cells.86 The relative proportion of 
CD45RO+ putative memory T cells attains adult-equivalent 
levels within the teen years,82,86 although the population spread 
during the years of childhood is very wide.86 This suggests sub-
stantial heterogeneity within the pediatric population in the 
efficiency of mechanisms regulating the generation of T helper 
memory.

Functional Phenotype of T Cells 
during Infancy and Early Childhood
T cell function during infancy exhibits a variety of qualitative 
and quantitative differences relative to that observed in adults. 
It has been demonstrated when employing a limiting dilution 
analytic system that at least 90% of peripheral blood CD4+ T 
cells from adults can give rise to stable T cell clones, whereas 
the corresponding (mean) figure for immunocompetent T cell 
precursors in infants was less than 35%.89 Moreover, the cyto-
kine production profile of T cell clones from infants displayed 
a prominent Th2 bias,89 which may be related to the recently 
described predilection of T cells from this age group for pref-
erential expression of the master Th2 regulator GATA3.77 
Cloning frequencies within the infant population were bimod-
ally distributed, with a significant subset of ostensibly normal 

mechanisms are complemented by a series of pathways that 
operate to selectively dampen production at the fetomaternal 
interface of Th1 cytokines, in particular interferon-gamma 
(IFN-γ). This cytokine plays an important role in implanta-
tion;56 however, if it is produced in suprathreshold levels at later 
stages of pregnancy, triggered for example by local immune 
responses against microbial or allo-antigens, IFN-γ (and other 
Th1 cytokines) can potentially cause placental detachment and 
fetal resorption.57,58 These Th2-trophic mechanisms involve 
local production of a range of immunomodulators including 
IL-10,50 which programs antigen-presenting cells (APCs) for 
Th2 switching;59 progesterone, which directly inhibits IFN-γ 
gene transcription;60–62 progesterone and estradiol, which both 
inhibit the NF-κB pathway in monocytes;63 and PGE2, which 
promotes Th2 switching via effects upon APCs, in particular 
dendritic cells.59 Circulating myeloid and plasmacytoid den-
dritic cells (mDC and pDC) in late pregnancy appear to be 
constrained with respect to the level of activation they can 
achieve, and it has been suggested that this mechanism may be 
mediated via the glycoprotein hormone activin-A.64

Resistance to Infection during Infancy
Infancy represents a period of high susceptibility to infection 
with a range of pathogens including bacteria and fungi65 and, 
in particular, viruses.66–68 The expression of cell-mediated 
immunity during active viral infection is attenuated in infants 
compared to older age groups,69–71 and the subsequent genera-
tion of virus-specific immunologic memory is also inefficient.72 
These findings suggest that a range of developmentally related 
deficiencies in innate and adaptive immunologic mechanisms 
are operative in neonates.

Surface Phenotype of T Cells  
in Early Life
Total lymphocyte counts in peripheral blood are higher in 
infancy than in adulthood,73 and at birth T cell levels are twice 
those of adults. Longitudinal studies on individual infants indi-
cate a further rapid doubling in T cell numbers in the circula-
tion during the first 6 weeks of life, which is maintained 
throughout infancy.74 Surface marker expression on infant T 
cells differs markedly from that observed in adults. The most 
noteworthy characteristics are frequent expression of CD1,75 
PNA,76 CD3177 and CD38.74,78,79 These four antigens are consid-
ered to mark mature thymocytes as opposed to circulating 
‘mature’ naïve T cells.

Analyses performed on CD38+ cord blood cells have rein-
forced this view. In particular, animal model studies on thymic 
output have led to the development of an accurate technique 
for phenotypic identification of recent thymic emigrants (RTE), 
which are newly produced peripheral naïve T cells that retain a 
distinct phenotypic signature of recent thymic maturation that 
distinguishes them from long-lived naïve T cells produced at 
remote sites. This approach involves the measurement of T cell 
receptor excision circles (TRECs), which are stable extrachro-
mosomal products generated during the process of variable/
diverse/joining (VDJ) TcR gene rearrangement. TRECs are not 
replicated during mitosis, becoming diluted with each round of 
cell division. Hassan and Reen79 have demonstrated that the 
majority of circulating CD4+ CD45RA+ human T cells at birth 
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pathway is accompanied by progressive demethylation of CpG 
sites in the IFN-γ promoter, which is most marked in neonatal 
cells.127 While atopy development by age 2 was not associated 
with variations in methylation patterns in cord blood T cells, 
IFN-γ promoter methylation was reduced in CD8(+) T cells 
from atopic children in the age range in which hyperproduction 
of IFN-γ has recently been identified as a common feature of 
the atopic phenotype.

It has been proposed that many naïve neonatal T cells may 
have low-affinity TcRs and reduced affinity for T cell activation, 
and that expansion may take place without production of con-
ventional memory T cells. If this is the case, cytokine responses 
to antigens in cord blood might have little relevance to immune 
responses to the same antigens later in childhood. It is possible 
that the relevance of cord blood responses to those in later life 
varies according to antigen. Findings from our laboratory have 
suggested that the allergen reactivity of neonatal T cells consists 
predominantly of a default response by recent thymic emi-
grants, which provide an initial burst of short-lived cellular 
immunity in the absence of conventional T cell memory.128 This 
response appears to be limited by parallel activation of regula-
tory T cells, which arise as a result of these initial allergen 
encounters.128,129 There is an inverse relationship between the 
numbers of circulating regulatory and memory CD4 + T cells 
both during pregnancy130 and postnatally.131 The frequency of 
regulatory T cells at birth is inversely associated with gestational 
age130,132–135 and this difference may persist for a significant 
period into infancy.133

Our studies in a longitudinal birth cohort comprising chil-
dren at high risk (i.e. one or both parents allergic) examined 
how immune function in early childhood relates to infection 
and development of allergy. We found that priming of Th2 
responses associated with persistent house dust mite (HDM)-
IgE production in a high-risk cohort occurred entirely postna-
tally, as HDM reactivity in cord blood appeared to be nonspecific 
and was unrelated to subsequent development of allergen-
specific Th2 memory or IgE.31 However, a different picture 
emerged when polyclonal responses to mitogen were assessed 
by measuring PHA-induced cytokines from cultured cord 
blood mononuclear cells (CBMC) from cohort subjects, which 
correlated with frequency/intensity of respiratory infections up 
to age 5.136 The ratio of PHA-induced IL-10 : IL-5 was highly 
predictive of subsequent severe infection, with high IL-5 
responses associated with increased infection risk and the con-
verse for high IL-10 responses. We suggest that the relevant 
underlying mechanisms may involve IL-10-mediated feedback 
inhibition of IL-5-dependent eosinophil-induced inflamma-
tion, which is a common feature of antiviral responses in early 
childhood.136 Additionally, the same immunophenotype appears 
to be associated with reduced capacity to produce IL-21,136 and 
it is significant that a series of studies point to a crucial role for 
this cytokine in resistance to persistent viral infection.137–139 The 
relevance of cord blood responses to immune function in later 
life may depend upon environmental factors and associated 
exposures to infection during pregnancy. A study performed in 
a malaria-endemic region of Kenya examining mononuclear 
cell responses to malaria antigen found that the fine specificity 
of lymphocyte proliferation and cytokine secretion was similar 
in cord and adult blood mononuclear cells.140 Stimulation with 
overlapping peptides to identify dominant malaria T cell epi-
topes also showed that cord blood cells from neonates whose 
mothers who had been malaria-infected during pregnancy were 

healthy subjects displaying particularly low cloning frequencies 
of no more than 20%.89

In apparent contrast to these findings, the magnitude of 
initial T cell proliferation induced by polyclonal T cell mitogens 
such as PHA in short-term cultures is higher at birth than  
subsequently during infancy and adulthood.90,91 However, pro-
liferation is not sustained, which may reflect the greater suscep-
tibility of neonatal T cells to apoptosis post activation79 and/or 
decreased production of IL-2.92,93 In contrast, activation induced 
by TcR stimulation94 and cross-linking CD293,95 or CD2896 is 
reduced.

In addition to these deficiencies, neonatal T cells are hyper-
responsive to IL-497 and hyporesponsive to IL-1298 compared to 
adults, the latter being associated with reduced IL-12 receptor 
expression.99 Neonates also have reduced capacity to produce 
IL-12, which can last into childhood; work from our laboratory 
has suggested that slow maturation of IL-12 synthetic capacity 
can be attributed to deficiencies in the number and/or function 
of dendritic cells.100

Neonatal T cells exhibit heightened susceptibility to anergy 
induction post stimulation with bacterial superantigen, employ-
ing protocols that do not tolerize adult T cells.101,102 This has 
been ascribed to deficient IL-2 production102 but may alterna-
tively be related to developmentally related deficiencies in the 
Ras signaling pathway, which have been associated with second-
ary unresponsiveness to alloantigen stimulation by T cells from 
neonates.103 Additional aberrations in intracellular signaling 
pathways reported in neonatal T cells include phospholipase C 
and associated Lck expression,104 protein kinase C105 and CD28, 
which is associated with dysfunction in FasL-mediated cytotox-
icity106 and reduced NFκB production.96

Profiles of chemokine receptor expression and responsive-
ness in neonatal T cells have been observed to differ distinctly 
from those in adults. In particular, adult peripheral blood T cells 
expressed CCR-1, -2, -5, -6 and CXCR-3 and CXCR-4, whereas 
those from cord blood expressed only CXCR-4, reflecting mark-
edly attenuated capacity to respond to signals from inflamma-
tory foci.107 Additional differences have been observed between 
T cells from normal and preterm infants, particularly with 
respect to CCR4 and α4β7 expression.108

Evidence from a range of studies indicates that both cyto-
toxic effector functions109,110 and capacity to provide help for B 
cell immunoglobulin production109–113 are attenuated during 
infancy. These functional deficiencies are likely to be the result 
of a combination of factors that include decreased expression 
of CD40L,109,111,112 reduced expression of cytokine receptors99,114 
and decreased production of a wide range of cytokines follow-
ing stimulation.89,92,115–121 The mechanism(s) underlying these 
reduced cytokine responses are unclear, but factors intrinsic to 
the T cells themselves,89,122 as well as those involving accessory 
cell functions,122–124 appear to be involved.

The IFN-γ gene is under tight regulation during fetal devel-
opment, presumably to prevent rejection of the fetus by the 
mother’s immune system that may result from excessive IFN-γ 
in the uterine environment.125 Expression of IFN-γ is modu-
lated in part at the epigenetic level via gene methylation, with 
transcriptional activity inhibited by hypermethylation of DNA. 
This laboratory has demonstrated hypermethylation at multi-
ple CpG sites in the proximal promoter region of the IFN-γ gene 
in CD4 + CD45RA + T cells in cord blood relative to their adult 
counterparts.126 We subsequently demonstrated that in vitro 
differentiation of CD4(+) T cells down the Th1, but not Th2, 
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significantly reduced in preterm newborns, along with cytokine 
responses to TLR2 ligand.149

Studies examining the effect of breastfeeding on neonatal 
innate immune response have found that breast milk from days 
1 to 5 postpartum negatively modulated TLR2 and TLR3 ligand 
responses, while enhancing those of TLR4 and 5.150 Breast milk 
has been found to contain sCD14 and sTLR2 in addition to 
unidentified TLR-modulatory factors.151,152 It has been sug-
gested that the differential modulation of TLR function by 
breast milk may serve to promote efficient response to poten-
tially harmful LPS-producing Gram-negative bacteria via TLR4 
while allowing the establishment of Gram-positive bifidobacte-
ria as the predominant intestinal microflora.150

Neonatal immune responses to microbial stimuli appear to 
be affected by maternal allergy. Children with atopic mothers 
have been observed to have significantly lower expression in 
cord blood monocytes of TLR2 and TLR4 than their mothers 
both before and after microbial stimulation, a disparity that was 
not seen between nonatopic mothers and their children.153 In 
addition, CMBC from children with atopic mothers produced 
less IL-6 in response to peptidoglycan stimulation than those 
from children with nonatopic mothers.153 In another study, 
CBMC stimulation with the TLR2 ligand peptidoglycan led to 
secretion of IL-10 and induction of FOXP3 that varied accord-
ing to maternal atopy; CBMC from newborns with maternal 
atopy showed reduced induction of these cytokines compared 
to those without maternal atopy.154

A study from our laboratory focussed on the ontogeny of the 
innate immune system and examined the cytokine secretory 
capacity of mononuclear cells from subjects at various ages 
between birth and adulthood.155 Cells were primed with IFN-γ 
then stimulated with LPS; production of IL-6, IL-10, IL-12, 
IL-18, IL-23, TNF-α and myxovirus resistance protein A (MXA: 
a cytokine induced by type I interferon in response to virus 
infection) was measured and compared. The developmental 
pattern between 1 year and 13 years showed that levels of all 
cytokines increased with age, with levels of some cytokines 
further increasing in adulthood. However, a subset of cytokines 
showed hyperexpression in CBMC. There appeared to be major 
differences in developmental regulation between the MyD88-
dependent (TNF-α, IFN-γ, IL-6 and IL-10) cytokines, which 
were hyperexpressed by CBMC relative to infant peripheral 
blood mononuclear cells (PBMC), compared to the MyD88-
independent cytokines (IL-12, IL-18, IL-23 and MXA) which 
were expressed at lower levels in both CBMC and PBMC from 
infants than in PBMC from older age groups,155 and similar 
dichotomous patterns of production capacity in neonates 
between different classes of cytokines have been reported in 
several more recent studies.156–160 A factor present in neonatal 
plasma has recently been implicated in the polarization of neo-
natal cells toward the low IL-12/high IL-10 producer pheno-
type,161 but this finding has yet to be confirmed.

There appears to be a gradual maturation of phagocytic 
capacity by innate immune cells over time. The phagocytic 
activity of fetal neutrophils and monocytes has been observed 
to be significantly lower than that of healthy neonates and 
adults, and a direct relationship between gestational age and 
number of phagocytosing granulocytes has been demon-
strated.162 Similarly, the activity of NK cells in infants is corre-
lated with gestational age40,163–165 and is significantly impaired 
at baseline compared to children and adults.34 However, follow-
ing stimulation with priming agents exemplified by IL-18  

4-fold more likely to acquire a peptide-specific immune 
response. It was therefore proposed that the fetal malaria 
response functions in a competent adaptive manner, which  
may help to protect neonates from severe malaria during 
infancy.140

Recent research has identified a new subset of T helper cells 
that produce IL-17. These ‘Th17’ cells appear to mediate tissue 
inflammation by supporting neutrophil recruitment and sur-
vival, proinflammatory cytokine production by structural cells 
and matrix degradation (reviewed in reference 141). Studies 
have shown that all IL-17-producing cells originate exclusively 
from CD161+ naïve CD4+ T cells of umbilical cord blood and 
the postnatal thymus in response to a combination of IL-1β and 
IL-23.142 It has also been shown that human naïve CD4++ T cells 
can give rise to either Th1 or Th17 cells in the presence of IL-1β 
and IL-23, with IL-12 presence determining Th1 development. 
Additionally, a subset of IL-17-producing cells possessed the 
ability to produce IFN-γ even after their development from 
CD4+ T cells, perhaps representing an intermediate Th1/Th17 
phenotype.142 A recent study comparing T cells from preterm 
and term infants with those from adults also suggests that Th17 
cell capacity may be inversely related to developmental age, 
leading to a relative Th17 bias in early life,143 and this may reflect 
parallel developmental kinetics for the Th17-trophic cytokines 
IL-6 and IL-23.144 Expression of full Th17 activity in infants may 
require specific stimuli such as viral infection, exemplified by 
respiratory syncytial virus (RSV).145

Innate Immunity in Neonates
There is a high level of interconnectivity between the innate and 
adaptive arms of the immune system. Competent adaptive 
immune function is important for switching off innate immune 
responses to prevent them from overshooting and causing 
bystander damage to host tissues, while defects in innate immu-
nity appear to play a role in the development of a number of 
inflammatory diseases including allergy. Toll-like receptors 
(TLRs) are central to the function of the innate immune system, 
and there are at least 10 known human TLRs that recognize 
pattern motifs present in bacteria, viruses or other prokaryotes. 
Many aspects of TLR-associated functions are inefficient in 
early life,146 though patterns of functional maturation across the 
population are complex and heterogeneous.144

The capacity of the innate immune system to recognize and 
rapidly respond to pathogens via TLRs is a major determinant 
of risk for infection during this crucial period, exemplified  
by recent findings linking respiratory-related hospitalization  
in infants and reduced capacity of their monocytes for viral-
induced IFN-γ production.147 Infants, especially those born 
prematurely, are particularly susceptible to severe bacterial 
infections. A study investigating mechanisms behind this  
phenomenon demonstrated that TLR4 expression is dependent 
on gestational aging: preterm infants show decreased expression 
of TLR4 on monocytes compared to full-term newborns;  
both showed lower expression than adults.148 Similarly, cytokine 
production following lipopolysaccharide (LPS) stimulation  
was significantly lower in whole blood cultures from preterm 
compared to full term infants; both had lower production  
than adults. Subsequent studies examining TLR2 expression 
found that although TLR2 levels did not differ between preterm 
and full-term neonates, levels of the proximal downstream 
adapter molecule myeloid differentiation factor MyD88 were 
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Antigen-Presenting Cell Populations
The key ‘professional’ antigen-presenting cell (APC) popula-
tions in this context are the mononuclear phagocytes (MPCs), 
dendritic cells (DCs) and B cells. The precise role of each cell 
type in different types of immune response is not completely 
clear, although it is evident that DCs represent the most potent 
APC for priming the naïve T cell system against antigens 
encountered at low concentrations (e.g. virus and environmen-
tal allergens).

Ontogenic studies on human MPCs have been essentially 
limited to blood monocytes. Although neonatal populations 
appear comparable to those of adults in number and phagocytic 
activity,188,189 they display reduced chemotactic responses190 and 
reduced capacity for secretion of inflammatory cytokines such 
as TNF-α.191 Their capacity to present alloantigen to T cells is 
reportedly normal,192 but they display reduced levels of MHC 
class II expression.193 Several studies have implicated poor 
accessory cell function of infant blood monocytes as a co-factor 
in the reduced IFN-γ responses of infant T cells to polyclonal 
mitogens such as PHA,122–124 possibly as a result of diminished 
elaboration of co-stimulator signals. Macrophage populations 
at mucosal sites such as the lung and airways have important 
immunoregulatory roles in adults,194 but it is not clear whether 
these mechanisms are operative in early life. A murine study 
from our group indicates lower levels of expression of immu-
nomodulatory molecules, including IL-10 and nitric oxide, by 
lung macrophages during the neonatal period.195

B cells are also recognized as important APCs, in particular 
for secondary immune responses.196,197 In murine systems, it has 
been demonstrated that neonatal B cells function poorly as 
APCs relative to their adult counterparts and do not reach 
adult-equivalent levels of activity until after weaning.188,198

As noted previously, DCs are the most potent APC popula-
tion in adult experimental animals for initiation of primary 
immunity and in this regard have been designated as the ‘gate-
keepers’ of the immune response.199 The distribution and phe-
notypes of these cells appear comparable in murine and human 
tissues, and it is accordingly reasonable to speculate that the 
proposed role of murine DCs as the link between the innate and 
adaptive arms of the immune system199–202 is also applicable in 
man. Importantly, in the context of allergic disease, comparative 
studies on DCs from mucosal sites in humans and experimental 
animals suggest very similar functional characteristics.203

DCs commence seeding into peripheral tissues relatively 
early in gestation,204 and at birth recognizable networks of these 
cells can be detected in a variety of tissues including epider-
mis,204–206 intestinal mucosa207,208 and the upper and lower respi-
ratory tract.209,210 The cells within these DC networks in perinatal 
tissues are typically present at lower densities and express lower 
levels of surface MHC class II relative to adults,205,206,210 hinting 
at developmentally related variations in function phenotype. 
Recent murine studies have emphasized these differences. 
Notably, the phenomenon of neonatal tolerance in mice has 
recently been ascribed to the relative inability of neonatal DCs 
from central lymphoid organs to present Th1-inducing signals 
to T cells, leading to the preferential generation of Th2-biased 
immune responses.211 Of particular relevance to studies on sus-
ceptibility to infectious and allergic diseases in infancy, our 
group has demonstrated that in the rat the airway mucosal  
DC compartment develops very slowly postnatally, not attain-
ing adult-equivalent levels of tissue density, MHC class II 

and IL-12163 or single-stranded RNA,166 neonatal cells rapidly 
develop higher levels of IFN-γ and cytolytic activity than are 
seen in adults, suggesting that this arm of innate immunity  
may play a significant role in host defense during this life  
period.

A series of recent studies have added a further layer of com-
plexity to this picture, with the demonstration that develop-
mental heterogeneity across the spectrum of innate immune 
functions also varies in relation to ethnic background and/or 
geographic location of study groups;167–170 similar observations 
apply to innate regulatory T cell activity in early life.168

B Cell Function in Early Life
Certain aspects of B cell function in neonates appear unique in 
relation to adults. In particular, large numbers of neonatal B 
cells express CD5,171,172 together with activation markers such as 
IL-2R and CD23.171 It has been postulated that these CD5+ B 
cells act as a ‘first line of defense’ in primary antibody responses 
in neonates utilizing a preimmune repertoire, in contrast to 
CD5− B cells in which response patterns are acquired following 
antigen contact.173 Unlike adult B cells, these neonatal B cells 
proliferate readily in the presence of IL-2 or IL-4 without 
requirement of further signals.171,174–176 An additional (albeit less 
frequent) neonatal B cell subset expresses IgD, IgM, CD23 and 
CD11b, is CD5 variable, and spontaneously secretes IgM anti-
bodies against a range of autoantigens.171

Conventional B cell function, that is, antibody production 
following infection or vaccination, is reduced in infants relative 
to adults,72 and some in vitro studies suggest that this may be 
related to a defect in isotype switching.177 The relative contribu-
tions of the T cell and B cell compartments to this deficiency in 
immunoglobulin production are widely debated, but the con-
sensus is that both cell types play a role.

As noted previously, T cells in infants do not readily express 
high levels of CD40L109–113 unless provided with particularly 
potent activating stimuli.178 CD40L represents a critical signal 
for T helper cell-induced class switching179 and the generally low 
expression on neonatal T cells may thus be a limiting factor in 
the process. Reduced T cell cytokine production89,92,115–121 may 
further exacerbate the problem. However, although immuno-
globulin production by neonatal B cells is low in the presence 
of neonatal T helper cells, production levels can be markedly 
improved if mature T helper cells or adequate soluble signals 
are provided.113,174,180 However, the neonatal B cells still fail to 
reach adult-equivalent levels of production, suggesting that an 
intrinsic defect also exists. In this regard, it is pertinent to note 
that functional immaturity within the B cell compartment has 
recently been identified as a predictor of high risk for later 
development of allergic disease.181

Growing interest in the human microbiome in health and 
disease has reawakened interest in the role of gut flora in the 
development of the overall B cell repertoire,182 in particular the 
stimulatory effect of early gut colonization on B memory cell 
expansion.183,184 An additional area of B cell immunobiology 
that is set to have a major impact in the area of immune devel-
opment and allergy pertains to the activity of regulatory B cell 
populations, which are hypothesized to play a direct role in 
control of allergic inflammation;185,186 moreover, a related popu-
lation of B cells has been identified in neonatal thymic tissue, 
which appears to stimulate the generation of regulatory T 
cells.187
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weaning.236 MC-derived proteases appear transiently in serum 
around the time of weaning in the rat, suggesting that the 
immature MC populations may be unstable or are undergoing 
local stimulation at this time,237 and a similar transient peak of 
MC tryptase is observed in human serum during infancy.238

Direct functional studies on MCs from immature subjects 
are lacking. However, a 2001 report employed oligonucleotide 
microarray technology to examine IL-4-induced gene expres-
sion in cultured MCs derived from cord blood versus adult 
peripheral blood; the results indicate that expression of FcεR1α 
is 10-fold higher in adult-derived MCs.239 This suggests that 
during infancy the capacity to express IgE-mediated immunity 
may be restricted, but confirmation of this possibility must 
await further detailed studies.

Postnatal Maturation of Immune 
Functions and Allergic Sensitization
Studies from a number of groups have highlighted the impor-
tance of the early postnatal period in relation to the develop-
ment of long-lasting response patterns to environmental 
allergens. In particular, it is becoming clear that initial priming 
of the naïve immune system typically occurs before weaning 
and may consolidate into stable immunologic memory before 
the end of the preschool years. Given that the underlying  
immunologic processes involve coordinated operation of  
the full gamut of innate and adaptive immune mechanisms, 
issues relating to developmentally determined functional com-
petence during this life phase may be predicted to be of major 
importance.

In relation to initial priming of the T cell system against 
allergens, reports from numerous groups indicate the presence 
of T cells responsive to food and inhalant allergens in cord 
blood.240–244 Cloning of these cells and subsequent DNA geno-
typing indicated fetal as opposed to maternal origin,245 and the 
array of cytokines produced in vitro in their responses is domi-
nated by Th2 cytokines, although IFN-γ is also observed, sug-
gestive of a Th0-like pattern.245 The issue of how initial priming 
of these cells occurs remains to be resolved. It is possible that 
transplacental transport of allergen, perhaps conjugated with 
maternal IgG, may be responsible, and some indirect evidence 
based on in vitro perfusion studies has been published to 
support this notion.246 Moreover, the use of sensitive microas-
says has detected the presence of low levels of allergen-specific 
(particularly food allergen) IgE antibodies in cord blood which 
are unrelated to maternal antibody profiles, arguing against 
cross-contamination,29,30 though this has been disputed.247 Fur-
thermore, prospective tracking of the postnatal appearance of 
aeroallergen-specific IgE antibody, and corresponding allergen-
specific Th memory, shows strong concordance between these 
phenomena, commencing some time (depending on the speci-
ficity) between birth and age 6 months.248 Alternatively, initial 
priming of T helper cells that drive production of these neona-
tal antibody responses may be against cross-reacting antigens 
as opposed to native allergen, and the uncertain relationship 
between maternal allergen exposure and newborn T cell reac-
tivity is consistent with this view.249,250 The T cell epitope map 
of the typical cord blood T cell response to ovalbumin (OVA), 
involving multiple regions of the OVA molecule,251 suggests 
major qualitative differences relative to conventional adult T 
cell responses.

expression or capacity to respond to local inflammatory stimuli 
until after biologic weaning.210,212

Data based initially on immunohistochemical studies of 
autopsy tissues213,214 and subsequently verified by airway biopsy 
studies215 suggest that the kinetics of postnatal maturation of 
airway DC networks in humans may be comparably slow.

Reports suggest that the numbers of circulating HLA-DR+ 
plasmacytoid and myeloid DCs are reduced at birth relative to 
adults,216,217 with mDCs showing diminished APC activity.218,219 
Additionally, analysis of cord blood monocyte-derived DC 
functions indicates diminished expression of HLA-DR, CD80 
and CD40 and attenuated production of IL-12p35 in response 
to stimuli such as LPS, poly(I : C) and CD40 ligation.220 
However, studies using human CD8+ T cell clones to compare 
the ability of neonatal and adult DCs to present and process 
antigen using the MHC class I pathway found that neonatal 
DCs were not defective in their ability to perform these func-
tions.221 Studies have shown that synergistic stimulation of neo-
natal DCs by ligands for multiple TLRs is required for efficient 
differentiation, signaling and T cell priming; membrane-
associated TLR4 and intracellular TLR3 were found to act in 
synergy with endosomal TLR4 to induce functional maturation 
of neonatal DCs.222 Interestingly, cord blood monocyte-derived 
DCs have also been shown to express higher levels of IL-27 fol-
lowing TLR stimulation, which may compensate for the dimin-
ished ability of neonatal DCs to produce IL-12.223

Granulocyte Populations
Eosinophils, mast cells and basophils play key roles in the patho-
genesis of allergic disease, performing important functions in 
relation to host resistance to certain pathogens, and are thus 
relevant to this discussion. In particular, hyperreactivity within 
this granulocyte compartment, exemplified by exaggerated 
airway eosinophil responses to viral infections as highlighted in 
recent studies on RSV,224,225 is widely considered a harbinger of 
the early stages of asthma pathogenesis in children.

Eosinophilia in the first year of life has been linked to 
enhanced risk for later development of atopic diseases in a 
range of studies but few direct mechanistic data are available. 
Several earlier observations are suggestive of developmentally 
related problems in eosinophil trafficking in early life; inflam-
matory exudates in neonates frequently contain elevated 
numbers of eosinophils,226–228 and eosinophilia is common in 
premature infants.229,230 The mechanisms underlying these 
developmental variations in eosinophil function are unclear, 
but some evidence suggests a role for integrin expression involv-
ing Mac-1231 and L-selectin.232 Developmental defects in this 
compartment may additionally be more frequent in the off-
spring of atopic mothers233,234 and may thus be part of the suite 
of mechanisms that mediate genetically determined high risk 
for allergic disease.

Adult mucosal tissues contain discrete populations of 
mucosal mast cells (MMCs) and connective tissue mast cells 
(CTMCs), respectively, within epithelia and underlying lamina 
propria. No direct information is available on the ontogeny of 
these mast cells (MCs) in human tissues, but indirect evidence 
suggests that they seed into gut tissues during infancy in 
response to local inflammatory stimulation.235 Our group has 
examined the kinetics of postnatal development of MCs in  
the rat respiratory tract, and has reported that both MMC  
and CTMC populations develop slowly between birth and 
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may retard this process. Genetic variations described in CD14 
may be an example,267,268 and similar variants in one or more of 
the TLR genes constitute additional likely candidates. These 
possibilities are of particular interest in light of reports that 
environmental exposure to airborne bacterial lipopolysaccha-
ride in childhood may be protective against Th2-mediated sen-
sitization to inhalant allergens.269,270 European ‘farmer-mother’ 
studies have demonstrated that the combination of prenatal 
and postnatal exposure to inhaled and ingested microbial 
breakdown products is associated with strong protective effects 
against development of allergic diseases during early child-
hood.271 A range of immune-associated mechanisms may con-
tribute to these effects including modulation of TLR function 
initially in decidual tissue at the fetomaternal interface272,273 and 
subsequently within the developing innate immune system of 
the offspring.274,275 These exposures appear to stimulate the 
postnatal development of regulatory T cell function,276,277 which 
has previously been identified as deficient in children at high 
risk of development of allergic diseases.39,278,279 It is pertinent to 
note that these exposures have also been observed to enhance 
postnatal maturation of IFN-γ-producing capacity,280 a lack of 
which has been identified as a risk factor for allergy by our 
group and others. Longitudinal studies have suggested that Th1 
deficiency may be transient and reversible, such that by 18 
months of age Th1 function in children with atopic family 
history is equivalent to or greater than that in children without 
atopic family history.281 We found in studies focussing on 
CBMC from AFH+ children that early development of sensitiza-
tion within this low-IFN-γ-producing group is maximal among 
those who later show the highest IFN-γ responses, suggesting a 
potentially dualistic role for IFN-γ in atopy pathogenesis.282 
This conclusion is reinforced by the results of other studies in 
older (school age) children that suggest a positive role for IFN-γ 
in airway symptomatology in atopics.283,284 It is also feasible that 
IL-17285 and TNF-α286 responses may play a similar dualistic 
role in disease pathogenesis.

Further research is required to elucidate the complex regula-
tory mechanisms that govern generation of different patterns 
of allergen-specific Th memory during childhood. However, it 
is also becoming clear that an additional, and related, set of 
complexities needs to be considered. It is now evident that only 
a subset of atopic patients progress to development of severe 
persistent allergic diseases, in particular atopic asthma,287 and it 
is likely that these subjects suffer additional and/or particularly 
intense inflammatory insults to target tissues. In this context, 
epidemiologic evidence suggests that risk for development  
of persistent asthma is most marked in children who display 
early allergic sensitization to inhalants288,289 and who develop 
severe wheezing and lower respiratory tract infections  
during infancy.289–291 This has given rise to the suggestion that 
development of the airways remodeling characteristic of chronic 
asthma292 may, in many circumstances, be the long-term result 
of inflammation-induced changes in lung and airway differen-
tiation during critical stages of early growth during childhood. 
Resistance to respiratory infections is also mediated by the same 
Th1 mechanisms identified as attenuated in children at risk of 
atopy,293 suggesting that the same set of genetic mechanisms 
may be responsible for airways inflammation induced via the 
viral infection and atopic pathways in children at high risk of 
asthma (Box 6-2).

In this regard, a rapidly emerging area of interest relates to 
the role of vitamin D and resistance to infections and allergic 

Regardless of how initial T cell responses are primed, it is 
clear that direct exposure to environmental allergens during 
infancy drives the early responses down one of two alternate 
pathways. In the majority of (nonatopic) subjects, the Th2 cyto-
kine component of these early responses progressively dimin-
ishes, and by age 5 years in vitro T cell responses to allergens 
comprise a combination of low-level IFN-γ and IL-10 
production.251–253 In contrast, a subset of children develop posi-
tive skin prick test (SPT) reactivity to one or more allergens, 
and in vitro stimulation of PBMC with the latter elicits a mixed 
or Th0-like response pattern comprising IL-4, IL-5, IL-9, IL-10, 
IL-13 and IFN-γ.253 This latter pattern closely resembles that 
seen in the majority of adult atopic patients, and much more 
commonly develops in atopic family history positive (AFH+) 
children than in their AFH− counterparts.

It is increasingly debated whether it remains useful to 
describe these differing responses in human atopic and non-
atopic patients within the framework of the murine Th1/Th2 
paradigm, which was based upon the concept of reciprocal and/
or antagonistic patterns of Th memory expression. In this 
context, studies from our group254,255 indicate that reciprocal 
patterns of expression of the transcription factor GATA3, analo-
gous to those that distinguish Th1 from Th2 polarized cell lines 
(with regard to down-regulation vs up-regulation, respectively, 
post stimulation), are reiterated during the allergen-specific 
recall responses of CD4+ T cells from nonatopic versus atopic 
subjects. Moreover as noted above, hyperexpression of this Th2 
master regulator is a feature of T cells in the infant period77 
during which allergen-specific Th memory priming is most 
commonly initiated.248 This suggests that the Th1/Th2 model 
still provides a potentially useful framework for the study of 
allergic responses, despite the strong likelihood of significant 
interspecies differences.

The central issue in relation to understanding the initial 
phase of allergic sensitization in childhood concerns the molec-
ular basis for genetic susceptibility to development of Th2-
polarized memory against inhalant allergens, and the key to the 
resolution of this puzzle may lie in a more comprehensive 
understanding of the mechanisms that drive postnatal matura-
tion of adaptive immune function. In this regard, we have 
reported earlier that genetic risk for atopy was associated with 
delayed postnatal maturation of Th cell function, in particular 
Th1 function, and that this may increase risk for consolidating 
Th2-polarized memory against allergens during childhood. The 
evidence originally presented was based on decreased periph-
eral blood T cell cloning frequency and diminished IFN-γ pro-
duction by T cell clones in AFH+ infants relative to their 
AFH− counterparts,89 and these findings have been substanti-
ated in several independent laboratories employing bulk culture 
studies with neonatal PBMC.256–261

We have proposed that this phenomenon may derive from 
inappropriate postnatal persistence of one or more of the mech-
anisms responsible for selective damping of T cell function, in 
particular that relating to Th1 immunity, during fetal life.262 A 
possible contributor may be reduced expression of protein 
kinase C (PKC) ζ in immature T cells, which is associated with 
prolongation of Th2 polarization, particularly in infants of 
allergic mothers.263 Alternatively, given that the postnatal matu-
ration of adaptive immunity is essentially driven by microbial 
signals from the outside environment,262,264,265 one or more defi-
ciencies in relevant receptors or downstream signaling pathways 
in microbial sensing cells within the adaptive immune system266 
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antigen-presenting cells in cord blood, identified by expression 
of ILT3 and ILT4 transcripts.302

The question of whether insufficient vitamin D during 
immune development can predispose children to allergy and 
asthma is a hot topic, and one that is currently unresolved as 
cohort studies have yielded conflicting results.303,304 While this 
may in part be explained by inconsistencies in vitamin D mea-
surement, heterogeneity between cohort populations is likely to 
be an important factor given that some associations between 
vitamin D and clinical outcomes are modified by specific 
genotypes.

An additional variable that merits more detailed research in 
this context is the role of airway DC populations. In the adult, 
these cells regulate the Th1/Th2 balance in immune responses 
to airborne antigens305 and also mediate primary and secondary 
immunity to viral pathogens.199 However, airway DC networks 
develop very slowly postnatally, apparently ‘driven’ by exposure 
to inhaled airborne irritants162 including bacterial lipopolysac-
charides,306,307 and also by viral infections.215 Hence the rate at 
which this key cell population gains competence to respond to 
maturation-inducing stimuli and then to orchestrate appropri-
ately balanced T cell responses against viral pathogens, allergens 
and also bacterial pathogens within the nasopharyngeal micro-
biome308 may be a key determinant of overall susceptibility to 
allergic disease. Variations in the genes that govern the func-
tions of these cells in early life are thus likely to be of major 
importance in the etiology of a variety of disease processes, in 
particular atopic asthma and related syndromes.

Conclusions
Only a subset of patients with atopy develop more severe aller-
gic diseases, and the ability to identify these patients early, and 
to choose treatment strategies accordingly, could potentially 
improve patient outcome. A variety of independent studies 
suggest that prospective evaluation of blood IgE levels, particu-
larly in early childhood, may significantly aid in early identifica-
tion of at-risk subjects.309

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

diseases during childhood. Vitamin D is a potent immuno-
modulator; the active form (1,25(OH)2-vitamin D) complexes 
with its receptor in most known cell types, including immune 
cells, to initiate transcription of many genes.294 Vitamin D 
induces epithelial and immune cells to produce antimicrobial 
peptides such as cathelicidin and defensin, which mediate 
killing of viruses and bacteria.295 This mechanism is active at 
birth,296 and low vitamin D at birth has been associated with 
increased respiratory infections in early life.297 Vitamin D also 
promotes immune tolerance to allergens by up-regulating regu-
latory T cells298 and suppressing IgE production.299 A positive 
correlation has been observed between vitamin D and IL-10 
levels in cord blood,300 though another study found no associa-
tions between vitamin D and immune cell populations in cord 
blood.301 Supplementation of pregnant mothers with vitamin D 
has been associated with increased production of tolerogenic 

BOX 6-2 KEY CONCEPTS

ROLE OF IMMUNE DEVELOPMENTAL FACTORS ON 
ALLERGIC RESPONSE

• Dendritic cells (DCs) are the most potent antigen-presenting 
cells for priming naïve T cells against antigens encountered 
at low concentrations

• Neonatal DCs present weak Th1-inducing signals to T cells, 
leading to preferential generation of Th2 immune responses

• Slow postnatal maturation of IFN-γ production capacity is 
linked to genetic risk for atopy

• Maturation of adaptive immunity is driven by microbial 
signals. Microflora in the gut, nasopharynx and lower airways 
are likely to contribute to these signals; the demonstration of 
a unique placental microbiome raises the question of whether 
this process could begin in utero

• A deficiency in microbial receptors (e.g. CD14, Toll receptors) 
or downstream signaling pathways may prevent the develop-
ment of polarized Th1 responses

• Atopy may be associated with reduced diversity of commen-
sal bacteria in early life

• Appropriate levels of vitamin D during immune development 
may be important to boost innate immune defenses against 
infection and to promote tolerance versus sensitization to 
allergens. An optimal vitamin D range for immune function 
has not been defined and could vary between individuals due 
to genotype-vitamin D interactions
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KEY POINTS

• Chronic/recurrent respiratory tract infections are 
common problems for children with allergy but may also 
be the presenting symptoms of an underlying defect in 
host defense such as primary and secondary immuno-
deficiency, cystic fibrosis, ciliary dyskinesia and dysfunc-
tional swallowing.

• Diagnosis of an underlying disorder is essential for 
optimal clinical management.

• Presenting features of immunodeficiency include 
increased susceptibility to infection (chronic or recurrent 
infections, infections of unusual severity, infections 
caused by opportunistic pathogens), autoimmune/
inflammatory disorders and syndrome complexes.

• The types of infections and other symptoms should 
guide the choice of screening laboratory tests.

• Mutation analysis can confirm the diagnosis and facili-
tate genetic counseling and screening of other family 
members who may be asymptomatic.

Many	children	who	present	for	allergy	evaluation	have	chronic/
recurrent	 respiratory	 tract	 infections.	 Allergy	 may	 predispose	
the	 patient	 to	 such	 symptoms	 because	 swelling	 of	 the	 nasal	
mucosa	 causes	 obstruction	 of	 the	 sinus	 ostia	 and	 eustachian	
tubes.	 However,	 one	 must	 be	 alert	 to	 the	 possibility	 of	 other	
underlying	 problems,	 including	 primary	 immunodeficiency	
diseases,	secondary	immunodeficiency	caused	by	other	illnesses	
or	medications,	cystic	fibrosis,	ciliary	disorders	and	pulmonary	
aspiration.	Environmental	factors	such	as	exposure	to	cigarette	
smoke,	day	care	and	the	number	of	household	members	must	
also	be	considered.	This	chapter	provides	an	approach	to	evalu-
ating	children	for	these	disorders.

Definition of Recurrent Infections
It	is	difficult	to	define	increased	susceptibility	to	infection	with	
precision	 (Box	 7-1).1	 For	 example,	 chronic/recurrent	 otitis	
media	is	very	common	in	the	first	two	years	of	life	but	thereafter	
decreases	 in	 frequency.	 Rather	 than	 defining	 an	 arbitrary	
number	 of	 ear	 infections	 that	 is	 ‘too	 many’,	 the	 nature	 and	
pattern	 of	 those	 infections	 provide	 a	 more	 reliable	 guide	 to	
identify	 the	 child	 who	 deserves	 further	 evaluation.	 Ear	 infec-
tions	 that	 increase	 in	 frequency	 after	 the	 age	 of	 2	 years,	 are	
associated	with	infections	at	other	sites	or	occur	in	the	context	
of	failure	to	thrive	should	raise	the	suspicion	of	an	underlying	

disorder.	Similarly,	 it	 is	unusual	for	a	child	to	have	more	than	
one	episode	of	pneumonia	per	decade	of	life,	chronic	or	recur-
rent	sinusitis	or	bronchitis.

Other	clues	to	an	abnormal	susceptibility	to	infection	include	
a	history	of	 infections	at	multiple	anatomic	 locations	or	rela-
tively	unusual	 infections	such	as	sepsis,	 septic	arthritis,	osteo-
myelitis	and	meningitis.	In	some	instances,	patients	may	present	
with	one	or	more	 infections	that	are	unusually	severe,	 lead	to	
an	 unexpected	 complication	 (e.g.	 pneumonia	 with	 empyema		
or	otitis	media	with	mastoiditis)	or	are	caused	by	an	organism	
of	 relatively	 low	 virulence	 (e.g.	 Aspergillus	 or	 Pneumocystis 
jirovecii).

Sometimes,	 the	 most	 challenging	 aspect	 of	 evaluating	 the	
past	medical	history	is	assessing	the	reliability	of	the	data.	It	may	
be	difficult	to	distinguish	pneumonia	from	atelectasis	with	fever	
in	children	with	reactive	airway	disease.	Sinusitis	is	easily	mis-
taken	for	purulent	rhinitis,	unless	a	computed	tomography	scan	
documents	 sinus	 involvement.	 Diarrhea	 may	 be	 the	 result	 of	
infection	or	an	adverse	effect	of	antibiotic	therapy.	Finally,	the	
infections	 in	a	patient	with	an	immunodeficiency	may	not	be	
severe	or	progressive	because	of	rapid	institution	of	antibiotic	
therapy.	 Indeed,	 many	 patients	 ultimately	 diagnosed	 with	 a	
primary	 immunodeficiency	 present	 with	 an	 infection	 history	
that	is	not	distinguishable	from	normal	children.

It	is	also	important	to	account	for	environmental	exposure.	
There	 is	 an	obvious	 explanation	 for	 frequent	 infections	 in	an	
infant	 attending	 a	 large	 daycare	 center	 during	 the	 winter	
months,	 whereas	 the	 same	 number	 of	 infections	 might	 raise	
concern	in	an	only	child	cared	for	in	the	home.	Similarly,	expo-
sure	to	cigarette	smoke	and	drinking	from	a	bottle	in	a	supine	
position	are	known	risk	factors	for	a	variety	of	respiratory	tract	
symptoms	 including	 infections.	 A	 sometimes	 useful	 clue	 is	
whether	the	child	has	had	distinctly	more	infections	than	his/
her	siblings	by	a	comparable	age.

Early	diagnosis	of	an	underlying	disorder	is	critical	because	
it	 may	 lead	 to	 more	 effective	 approaches	 to	 therapy	 and		
appropriate	anticipatory	guidance.	Furthermore,	because	some	
underlying	disorders	are	inherited	in	Mendelian	fashion,	early	
diagnosis	is	essential	for	making	genetic	information	available	
to	the	families	of	affected	individuals.

The Clinical Presentation  
of Underlying Disorders
ALLERGY

Patients	with	allergic	disease,	rhinitis	and/or	asthma	often	have	
symptoms	of	both	acute	and	chronic	sinusitis.2	There	is	little	to	
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between	 the	 two	 in	 IgA-deficient	 individuals.	Management	of	
sinusitis	should	be	medical	with	avoidance	of	surgery,	unless	all	
else	fails.

IMMUNODEFICIENCY

The	primary	immunodeficiency	diseases	were	originally	viewed	
as	 rare	 disorders,	 characterized	 by	 severe	 clinical	 expression	
early	in	life.	However,	it	has	become	clear	that	these	diseases	are	
not	 as	 uncommon	 as	 originally	 suspected,	 that	 their	 clinical	
expression	can	sometimes	be	relatively	mild,	and	that	they	are	
seen	 nearly	 as	 often	 in	 adolescents	 and	 adults	 as	 they	 are	 in	
infants	 and	 children.6–8	 In	 fact,	 the	 presentation	 of	 immuno-
deficiency	may	be	so	subtle	that	the	diagnosis	will	be	made	only	
if	the	physician	is	alert	to	that	possibility.

Patients	 with	 primary	 immunodeficiency	 diseases	 most	
often	are	recognized	because	of	their	increased	susceptibility	to	
infection,	 but	 they	 may	 also	 present	 with	 a	 variety	 of	 other	
clinical	manifestations	(Box	7-2).	In	fact,	noninfectious	mani-
festations,	 such	 as	 autoimmune	 disease,	 may	 be	 the	 first	 or		
the	 predominant	 clinical	 symptom	 of	 underlying	 immuno-
deficiency.	Other	immunodeficiency	diseases	may	be	diagnosed	
because	of	their	known	association	with	syndrome	complexes.

INFECTION

An	 increased	 susceptibility	 to	 infection	 is	 the	hallmark	of	 the	
primary	immunodeficiency	diseases.	In	most	patients,	the	strik-
ing	 clinical	 feature	 is	 the	 chronic	 or	 recurring	 nature	 of	 the	
infections	 rather	 than	 the	 fact	 that	 individual	 infections	 are	
unusually	 severe.1	 However,	 not	 all	 immunodeficient	 patients	
are	diagnosed	after	recurrent	infections.	In	some,	the	first	infec-
tion	may	be	sufficiently	unusual	to	raise	the	question	of	immu-
nodeficiency.	For	example,	an	infant	who	presents	with	infection	
caused	by	P. jirovecii	or	another	opportunistic	pathogen	is	likely	
to	be	 immunodeficient	even	 if	 it	 is	his	or	her	first	recognized	
infection.

AUTOIMMUNE/CHRONIC  
INFLAMMATORY DISEASE

Immunodeficient	 patients	 can	 present	 with	 autoimmune	 or	
chronic	 inflammatory	 diseases.	 It	 is	 thought	 that	 the	 basic	
abnormality	 leading	 to	 immunodeficiency	 may	 also	 lead	 to	
faulty	 discrimination	 between	 self	 and	 non-self	 and,	 thus,		
susceptibility	to	develop	an	autoimmune	disease.	The	manifes-
tations	of	these	disorders	may	be	limited	to	a	single	target	cell	
or	organ	(e.g.	autoimmune	hemolytic	anemia,	immune	throm-
bocytopenia,	 autoimmune	 thyroiditis,	 inflammatory	 bowel	

distinguish	 the	 symptoms	 or	 mucopurulent	 discharge	 in	
patients	 with	 immunodeficiency	 compared	 with	 those	 with	
allergic	disease.	Similarly,	radiographic	studies	do	not	discrimi-
nate	between	the	two.	History	is	important	because	flare-ups	of	
sinusitis	often	accompany	exacerbations	of	the	underlying	aller-
gic	 symptoms,	 and	 patients	 may	 report	 more	 symptomatic	
improvement	 when	 treated	 with	 corticosteroids	 than	 when	
treated	with	antibiotics.	In	general,	a	history	of	atopy	makes	a	
diagnosis	of	immunodeficiency	less	likely	because	the	ability	to	
produce	specific	IgE	antibodies	usually	indicates	normal	B	and	
T	 cell	 function.	 However,	 there	 are	 several	 exceptions	 to	 this	
generality.	These	include	Wiskott-Aldrich	syndrome	(thrombo-
cytopenia,	 eczema,	 immunodeficiency),	 hyper-IgE	 syndromes	
(severe	 atopic	 dermatitis	 and	 a	 history	 of	 retained	 primary	
teeth,	bone	fractures,	pneumonia	sometimes	with	empyema,	or	
chronic/recurrent	 cutaneous	 viral	 infections	 such	 as	 warts		
and	 molluscum	 contagiosum)	 and	 the	 syndrome	 of	 X-linked	
immunodeficiency/dysregulation	 with	 polyendocrinopathy	
and	enteropathy	or	IPEX3	(males	who	present	early	in	life	with	
severe	 atopic	 dermatitis,	 food	 and	 environmental	 allergies	 in	
association	with	endocrinopathy,	especially	 insulin-dependent	
diabetes,	and	chronic	diarrhea).

Recurrent	 sinopulmonary	 infections	 are	 also	 the	 most	 fre-
quent	illnesses	associated	with	selective	IgA	deficiency,	and	IgA	
deficiency	and	allergy	may	be	associated	with	each	other.	Even	
in	blood	bank	donors	in	whom	IgA	deficiency	was	accidentally	
discovered,	 allergy	 may	 be	 twice	 as	 common	 as	 in	 healthy	
donors.4	The	most	common	allergic	disorders	in	IgA-deficient	
individuals	 are	 rhinosinusitis,	 eczema,	 conjunctivitis	 and	
asthma.5

Because	 of	 the	 association	 between	 allergy	 and	 sinusitis,	 a	
careful	history	may	often	be	sufficient,	obviating	 the	need	 for	
extensive	testing	for	immunodeficiency.	Screening	for	IgA	defi-
ciency	may	be	of	 some	help	 in	understanding	 the	association	

BOX 7-1 GUIDELINES FOR IDENTIFYING 
CHILDREN WITH INCREASED 
SUSCEPTIBILITY TO INFECTION

Frequency
More than one episode of pneumonia per decade of life
Increasing frequency of otitis media in children older than 2 

years
Persistent otitis media and drainage despite patent tympa-

nostomy tubes
Persistent sinusitis despite medical and, when appropriate, 

surgical treatment
Severity

Pneumonia with empyema
Bacterial meningitis, arthritis or osteomyelitis
Sepsis
Mastoiditis

Infection with opportunistic pathogens
Pneumocystis jirovecii pneumonia
Mucocutaneous candidiasis
Invasive fungal infection
Vaccine-acquired poliomyelitis
Bacille Calmette-Guérin infection after vaccination

Infections at multiple anatomic locations
Lack of other epidemiologic explanations (e.g. daycare 

center, exposure to cigarette smoke, environmental 
allergies)

Anatomic or physiologic features suggestive of a syndrome 
complex

Failure to thrive

BOX 7-2 CLINICAL FEATURES OF 
IMMUNODEFICIENCY

Increased susceptibility to infection
Chronic/recurrent infections without other explanations
Infection with organism of low virulence
Infection of unusual severity

Autoimmune or inflammatory disease
Target cells (e.g. hemolytic anemia, immune thrombocyto-

penia, thyroiditis)
Target tissues (e.g. rheumatoid arthritis, vasculitis, systemic 

lupus erythematosus)
Syndrome complexes



	 7  Approach to the Child with Recurrent Infections Including Molecular Diagnostics  65

patient	with	chronic/recurrent	sinopulmonary	infections,	espe-
cially	if	Pseudomonas, Staphylococcus	or	Burkholderia cepacia	is	
identified	as	a	pathogen.

Abnormalities of Airway Anatomy and Physiology
A	variety	of	anatomic	abnormalities	may	increase	a	child’s	sus-
ceptibility	to	upper	and	lower	respiratory	tract	infections.	Some,	
such	as	craniofacial	anomalies	involving	the	palate	and	the	nose,	
may	be	readily	apparent	on	physical	examination.	Others,	such	
as	 bronchogenic	 cysts	 and	 extralobar	 pulmonary	 sequestra-
tions,	 may	 be	 suspected	 when	 recurrent	 infections	 occur	 at	 a	
single	anatomic	site.16	Unilateral	otitis	media	and	sinusitis	in	a	
young	child	should	prompt	an	investigation	for	a	nasal	foreign	
body.

Abnormalities	of	airway	muscle	function	may	cause	similar	
symptoms.	 Swallowing	 dysfunction	 with	 aspiration	 may	 be	
obvious	 in	 a	 child	 with	 cerebral	 palsy	 who	 coughs	 and	 gags	
when	 eating.	 More	 subtle	 clues	 are	 a	 history	 of	 drooling	 or	
dysarthria.

Disorders of Ciliary Structure and Function
Primary	ciliary	dyskinesia	(PCD)	is	a	rare	problem,	estimated	
to	occur	with	an	incidence	of	less	than	1	in	10,000	in	the	general	
population.17	In	most	cases	it	is	inherited	as	an	autosomal	reces-
sive	 trait,	but	PCD	is	genetically	and	clinically	heterogeneous.	
Affected	 individuals	 have	 chronic/recurrent	 rhinitis,	 otitis	
media,	sinusitis,	pneumonia	and	bronchiectasis	that	begin	at	an	
early	age.	In	approximately	half	of	the	cases	there	are	accompa-
nying	abnormalities	of	 laterality	such	as	situs	 inversus	or	het-
erotaxy,	and	complex	congenital	heart	disease	has	been	reported	
in	 approximately	 10%	 of	 cases.	 Abnormal	 ciliary	 function	 of	
spermatozoa	can	cause	infertility	in	males,	and	abnormal	ciliary	
function	in	the	fallopian	tubes	can	cause	ectopic	pregnancy.

PCD	 can	 be	 caused	 by	 abnormalities	 of	 any	 of	 the	 ciliary	
structural	proteins	(inner	or	outer	dynein	arms,	radial	spokes	
or	 microtubules)	 or	 by	 disordered	 orientation	 of	 cilia	 on	
mucosal	surfaces,	preventing	them	from	beating	in	a	synchro-
nized	wave	 that	 clears	mucus	 from	the	airways.	 Identification	
of	genetic	mutations	may	diagnose	PCD	despite	normal	ultra-
structural	findings	by	electron	microscopy.17

disease)	or	may	involve	a	number	of	different	target	organs	(e.g.	
vasculitis	or	systemic	lupus	erythematosus).	The	autoimmune	
and	inflammatory	diseases	are	more	commonly	seen	in	particu-
lar	primary	immunodeficiency	diseases,	most	notably	common	
variable	 immunodeficiency,9	 selective	 IgA	 deficiency,	 chronic	
mucocutaneous	candidiasis10	and	deficiencies	of	early	compo-
nents	(C1	through	C4)	of	the	classical	complement	pathway.11

Occasionally,	a	disorder	 that	appears	 to	be	autoimmune	in	
nature	may	in	fact	be	due	to	an	infectious	agent.	For	example,	
the	 dermatomyositis	 that	 sometimes	 occurs	 in	 patients	 with	
X-linked	agammaglobulinemia	 (XLA)	 is	actually	a	manifesta-
tion	of	chronic	enterovirus	infection	and	not	an	autoimmune	
disease.

SYNDROME COMPLEXES

Immunodeficiency	can	be	seen	as	part	of	a	constellation	of	signs	
and	symptoms	 in	a	syndrome	complex.12	 In	 fact,	 the	recogni-
tion	that	a	patient	has	a	syndrome	in	which	immunodeficiency	
occurs	may	allow	a	diagnosis	of	immunodeficiency	to	be	made	
before	 there	 are	 any	 clinical	 manifestations	 of	 that	 deficiency	
(Table	7-1).	For	example,	children	with	the	DiGeorge	syndrome	
are	 usually	 identified	 because	 of	 the	 neonatal	 presentation	 of	
congenital	 heart	 disease,	 hypocalcemia,	 or	 both.	 This	 should	
lead	to	T	lymphocyte	evaluation	before	the	onset	of	infections.	
Similarly,	 a	 diagnosis	 of	 Wiskott-Aldrich	 syndrome	 can	 be	
made	in	young	boys	with	eczema	and	thrombocytopenia	even	
before	the	onset	of	infections.

Cystic Fibrosis
Cystic	 fibrosis	 (CF)	 is	 one	 of	 the	 most	 common	 autosomal	
recessive	disorders	among	white	populations,	occurring	with	an	
incidence	of	almost	1	in	3,000	live	newborns.13	The	classic	pre-
sentation	 of	 CF	 with	 chronic/recurrent	 sinopulmonary	 infec-
tions	caused	by	Pseudomonas	and	Staphylococcus,	diarrhea	with	
malabsorption	 and	 failure	 to	 thrive,	 is	 easy	 to	 recognize.	
Newborn	screening	and	new	methods	for	diagnosis	have	led	to	
the	 recognition	 of	 a	 broader	 clinical	 phenotype,	 including	
patients	whose	first	or	only	manifestation	is	chronic/recurrent	
sinusitis.14,15	The	diagnosis	of	CF	should	be	considered	in	any	

Syndrome Clinical Presentation Immunologic Abnormality Other Contributing Factors Genes

Ataxia 
telangiectasia

Ataxia, telangiectasia Variable B and T 
lymphocyte dysfunction

Dysfunctional swallow with 
pulmonary aspiration

ATM

DiGeorge 
syndrome

Congenital heart disease, 
hypoparathyroidism, 
abnormal facies

Thymic hypoplasia or 
aplasia

Craniofacial anomalies including 
cleft palate; physiologic 
abnormalities including 
dysfunction of soft palate

22q11 deletion, 
10p14 deletion, 
and others

Dysmotile cilia 
syndromes

Situs inversus, male infertility, 
ectopic pregnancy, upper 
and lower respiratory tract 
infections

None 30 different genes

Hyper-IgE 
syndromes

Coarse facies, eczematoid 
rash, retained primary teeth, 
bone fractures, pneumonia, 
chronic or recurrent 
cutaneous viral infections

Elevated serum IgE, 
eosinophilia

STAT3 (autosomal 
dominant)

DOCK8 (autosomal 
recessive)

Wiskott-Aldrich 
syndrome

Thrombocytopenia, eczema Variable B and T 
lymphocyte dysfunction

WAS

TABLE 

7-1 Examples of Immunodeficiency Syndromes that May Increase Susceptibility to Sinopulmonary Infections
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Secondary Immunodeficiency

Immunodeficiency	may	occur	secondary	to	other	illnesses18	or	
medications.19	A	variety	of	 infections	(including	HIV,	measles	
and	Epstein-Barr	virus	[EBV])	may	cause	either	temporary	or	
long-lived	 abnormalities	 of	 humoral	 and/or	 cell-mediated	
immunity.	Malnutrition	or	malabsorption	can	cause	hypogam-
maglobulinemia	 and	 impaired	 cell-mediated	 immunity.	 A	
number	of	medications,	most	notably	corticosteroids	and	che-
motherapeutic	agents,	are	immunosuppressive;	phenytoin	and	
other	anticonvulsants	can	cause	IgA	deficiency	and	rarely	pan-
hypogammaglobulinemia.	 Posttraumatic	 splenectomy,	 or	 the	
‘autosplenectomy’	 that	 occurs	 at	 an	 early	 age	 in	 sickle	 cell	
anemia,	 leads	 to	 an	 increased	 risk	 of	 sepsis.	 Susceptibility	 to	
specific	infections	is	determined	by	the	cause	of	the	secondary	
immunodeficiency;	that	is,	patients	with	acquired	deficiency	of	
humoral	immunity	are	at	highest	risk	for	infections	with	encap-
sulated	 bacteria	 and	 enteroviruses,	 whereas	 patients	 with	
acquired	 deficiency	 of	 cell-mediated	 immunity	 are	 at	 risk	 for	
infection	 by	 a	 wide	 variety	 of	 bacterial,	 fungal	 and	 viral	
pathogens.

Laboratory Tests for Underlying 
Disorders
IMMUNODEFICIENCY

Although	 the	 clinician	 can	 suspect	 immunodeficiency	 after	 a	
careful	review	of	the	history	and	physical	examination,	specific	
diagnoses	 are	 rarely	 evident	 without	 use	 of	 the	 laboratory.	
However,	 the	 types	 of	 infections	 and	 other	 symptoms	 should	
help	 to	 focus	 the	 laboratory	 work-up	 on	 specific	 parts	 of	 the	
immune	 system	 (Table	 7-2).	 For	 example,	 patients	 with	 anti-
body	 deficiency	 typically	 have	 sinopulmonary	 infections	 as	 a	
prominent	 presenting	 feature.20	 Deficiency	 of	 cell-mediated	
immunity	predisposes	individuals	to	develop	infections	caused	
by	P. jirovecii,	other	fungi	and	a	variety	of	viruses.21	Abnormali-
ties	of	phagocytic	function	should	be	suspected	when	patients	
have	 recurrent	 skin	 infections	 or	 visceral	 abscesses.22	 Patients	
with	complement	deficiency	most	often	present	with	bacterial	
sepsis	 or	 immune	 complex-mediated	 diseases.23	 Patients	 who	
are	 deficient	 in	 mannose	 binding	 lectin	 may	 have	 recurrent	
respiratory	tract	infections,	but	only	in	the	first	several	years	of	
life.24

Screening	 tests	 that	 should	 be	 performed	 in	 almost	 all	
patients	 include	 a	 complete	 blood	 count	 with	 differential,		

and	 measurement	 of	 serum	 immunoglobulins.	 Other	 tests		
should	 be	 guided	 by	 the	 clinical	 features	 of	 the	 patient		
(Table	 7-3).	 Finally,	 whenever	 primary	 immunodeficiency	 is	
suspected,	consideration	must	also	be	given	to	secondary	causes	
of	 immunodeficiency,	 including	 infection	 with	 HIV	 or	 EBV,	
therapy	 with	 antiinflammatory	 medications	 (e.g.	 corticoste-
roids)	 and	 other	 underlying	 illnesses	 (e.g.	 lymphoreticular	
neoplasms).

For	individuals	who	have	a	syndrome	complex	that	includes	
increased	susceptibility	to	infection	as	well	as	atopic	disease	(e.g.	
Wiskott-Aldrich	 syndrome,	 IPEX,	 hyper-IgE	 syndromes25),	
measurement	of	mean	platelet	volume	and	FOXP3	expression,	
and	mutation	analysis	for	the	relevant	genes	(WAS	for	Wiskott-
Aldrich	 syndrome;	 FOXP3	 for	 IPEX;	 STAT3	 and	 DOCK8	 for	
hyper-IgE	syndrome)	should	be	considered.

EXAMINATION OF THE PERIPHERAL  
BLOOD SMEAR

The	complete	blood	count	with	examination	of	the	blood	smear	
is	an	inexpensive	and	readily	available	test	that	provides	impor-
tant	diagnostic	information	relating	to	a	number	of	immuno-
deficiency	 diseases.	 Neutropenia	 most	 often	 occurs	 secondary	
to	immunosuppressive	drugs,	infection,	malnutrition	or	auto-
immunity	but	may	be	a	primary	problem	(congenital	or	cyclic	
neutropenia).	 In	contrast,	persistent	neutrophilia	 is	character-
istic	of	leukocyte	adhesion	molecule	deficiency,26	and	abnormal	
cytoplasmic	granules	may	be	seen	in	the	peripheral	blood	smear	
of	patients	with	Chediak-Higashi	syndrome.27

The	 blood	 is	 predominantly	 a	 ‘T	 cell	 organ’;	 that	 is,	 the	
majority	(50–70%)	of	peripheral	blood	lymphocytes	are	T	cells,	
whereas	only	5%	to	15%	are	B	cells.	Therefore	lymphopenia	is	
usually	a	feature	of	T	cell	or	combined	immunodeficiency	dis-
orders	such	as	DiGeorge	syndrome	or	severe	combined	immu-
nodeficiency	disease.

Thrombocytopenia	may	occur	as	a	secondary	(usually	auto-
immune)	 manifestation	 of	 immunodeficiency	 but	 is	 often	 a	
presenting	manifestation	 of	 the	Wiskott-Aldrich	 syndrome.	A	
unique	finding	in	the	latter	group	of	patients	is	an	abnormally	
small	platelet	(and	lymphocyte)	volume,28	a	measurement	that	
is	easily	made	with	automated	blood	counters.	Confirmation	of	
the	diagnosis	should	be	made	by	mutation	analysis.

Examination	of	 red	blood	cell	morphology	can	yield	 clues	
about	 splenic	 function.	 Howell-Jolly	 bodies	 may	 be	 visible	 in	
peripheral	blood	 in	cases	of	 splenic	dysfunction	or	asplenia.29	
However,	 the	 converse	 is	 not	 always	 true,	 and	 the	 absence	 of	

Disorder

ILLNESSES

Infection Other

Antibody Sinopulmonary (pyogenic, encapsulated bacteria)
Gastrointestinal (enteroviruses, Giardia)

Autoimmune disease (autoantibodies, 
inflammatory bowel disease)

Cell-mediated immunity Pneumonia (pyogenic bacteria, Pneumocystis jirovecii, viruses)
Gastrointestinal (viruses)
Skin, mucous membranes (fungi)

Phagocytosis Skin, reticuloendothelial system, abscesses (Staphylococcus, enteric 
bacteria, fungi, mycobacteria)

Complement Sepsis and other blood-borne encapsulated bacteria (Streptococcus, 
Pneumococcus, Neisseria)

Autoimmune disease (systemic lupus 
erythematosus, glomerulonephritis)

TABLE 

7-2 Patterns of Illness Associated with Primary Immunodeficiency
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Howell-Jolly	 bodies	 does	 not	 ensure	 that	 splenic	 function	 is	
normal.

EVALUATION OF HUMORAL IMMUNITY

Measurement	 of	 serum	 immunoglobulins	 is	 an	 important	
screening	test	to	detect	immunodeficiency	for	three	reasons:	(1)	
more	than	80%	of	patients	diagnosed	with	a	primary	disorder	
of	immunity	will	have	abnormalities	of	serum	immunoglobu-
lins;	 (2)	 immunoglobulin	 measurements	 yield	 indirect	 infor-
mation	 about	 several	 aspects	 of	 the	 immune	 system	 because	
immunoglobulin	synthesis	requires	the	coordinated	function	of	
B	and	T	lymphocytes	and	antigen-presenting	cells;	and	(3)	the	
measurement	of	serum	immunoglobulin	levels	is	readily	avail-
able,	 reliable	 and	 inexpensive.	 Neither	 serum	 protein	 electro-
phoresis	nor	immunoelectrophoresis	is	sufficiently	sensitive	or	
quantitative	 to	 substitute	 for	 quantitative	 measurements	 of	
serum	IgG,	IgA	and	IgM	levels.	This	will	identify	patients	with	
panhypogammaglobulinemia	as	well	as	those	with	deficiencies	
of	 an	 individual	 immunoglobulin	 class,	 such	 as	 selective	 IgA	
deficiency.	Interpretation	of	results	must	be	made	in	view	of	the	
marked	variations	in	normal	immunoglobulin	levels	with	age,30	
therefore	 age-related	 normal	 values	 must	 always	 be	 used	 for	
comparison.	Different	reference	ranges	are	necessary	in	the	first	
year	of	life	for	very	low	birth-weight,	premature	infants.31

It	 is	 almost	 always	 important	 to	 assess	 the	 ability	 to	 make	
antibody	to	vaccines	in	addition	to	measuring	immunoglobulin	
levels.	Live	viral	(e.g.	oral	polio,	measles,	mumps,	rubella,	vari-
cella)	 and	 bacterial	 (e.g.	 bacille	 Calmette-Guérin)	 vaccines	
should	never	be	used	for	the	evaluation	of	suspected	immuno-
deficiency	 because	 they	 may	 cause	 disseminated	 infection	 in		
an	 immunocompromised	 host.	 Antibody	 levels	 generated	 in	
response	 to	 childhood	 immunization	 with	 tetanus	 toxoid,	
pneumococcal	 or	 Hemophilus influenzae	 polysaccharide/
protein	conjugate	vaccines	are	usually	 the	most	convenient	 to	
measure.	In	children	over	the	age	of	18	to	24	months	it	is	also	
important	to	assess	antibody	responses	to	polysaccharide	anti-
gens,	because	these	responses	may	be	deficient	in	some	patients	
who	 can	 respond	 normally	 to	 protein	 and	 polysaccharide/
protein	 conjugate	 antigens.32	 For	 this	 purpose,	 antibody	 can	
be	measured	 in	 response	 to	 immunization	with	 the	23-valent	
pneumococcal	 capsular	 polysaccharide	 vaccine.	 Alternatively,	
because	 the	 ABO	 blood	 group	 antigens	 are	 polysaccharides,	
quantifying	 isoagglutinin	 titers	 (usually	 of	 the	 IgM	 class)	 can	

Suspected Abnormality Diagnostic Tests

Antibody Quantitative immunoglobulins (IgG, 
IgA, IgM)

Antibody response to immunization
Cell-mediated immunity Lymphocyte count

T lymphocyte enumeration (CD3, 
CD4, CD8)

T lymphocyte function in vitro: 
proliferation to mitogens and 
antigens

Human immunodeficiency virus 
serology and viral load

Complement Total hemolytic complement (CH50)
Phagocytosis Neutrophil count

TABLE 

7-3 Screening Tests for Underlying Disorders
assess	 antipolysaccharide	 antibody.	 However,	 the	 value	 of	 the	
latter	 test	 in	 the	young	child	 is	 limited	because	many	normal	
children	do	not	have	significant	isoagglutinin	titers.33	There	are	
a	few	patients	who	make	normal	antibody	responses	to	vaccines	
but	do	not	have	long-term	immunologic	memory.	These	indi-
viduals	can	be	identified	only	by	re-checking	antibody	levels	6	
to	 12	 months	 after	 immunization.	 Most	 patients	 with	 hypo-
gammaglobulinemia	 and	 impaired	 antibody	 responses	 will	
have	 common	 variable	 immunodeficiency,9	 a	 syndrome	 for	
which	no	genetic	etiology	can	be	established	in	the	vast	majority	
of	cases.	The	diagnosis	can	be	made	only	after	excluding	other	
primary	(e.g.	transient	hypogammaglobulinemia	of	infancy34	in	
children	less	than	3	years	old,	and	X-linked	agammaglobulin-
emia	in	males)	and	secondary	(e.g.	protein-losing	enteropathy)	
causes.	Males	with	panhypogammaglobulinemia	and	absent	B	
lymphocytes	on	flow	cytometry	should	be	tested	for	mutations	
in	the	BTK	gene,	which	if	present	would	confirm	the	diagnosis	
of	X-linked	agammaglobulinemia.

Selective	deficiencies	of	IgG	subclasses	have	been	described.	
However,	the	clinical	significance	of	an	IgG	subclass	deficiency	
in	 the	 presence	 of	 normal	 antibody	 responses	 to	 protein	 and	
polysaccharide	antigens	 is	unclear,	 and	 therefore	 IgG	subclass	
measurements	are	rarely	useful.35

EVALUATION OF CELL-MEDIATED IMMUNITY

Testing	for	defects	of	cell-mediated	immunity	is	relatively	dif-
ficult	because	of	the	lack	of	good	screening	tests.	Lymphopenia	
is	suggestive	of	T	lymphocyte	deficiency	because	T	lymphocytes	
constitute	 the	 majority	 (50–70%)	 of	 peripheral	 blood	 mono-
nuclear	 cells.	 However,	 lymphopenia	 is	 not	 always	 present	 in	
patients	 with	 T	 lymphocyte	 functional	 defects.	 Similarly,	 the	
lack	 of	 a	 thymus	 silhouette	 on	 chest	 radiography	 is	 rarely	
helpful	in	the	evaluation	of	T	lymphocyte	disorders	because	the	
thymus	of	normal	children	may	rapidly	involute	after	stress	and	
provide	the	appearance	of	thymic	hypoplasia.

Information	about	the	T	cell	compartment	may	be	obtained	
by	 subset	analysis	of	peripheral	blood	T	 lymphocytes	by	flow	
cytometry.36	Patients	with	severe	combined	immunodeficiency	
and	DiGeorge	syndrome	generally	have	decreased	numbers	of	
CD3,	CD4	and	CD8	T	lymphocytes,	whereas	patients	infected	
with	 HIV	 have	 a	 selective	 loss	 of	 CD4	 lymphocytes.	 Further	
analysis	of	T	cell	numbers	can	evaluate	expression	of	 the	α/β	
or	γ/δ	T	cell	receptor,	and	the	distribution	of	CD45RA	(naïve)	
and	CD45RO	(memory)	subsets.	With	increasing	availability	of	
antibodies	specific	to	cell	surface	proteins,	subtle	defects	associ-
ated	 with	 deficiencies	 of	 specific	 subsets	 of	 T	 cells	 are	 being	
described,	such	as	deficiencies	of	regulatory	T	cells	in	IPEX.3

Because	enumeration	does	not	indicate	function,	assessment	
of	 the	 in	 vitro	 proliferative	 response	 of	 T	 cells	 to	 mitogens	
(phytohemagglutinin	A,	 concanavalin	A)	 or	 antigens	 (tetanus	
toxoid,	 candida)	 or	 other	 stimuli	 is	 essential.37	 Delayed-type	
hypersensitivity	(DTH)	skin	testing	with	a	panel	of	antigens	can	
be	used	to	screen	for	cell-mediated	immune	function	but	there	
are	significant	limitations	to	its	use,	including	the	lack	of	stan-
dardized	reagents,	and	false-negative	results	due	to	lack	of	prior	
exposure	to	antigen,	young	age	and	difficulties	with	intradermal	
injection.38–40

Individuals	who	have	 low	numbers	of	T	 lymphocytes	and/
or	 impaired	 function	 should	 be	 evaluated	 for	 a	 combined	
immunodeficiency	 disorder.	 Flow	 cytometry	 is	 used	 to	 assess	
the	number	and	percentage	of	T,	B	and	NK	cells	in	peripheral	
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is	deficient	usually	rests	on	both	functional	and	immunochemi-
cal	tests,	and	specific	assays	have	been	developed	for	each	of	the	
individual	components.

EVALUATION OF PHAGOCYTIC CELLS

Evaluation	of	phagocytic	cells	usually	entails	assessment	of	both	
their	number	and	function.	Disorders	such	as	congenital	agran-
ulocytosis	or	cyclic	neutropenia	that	are	characterized	by	a	defi-
ciency	 in	 phagocytic	 cell	 number	 can	 be	 easily	 detected	 by	
evaluating	 a	 white	 blood	 cell	 count	 and	 differential.	 Beyond	
that,	assessment	of	phagocytic	cell	function	is	relatively	special-
ized	because	it	depends	on	a	variety	of	in	vitro	assays,	including	
measurement	of	directed	cell	motility	(chemotaxis),	 ingestion	
(phagocytosis)	and	intracellular	killing	(bactericidal	activity).43	
The	most	common	of	the	phagocyte	function	disorders,	chronic	
granulomatous	disease,	can	be	diagnosed	by	the	nitroblue	tet-
razolium	 (NBT)	 dye	 test44	 or	 by	 using	 the	 flow	 cytometric	
dihydrorhodamine	 (DHR)45	 test,	 both	 of	 which	 measure	 the	
oxidative	metabolic	response	of	neutrophils	and	monocytes.	A	
western	 blot	 or	 molecular	 analysis	 can	 confirm	 the	 diagnosis	
and	 identify	 the	pathogenic	mutation	 in	 the	NADPH	oxidase	
pathway	(gp91,	p22,	p47	or	p67).	Patients	with	gp91	deficiency	
generally	have	a	more	severe	course.

Evaluation of Cilia
For	suspected	ciliary	dyskinesia,	ciliary	structure	and	function	
must	be	assessed.	Structure	is	assessed	by	electron	microscopy	

blood,	 and	 those	 results	 can	 guide	 the	 selection	 of	 molecular	
diagnostics	 (Figure	 7-1).	 Individuals	 with	 low	 T	 lymphocyte	
counts	but	normal	numbers	of	B	and	NK	cells,	especially	in	the	
presence	of	congenital	heart	disease,	facial	dysmorphism,	hypo-
calcemia,	 abnormal	 speech	 or	 learning	 disorders	 should	 be	
tested	with	fluorescent	 in	situ	hybridization	to	detect	a	22q11	
deletion	associated	with	DiGeorge	syndrome.41	This	will	iden-
tify	 the	 majority	 of	 such	 cases,	 but	 a	 comparative	 genomic	
hybridization	 microarray	 may	 be	 needed	 to	 detect	 very	 small	
deletions	at	that	locus	or	deletions	at	other	sites,	and	should	be	
pursued	if	the	clinical	suspicion	is	high.

EVALUATION OF THE COMPLEMENT SYSTEM

Most	of	the	genetically	determined	deficiencies	of	complement	
can	 be	 detected	 with	 the	 total	 serum	 hemolytic	 complement	
(CH50)	 assay.42	 Because	 this	 assay	 depends	 on	 the	 functional	
integrity	of	all	of	the	components	of	the	classical	complement	
pathway	(C1	through	C9),	a	genetic	deficiency	of	any	of	these	
components	 leads	 to	 a	 marked	 reduction	 of	 the	 CH50.	 Con-
sumption	of	components	(e.g.	in	autoimmune	disease)	gener-
ally	 reduces,	 but	 does	 not	 eliminate,	 complement	 activity.	
Mannose	binding	lectin	can	be	measured	by	ELISA.	Alternative	
pathway	deficiencies	(e.g.	factor	H,	factor	I	and	properdin)	are	
extremely	rare;	they	may	be	suspected	if	the	CH50	is	in	the	low	
range	of	normal	and	the	serum	C3	level	is	low.	AH50	is	an	assay	
of	alternative	pathway	complement	activity	that	is	helpful.	The	
final	identification	of	the	specific	complement	component	that	

Figure 7-1  Algorithm  for  evaluating  the  most  common  deficiencies  of  cell-mediated  immunity.  ADA –  Adenosine  deaminase;  PNP –  purine 
nucleoside phosphorylase. 
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syndromes)	 have	 been	 identified.	 Determination	 of	 the		
genotype	 should	 be	 sought	 whenever	 possible	 to	 confirm	 the	
clinical	 diagnosis.	 In	 some	 cases	 it	 may	 provide	 critical	 prog-
nostic	 information	 (e.g.	 the	 significant	 risk	 of	 malignancy		
when	 DOCK8,	 but	 not	 STAT3,	 is	 the	 cause	 of	 hyper-IgE).	 In	
other	 cases,	 it	 may	 lead	 to	 a	 specific	 therapy	 (e.g.	 enzyme	
replacement	 therapy,	 bone	 marrow	 transplantation	 or	 gene	
therapy).	In	all	cases,	knowing	the	genotype	allows	for	genetic	
counseling	and	carrier	testing,	as	well	as	prenatal	or	early	post-
natal	diagnosis.

There	are	two	general	approaches	to	molecular	diagnosis.	A	
specific	combination	of	clinical	and	laboratory	features	will	lead	
to	 an	 almost	 certain	 diagnosis	 (e.g.	 severe	 hypogammaglobu-
linemia	and	absent	B	cells	 in	a	male	 infant	 is	X-linked	agam-
maglobulinemia	until	proven	otherwise)	or	a	paradigm	exists	
to	guide	molecular	diagnostic	 testing	(e.g.	 the	pattern	of	T,	B	
and	 NK	 cell	 deficiency	 guides	 the	 evaluation	 for	 SCID,	 see	
Figure	7-1).	Sometimes,	an	unusual	phenotype	or	a	usual	phe-
notype	 whose	 suspected	 gene	 defect	 cannot	 be	 identified	 will	
lead	 to	 an	 unbiased	 genomic	 analysis	 (whole	 genome	 single	
neucleotide	 polymorphism	 or	 whole	 exome	 sequence)	 and	
identification	of	a	disease-causing	mutation.

Conclusions
The	majority	of	children	with	recurrent	respiratory	tract	infec-
tions	will	have	environmental	risk	factors	such	as	exposure	to	
daycare	or	cigarette	smoke,	or	are	atopic	with	associated	prob-
lems	 with	 allergies.	 It	 is	 the	 task	 of	 the	 allergist	 to	 identify	
individuals	who	are	most	likely	to	have	an	underlying	deficiency	
of	host	defense	and	to	perform	appropriate	screening	tests	for	
such	disorders.	Early	identification	is	critical	for	optimal	clinical	
management	and	genetic	counseling	(Box	7-3).

Helpful Website
Immune	Deficiency	Foundation	website	(www.primaryimmune	
.org)

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

of	tissue	obtained	from	the	nasal	mucosa,	tonsils,	adenoids	or	
bronchial	mucosa.	Because	tobacco	smoke,	other	pollutants	and	
infection	may	cause	secondary	abnormalities	of	cilia,	it	is	some-
times	 difficult	 to	 find	 an	 appropriate	 tissue	 to	 sample.	 The	
microscopic	 examination	 should	 look	 for	 the	 presence	 of	 an	
anatomic	defect	that	is	consistent	from	cilia	to	cilia,	such	as	the	
absence	of	dynein	arms,	and	assess	 the	orientation	of	cilia	on	
the	 epithelium.	 With	 secondary	 causes,	 the	 structural	 abnor-
malities	vary	from	cilia	to	cilia.46	At	the	same	time	that	tissue	is	
obtained	for	electron	microscopy,	epithelial	cell	brushings	from	
the	 nasal	 turbinates	 or	 bronchi	 can	 be	 examined	 for	 ciliary	
waveform	 and	 beat	 frequency.	 Assessments	 of	 mucociliary	
clearance	can	be	made	by	placing	a	small	particle	of	saccharin	
on	the	anterior	portion	of	the	middle	turbinate	and	measuring	
the	time	until	the	patient	tastes	the	saccharin.47	For	this	test,	the	
subject	must	sit	quietly	without	sniffing	or	sneezing,	and	 it	 is	
therefore	difficult	to	perform	in	young	children.	A	sweet	taste	
should	be	evident	within	1	hour	in	normal	subjects,	but	the	test	
has	a	very	high	rate	of	false-positive	results.	In	individuals	with	
a	high	suspicion	for	one	of	the	ciliary	defects,	genetic	screening	
for	one	of	the	mutations	may	be	necessary.

Cystic Fibrosis
In	most	cases,	the	diagnosis	of	CF	can	be	made	by	measuring	
the	chloride	concentration	in	sweat	after	iontophoresis	of	pilo-
carpine.48	 A	 minimum	 acceptable	 volume	 or	 weight	 of	 sweat	
must	be	collected	to	ensure	an	average	sweat	rate	of	greater	than	
1	g/m2/min,	 and	 the	 diagnosis	 can	 be	 made	 with	 certainty	 if	
the	 sweat	 chloride	 concentration	 is	 greater	 than	 60	mmol/L.	
However,	 this	 test	 may	 be	 falsely	 negative,	 especially	 among	
those	patients	who	have	an	atypical	clinical	presentation.	If	the	
clinical	 suspicion	 of	 CF	 is	 high,	 especially	 in	 the	 absence	 of	
some	of	 the	more	 common	CF	 symptoms,	other	useful	diag-
nostic	tests	include	mutation	analysis	of	the	CF	transmembrane	
conductance	 regulator	 (CFTR)	 gene	 and/or	 measurement	 of	
potential	 differences	 across	 the	 nasal	 epithelium	 (nasal	 PD).	
The	genetic	test	is	commercially	available;	the	measurement	of	
nasal	PD	is	not	widely	available	and	should	still	be	considered	
a	research	tool.

Evaluation for Human Immunodeficiency Virus and 
Other Immunosuppressive Virus Infections
Many	 techniques	 for	 the	diagnosis	of	viral	 infection	 focus	on	
the	serologic	detection	of	antibodies	to	viral	proteins.	There	are,	
however,	several	problems	with	sole	reliance	on	antibody	detec-
tion	techniques.	First,	antibody	tests	will	not	detect	infection	in	
patients	during	the	interval	between	the	time	of	infection	and	
seroconversion.	 For	 HIV	 infections,	 95%	 of	 individuals	 will	
seroconvert	within	6	months	of	infection,	although	a	so-called	
‘window	period’	of	as	long	as	35	months	has	been	reported.49,50	
Second,	if	a	virus	induces	immunodeficiency,	it	may	inhibit	the	
production	 of	 antiviral	 antibodies.51	 Thus,	 in	 a	 patient	 with	
known	or	suspected	immunodeficiency,	viral	cultures	as	well	as	
tests	 to	detect	 viral	 antigens	and	nucleic	 acids	 should	be	per-
formed	in	addition	to	serologic	tests.52

Molecular Diagnostics
The	 molecular	 basis	 is	 known	 for	 the	 majority	 of	 recognized	
primary	 immunodeficiency	 diseases.	 Multiple	 gene	 defects	
underlying	certain	diseases	(e.g.	severe	combined	immunodefi-
ciency	 disease,	 chronic	 granulomatous	 disease,	 and	 hyper-IgE	

BOX 7-3 KEY CONCEPTS

Identification of Underlying Disorders in Children with 
Recurrent Infections

Children with chronic/recurrent infections may have one of 
the following underlying defects
Allergy
Immunodeficiency (primary or secondary)
Cystic fibrosis
Ciliary dysmotility
Localized abnormalities of anatomy or physiology

Immunodeficient patients present with a variety of 
symptoms
Increased susceptibility to infection
Autoimmune or inflammatory disorders
Syndrome complexes

Recurrent infections at a single anatomic site should prompt 
investigation of the anatomy and physiology of that site

http://www.primaryimmune.org
http://www.primaryimmune.org
http://www.expertconsult.inkling.com
http://www.expertconsult.inkling.com
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KEY POINTS

• A clinician must maintain an index of suspicion for immu-
nodeficiency when confronted with patients with infec-
tions considered unusual with respect to frequency, 
severity, response to treatment, or organism.

• The possibility of antibody deficiency in particular should 
be considered when the history includes pyogenic 
upper and lower respiratory tract infections.

• Early diagnosis is critical for reducing morbidity and 
mortality rates for immunodeficiency diseases.

• To provide the most efficient and complete approach 
to diagnosis and management, referral to a clinical 
immunology specialist is indicated where there is clear 
evidence for, or suspicion of, antibody or other immu-
nodeficiency syndrome.

• Intravenous or subcutaneous immunoglobulin replace-
ment therapy and antibiotic prophylaxis are the main 
modalities for management of antibody deficiency 
disorders.

• With intravenous immunoglobulin (IVIG) and antibiotics, 
many patients with agammaglobulinemia or hypogam-
maglobulinemia may lead normal or near-normal lives.

Primary	 immunodeficiency	 diseases	 arise	 from	 inherited	 or	
spontaneous	genetic	lesions	affecting	immune	system	function.	
These	 may	 be	 subdivided	 into	 defects	 of	 adaptive	 and	 innate	
immunity.	Defects	of	adaptive	immunity	are	further	subdivided	
into	 humoral,	 cellular	 and	 combined	 (humoral	 and	 cellular)	
immunodeficiencies	 resulting	 mainly	 from	 lymphocyte	 dys-
function.	Disorders	of	innate	immunity	result	from	defects	of	
phagocytes,	 the	complement	system	or	signaling	systems	such	
as	 Toll-like	 receptors.1,2	 Humoral	 immunodeficiencies,	 also	
called	 antibody	 deficiencies,	 are	 characterized	 by	 low	 serum	
levels	of	one	or	more	 immunoglobulin	classes	and/or	 relative	
impairment	 of	 antibody	 responses	 to	 antigen	 challenge.	 This	
may	 arise	 as	 the	 result	 of	 a	 defect	 intrinsic	 to	 the	 antibody-
producing	 cells	 (B	 cells)	 or	 of	 a	 failure	 of	 communication	
between	T	cells	 and	B	cells	 (T	cell	help	 for	antibody	produc-
tion).	Cell-mediated	immunity	is	intact.

The	most	common	complications	of	humoral	immunodefi-
ciency	are	recurrent	bacterial	infections	of	the	upper	and	lower	
respiratory	 tract.3,4	 In	 severe	 forms	 of	 antibody	 deficiency,	
repeated	 lung	 infections	 lead	 to	 bronchiectasis.5	 In	 these	
patients,	airway	and	systemic	inflammation	are	exaggerated	in	
comparison	 to	 patients	 having	 bronchiectasis	 associated	 with	
other	(non-immune	deficient)	processes.	Chronic	lung	disease	
and	diminished	pulmonary	function	and	reserve	account	for	a	
large	proportion	of	the	morbidity	and	impaired	quality	of	life.5

Other	 than	 the	 respiratory	 tract,	 organ	 systems	 frequently	
infected	include	the	gastrointestinal	tract,	skin,	and	the	central	
nervous	and	musculoskeletal	systems.	These	infections	are	gen-
erally	caused	by	the	same	organisms	virulent	in	immunocom-
petent	 hosts,	 predominantly	 encapsulated	 bacteria	 such	 as		
S. pneumoniae, H. influenzae, S. aureus	 and	 N. meningitidis.	
Viral	infections	are	usually	cleared	normally	by	these	patients,	
although	 some	 enteric	 viruses	 (particularly	 echoviruses)	 may	
cause	 severe	 disease.	 Antibody	 deficient	 individuals	 have	 a	
higher	frequency	of	recurrence	with	the	same	agents,	since	they	
do	not	produce	neutralizing	antibodies	or	B	cell	memory.	Addi-
tional	 infectious	 diseases	 may	 be	 associated	 with	 particular	
syndromes.1,2

The	most	severely	affected	patients	have	frequent	pneumo-
nias	and	other	invasive	bacterial	infections	and	frequent	severe	
viral	infections.	Treatment-resistant	recurrent	otitis	media	and	
sinusitis	are	also	frequently	seen.	There	are	no	validated	clinical	
criteria	 for	 predicting	 which	 children	 with	 recurrent	 otitis	
media	 or	 sinusitis	 or	 pneumonias	 will	 have	 an	 identifiable	
immunologic	 defect.	 A	 high	 index	 of	 suspicion	 for	 antibody	
deficiency	 should	be	maintained	 in	cases	of	 recurrent,	 refrac-
tory	or	severe	respiratory	and	other	infections.

Estimates	of	 the	 incidence	and	prevalence	of	 immunodefi-
ciency	overall	range	from	about	1	:	10	000–1	:	2000.6	These	esti-
mates	 are	 based	 on	 survey	 and	 registry	 data;	 there	 are	 no	
prospective	 studies	 to	 measure	 incidence	 formally.	 Table	 8-1	
contains	 a	 classification	 of	 humoral	 immunodeficiencies	
according	 to	 known	 gene	 defects,	 as	 well	 as	 clinically	 defined	
entities.

X-LINKED AGAMMAGLOBULINEMIA

Ogden	Bruton	published	the	classic	description	of	this	disorder	
in	1952;	therefore	this	condition	is	often	called	‘Bruton’s	agam-
maglobulinemia’.7	It	is	caused	by	a	defect	in	a	signal	transducing	
protein	 known	 as	 Bruton’s	 tyrosine	 kinase	 (BTK).8	 BTK	 is	
expressed	in	B	cells,	monocytes,	macrophages,	mast	cells,	ery-
throid	cells	and	platelets;	 it	 transduces	signals	 from	the	B	cell	
immunoglobulin	receptor.	Without	BTK,	B	cell	development	is	
impeded	at	an	early	stage.

Only	 males	 are	 affected,	 and	 they	 are	 often	 asymptomatic	
during	 infancy.	 In	 this	period,	 they	are	protected	by	maternal	
antibodies	acquired	during	gestation.	After	birth,	maternal	IgG	
gradually	 disappears,	 and	 infectious	 complications	 usually	
begin	by	the	age	of	9	to	18	months.	The	absence	of	tonsils	or	
palpable	 lymph	 nodes	 is	 notable	 on	 examination.	 Laboratory	
investigation	reveals	absent	or	very	low	serum	levels	of	immu-
noglobulins	and	B	cells.

Despite	 normal	 cellular	 immunity,	 patients	 with	 X-linked	
agammaglobulinemia	 (XLA)	 are	 prone	 to	 certain	 viral	 infec-
tions,	 including	 chronic	 enteroviral	 meningoencephalitis	 and	
vaccine-associated	paralytic	poliomyelitis.	Additional	infections	
described	in	these	patients	include	mycoplasma	or	ureaplasma	
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of	BTK	are	more	often	associated	with	higher	B	cell	numbers,	
immunoglobulin	levels	and	antibody	formation.	Some	of	these	
atypical	 XLA	 cases	 may	 be	 misdiagnosed	 as	 having	 common	
variable	immunodeficiency	(see	below).	However,	even	siblings	
with	identical	mutations	may	show	divergent	clinical	features.

AUTOSOMAL AGAMMAGLOBULINEMIA

A	few	patients	have	agammaglobulinemia	(AGAM)	with	auto-
somal	(mostly	recessive)	patterns	of	inheritance.	Mutations	of	
the	immunoglobulin	(Ig)µ	heavy	chain	locus	(IGHM),13,14	and	
defects	 of	λ5	 (surrogate	 light	 chain),14	 Igα	 (CD79a)	 and	 Igβ	
(CD79b),	 all	 prevent	 formation	 of	 the	 pre-B	 cell	 Ig	 receptor.	
Mutations	 in	 BLNK	 (encoding	 B	 cell	 linker	 protein)14	 and	 in	
PIK3R1	 (encoding	regulatory	subunit	1	of	phosphoinositol-3′	
kinase)	 disrupt	 B	 cell	 signaling	 and	 lead	 to	 agammaglobulin-
emia.15	 All	 of	 these	 disorders	 have	 recessive	 inheritance.	 The	
only	 defined	 autosomal	 dominant	 monogenic	 agammaglobu-
linemia	 is	 due	 to	 defects	 of	 transcription	 factor	 3	 (TC3).16	
Finally,	a	single	female	patient	has	been	described	with	a	trans-
location	 interrupting	 the	 gene	 encoding	 leucine	 rich	 repeat	
containing	8	(LRRC8).17	All	of	these	autosomal	defects	arrest	B	
cell	development	at	early	stages	within	the	bone	marrow.

COMMON VARIABLE IMMUNODEFICIENCY

The	diagnosis	of	common	variable	immunodeficiency	(CVID)	
encompasses	an	unknown	number	of	genetically	and	etiologi-
cally	distinct	conditions	having	in	common	a	(relatively)	late-
onset	 humoral	 immunodeficiency,	 most	 often	 in	 the	 first	 or	
third	decade	of	life.18	Due	to	rapid	development	of	the	immune	
system	in	childhood,	and	frequent	resolution	of	hypogamma-
globulinemia	in	young	children,19	it	is	not	considered	appropri-
ate	to	confer	a	diagnosis	of	CVID	under	4	years	of	age.20

CVID	is	defined	by	laboratory	and	clinical	criteria;	there	is	
no	universal	consensus	on	the	necessary	elements	establishing	
the	 diagnosis.20	 All	 patients	 have	 low	 IgG	 and	 impaired	 anti-
body	response.	Some	authorities	require	that	IgA	also	be	low	to	
establish	the	diagnosis,	while	others	accept	that	IgA	and/or	IgM	
may	be	normal	or	low.	Not	all	patients	with	CVID	have	infec-
tions,	nor	are	symptoms	a	component	of	the	definition	(i.e.	one	
may	have	‘asymptomatic’	CVID).

Many	CVID	patients	have	recurrent	 sinopulmonary	bacte-
rial	 infections.	 Additional	 manifestations	 include	 asthma,	
chronic	rhinosinusitis,	inflammatory	bowel	disease,	and	recur-
rent	 or	 chronic	 arthropathy.	 The	 apparent	 ‘atopic’	 symptoms	
mimicking	asthma	and	chronic	 rhinosinusitis	 found	 in	about	
10%	of	patients	do	not	 involve	allergen-specific	 IgE.	Autoim-
mune	cytopenias	also	occur	with	increased	frequency.	In	addi-
tion,	noncaseating	granulomatous	disease	resembling	sarcoidosis	
may	involve	the	skin	or	viscera,	even	in	children.

Lymphoproliferation	 may	 cause	 splenomegaly,	 adenopathy	
and	intestinal	lymphonodular	hyperplasia,	and	CVID	patients	
also	have	a	higher	 incidence	of	 lymphoid	and	gastrointestinal	
malignancy.	The	relative	 risk	of	 lymphoma	 is	 estimated	 to	be	
10–20-fold	 greater	 than	 in	 the	 general	 population.21	 Most	 of	
these	are	B	cell	non-Hodgkin’s	lymphomas	not	associated	with	
Epstein-Barr	virus	(EBV).22

Numbers	of	peripheral	B	and	T	cells	are	variable	in	CVID;	
particular	 abnormalities	 may	 correlate	 with	 phenotype.	 After	
activation,	 B	 cells	 may	 ‘switch’	 isotype	 production	 from	 IgM	
and	 IgD	 to	 IgG,	 IgA	 or	 IgE	 (see	 section	 on	 hyper-IgM	

Disease Gene

KNOWN GENETIC BASIS
X-linked (Bruton’s) agammaglobulinemia (XLA), 

Bruton’s tyrosine kinase
BTK

Autosomal agammaglobulinemia:
 Immunoglobulin M constant region (Cµ) IGHM
 Signal transducing molecule Igα CD79A
 Signal transducing molecule Igβ CD79B
 Surrogate light chain component λ5 IGLL1
 B cell linker protein BLNK
 PI3 kinase regulatory subunit 1 PIK3R1
 Transcription factor 3 TCR3
 Translocation of LRRC8 LRRC8
Hyper-IgM syndrome (HIM)
 X-linked (XHIM, HIM1), tumor necrosis factor 

superfamily member 5 (CD154, CD40 ligand)
TNFSF5

 Autosomal recessive:
  Activation-induced cytidine deaminase 

(HIM2)
AICDA

  Tumor necrosis factor receptor superfamily 
member 5 (CD40) (HIM3)

TNFRSF5

  Uracil nucleoside glycosylase (HIM5) UNG
Common variable immunodeficiency-like 

disorders
 Inducible T cell co-stimulator ICOS
 CD19 CD19
 CD20 CD20
 CD21 CD21
 CD81 CD81
 NF-κB2 NFKB2
 Transmembrane activator and calcium 

mobilizing ligand interactor (TACI, also tumor 
necrosis factor receptor superfamily 13B)

TNFRSF13B

 B cell activating factor (BAFF) receptor TNFRSF13C
 TNF-related weak inducer of apoptosis 

(TWEAK)
TNFSF12

 Lipopolysaccharide responsive beige-like 
anchor protein

LRBA

Other
 Protein kinase C-δ PRKCD
 PI3 kinase catalytic subunit δ PIK3CD

UNKNOWN GENETIC BASIS
Common variable immunodeficiency
IgA deficiency
IgG subclass deficiency
Specific antibody deficiency with normal immunoglobulins
Transient hypogammaglobulinemia of infancy
Hypogammaglobulinemia, unspecified

TABLE 
8-1 Classification of Humoral Immunodeficiencies

arthritis.9	Opportunistic	infections	such	as	Pneumocystis jiroveci	
pneumonia	are	rare.10

About	half	of	XLA	patients	have	a	family	history	of	affected	
male	relatives	on	the	maternal	side.11	Autosomal	forms	of	agam-
maglobulinemia	must	be	distinguished	in	males	without	such	
a	history.	It	is	desirable	to	confirm	the	diagnosis	at	the	molecu-
lar	 level	 whenever	 possible.	 BTK	 is	 expressed	 in	 platelets	 and	
monocytes	and	may	be	detected	by	flow	cytometry.12	These	tests	
are	useful	for	screening	males	and	detecting	carrier	females	who	
have	two	populations	(BTK+	and	BTK−)	of	monocytes	or	plate-
lets	as	a	result	of	random	X	chromosome	inactivation.	Female	
carriers	of	XLA	show	nonrandom	X	chromosome	inactivation	
in	their	B	cells,	and	this	can	also	be	used	for	carrier	detection.

Some	patients	with	BTK	mutations	have	an	‘atypical’	pheno-
type	with	low	numbers	of	B	cells	and	low-level	antibody	pro-
duction.12	In	general,	mutations	that	permit	low-level	function	
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the	age	of	4	years.2	Many	individuals	with	IGAD	are	asymptom-
atic.	 However,	 more	 than	 80%	 have	 clinical	 manifestations	
similar	to	CVID	or	IgG	subclass	deficiency	including	viral	and	
bacterial	 upper	 and	 lower	 respiratory	 tract	 infections,	 atopic	
disease	and	autoimmunity.41

Autoimmune	 syndromes	 in	 IGAD	 include	 rheumatoid	
arthritis,	 systemic	 lupus	 erythematosus,	 Sjögren	 syndrome,	
insulin-dependent	 diabetes	 mellitus	 and	 other	 endocrinopa-
thies,	 pernicious	 anemia,	 hemolytic	 anemia,	 Crohn’s	 disease	
and	autoimmune	hepatitis.41–43	The	forms	of	malignancy	asso-
ciated	with	CVID	do	not	appear	to	occur	with	greater	frequency	
in	IGAD	in	comparison	to	the	general	population.44	Rare	cases	
of	IGAD	may	evolve	into	CVID	or	improve	over	time.45	About	
one	 third	 of	 IGAD	 patients	 have	 a	 concomitant	 IgG	 subclass	
deficiency	 (see	 below).	 This	 association	 is	 more	 frequently	
accompanied	 by	 deficits	 in	 specific	 antibody	 production	 and	
significant	 infectious	 complications	 in	 comparison	 to	 the	
absence	of	IgA	alone.46,47	The	same	T	and	B	cell	abnormalities	
found	in	CVID	patients	are	observed	in	those	with	IGAD,	albeit	
in	a	smaller	proportion	in	comparison	to	controls.48

No	 disease-causing	 single	 gene	 defects	 underlying	 IGAD	
have	 been	 defined.	 The	 polymorphisms	 of	 MSH5	 described	
above	are	associated	with	the	A1-B8-DR3	extended	HLA	hap-
lotype	 and	 have	 also	 been	 found	 in	 individuals	 with	 IGAD.	
IGAD	 has	 been	 reported	 in	 patients	 after	 chemotherapy49	 or	
treatment	 with	 anticonvulsants	 such	 as	 phenytoin.50	 In	 the	
latter	case,	the	effect	was	reversible	with	drug	discontinuation.

IgG SUBCLASS DEFICIENCY

Human	 IgG	 is	 divided	 into	 four	 subclasses	 designated	 IgG1,	
IgG2,	 IgG3	 and	 IgG4,	 each	 encoded	 by	 different	 Ig	 constant	
region	genes.	Each	represents	approximately	67%,	23%,	7%	and	
3%	of	 the	 total,	 respectively.51	 IgG	subclasses	are	produced	 in	
different	relative	amounts	depending	on	the	antigenic	stimulus.	
For	example,	IgG1	predominates	in	responses	to	soluble	protein	
antigens,	and	responses	to	pneumococcal	capsular	polysaccha-
rides	consist	almost	entirely	of	the	IgG2	subclass.

A	consensus	definition	of	 IgG	subclass	deficiency	does	not	
exist.	 In	 contrast	 to	 CVID	 or	 IGAD,	 a	 clinical	 significance	 of	
abnormal	IgG	subclass	 levels	has	not	been	established	outside	
the	context	of	recurrent	infections.	Thus,	this	should	be	consid-
ered	an	element	of	 the	definition.	 In	a	patient	with	 recurrent	
infections,	 a	 disproportionately	 low	 level	 (<2	 SD	 below	 the	
mean	or	<5th	percentile)	of	one	or	more	IgG	subclasses	with	a	
normal	 total	 serum	 IgG	 may	 constitute	 an	 IgG	 subclass	 defi-
ciency	 (IGGSD).	 Levels	 should	 be	 abnormal	 on	 at	 least	 two	
measurements	 more	 than	 1	 month	 apart.	 Many	 authorities	
insist	that	impaired	vaccine	response	(usually	to	polysaccharide	
antigens)	also	be	included	in	the	definition.	In	one	recent	case-
control	study	of	patients	with	recurrent	respiratory	infections,	
pneumococcal	polysaccharide	responses	did	not	correlate	with	
IgG2	or	 IgG3	 serum	 levels.52	This	 emphasizes	 the	 importance	
of	direct	assessment	of	vaccine	response	in	patient	evaluation,	
rather	than	relying	on	subclass	measurement	alone.

Diagnostic	 controversy	 arises	 due	 to	 interlaboratory	 varia-
tion	 in	 immunoglobulin	 subclass	 determinations	 and	 differ-
ences	in	normal	ranges	depending	on	age	and	ethnicity.	As	with	
CVID	and	IGAD,	caution	should	be	exercised	when	conferring	
this	diagnosis	in	patients	less	than	4	years	of	age.	Furthermore,	
since	low	subclass	levels	are	defined	based	on	population	statis-
tics,	most	individuals	with	isolated	low	IgG	subclass	 levels	are	

syndromes).	Memory	B	cells	express	the	surface	marker	CD27.	
Levels	of	‘switched’	(IgM−IgD−)	memory	(CD27+)	cells	correlate	
with	disease	phenotype.	Levels	below	1–2%	of	B	cells	are	associ-
ated	with	a	higher	rate	of	severe	infection,	autoimmune	disease,	
lymphoproliferation	and	lymphoma.23,24	The	T	cell	phenotype	
is	 also	 variable.	 Low	 levels	 of	 naïve	 (CD45RA+)	 CD4	 T	 cells	
correlate	with	these	complications.25

Causative	genetic	 lesions	have	been	 identified	 in	about	1%	
of	patients	with	CVID	or	CVID-like	syndromes.	These	include	
defects	of	inducible	T	cell	co-stimulator	(ICOS)	26	and	several	
surface	glycoproteins	important	for	B	cell	activation	including	
CD19,27	CD20,28	CD2129	and	CD81.30	Other	monogenic	forms	
of	 CVID-like	 hypogammaglobulinemia	 include	 defects	 of	
protein	 kinase	 C	 δ,31	 NF-κB232	 and	 the	 lipopolysaccharide	
responsive	beige	like	anchor	protein	(LRBA).33

Additional	genetic	associations	occur	in	subgroups	of	CVID	
patients.	 Some	 functionally	 important	 polymorphisms	 of	 the	
transmembrane	activator	and	calcium	mobilizing	ligand	inter-
actor	(TACI)	are	found	in	a	higher	proportion	of	CVID	patients	
(5–10%)	in	comparison	to	the	general	population	(1%).34	This	
molecule,	also	called	tumor	necrosis	factor	receptor	superfamily	
member	5	(TNFRSF5),	is	expressed	on	activated	B	cells.	Patients	
with	CVID	may	be	homozygous	or	heterozygous	for	polymor-
phisms	 in	 TACI.	 However,	 these	 alterations	 in	 TACI	 are	 not	
disease-causing;	 some	 healthy	 individuals	 harbor	 the	 same	
genetic	changes.35

X-linked	 lymphoproliferative	 disease	 (XLP)	 arises	 from	defects	
in	 the	 SLAM	 (signaling	 lymphocytic	 activation	 molecule)-
associated	protein	(SAP)	signal	transducing	molecule.	Some	of	
these	 patients	 have	 dysgammaglobulinemias	 of	 various	 types,	
and	a	few	had	been	classified	as	having	CVID	before	the	discov-
ery	of	the	genetic	basis	of	XLP.36	It	is	important	to	rule	out	XLP	
in	males	with	a	CVID	phenotype	because	prognosis	and	therapy	
are	distinct	for	these	disorders.	Rarely,	patients	with	XLA	may	
be	misdiagnosed	as	having	CVID.37

The	occurrence	of	thymoma	and	hypogammaglobulinemia	
with	 low	 B	 cell	 numbers	 has	 been	 designated	 Good’s	 syn-
drome.38	It	is	unknown	if	these	patients	have	genetic	or	immu-
nologic	distinctions	from	CVID.	Disseminated	and	opportunistic	
infections	(such	as	P. jiroveci	pneumonia)	occur	more	frequently	
in	Good’s	syndrome	and	prognosis	is	worse	than	that	for	most	
CVID	 patients.	 Approximately	 10%	 of	 CVID	 patients	 have	
severe	CD4	lymphocytopenia	(<200	cells/µL)	and/or	an	oppor-
tunistic	 infection.	 Several	 complications	 (intestinal	 disease,	
splenomegaly,	lymphomas	and	granulomas)	are	more	frequent	
in	 this	 subset.39	 This	 has	 been	 called	 ‘late	 onset	 combined	
immunodeficiency’	 (LOCID)	 and	 is	 similar	 to	 Good’s	 syn-
drome,	with	the	exception	of	thymoma.

IgA DEFICIENCY

Human	IgA	 is	divided	 into	 two	subclasses	–	 IgA1	and	IgA2	–	
encoded	 by	 separate	 genes.	 IgA1	 constitutes	 80%	 to	 90%	 of	
serum	IgA;	both	contribute	equally	to	secretory	IgA.	Both	sub-
classes	are	affected	in	IgA	deficiency	(IGAD).	Very	low	levels	of	
IgA	 (<7	mg/dL)	 are	 found	 in	 about	 1	:	500–700	 Caucasians.40	
This	is	called	selective	IgA	deficiency	(IGAD).	Clinical	associa-
tions	 with	 levels	 of	 IgA	 above	 this	 threshold	 but	 below	 the	
normal	range	(‘low’	IgA)	are	not	well	established.	As	with	CVID,	
due	 to	 rapid	 immune	 system	 development	 in	 children	 and	
wider	normal	ranges	of	immunoglobulin	levels	in	early	child-
hood,	it	is	not	appropriate	to	confer	a	diagnosis	of	IGAD	below	
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begins.	Transient	hypogammaglobulinemia	of	infancy	(THI)	is	
an	IgG	deficiency	that	begins	in	infancy	and	resolves	spontane-
ously	by	5	years	of	age.68	Thus,	the	diagnosis	can	be	confirmed	
only	 after	 IgG	 levels	 normalize.	 By	 definition,	 IgG	 is	 lower		
than	normal	for	age.	Many	of	these	children	are	asymptomatic.	
Beginning	 at	 about	 6	 months	 of	 age,	 many	 (>90%)	 of	
these	 IgG-deficient	 children	 manifest	 the	 types	 of	 recurrent	
infections	 associated	 with	 hypogammaglobulinemia.69	 Severe	
infections	are	not	often	seen,	but	vaccine	strain	polio	meningo-
encephalitis	 has	 been	 reported	 in	 one	 case	 of	 THI.70	 Fifty	 to	
eighty	per	 cent	of	patients	are	atopic	and	autoimmunity	may	
be	seen	in	a	small	fraction	(4%).69,71

Patients	with	higher	 initial	 IgG	 levels	and	males	normalize	
more	 rapidly.68,71	 High	 total	 B	 cells,	 low	 memory	 B	 cells	 and	
reduced	CD19	on	B	cells	have	been	described	in	patients	with	
THI.69,71–73

Many	 studies	 indicate	 mainly	 normal	 vaccine	 responses	 in	
THI,	but	one	study	documented	poor	responses	to	Hib	vaccine	
in	a	majority	and	 to	 tetanus	 in	one	 third	of	patients.71	Those	
with	low	levels	of	IgA	and	IgM	and	poor	vaccine	responses	had	
longer	 time	 to	 resolution	 and	 a	 higher	 rate	 of	 persistent	
hypogammaglobulinemia.19,68,69,71

HYPER-IgM SYNDROMES

The	eponym	‘hyper-IgM	syndrome’	is	applied	to	immunodefi-
ciency	 with	 defective	 Ig	 class	 switching.	 In	 primary	 antibody	
responses,	IgM	is	produced	initially;	IgG	and	other	isotypes	are	
produced	later.	This	is	called	class switching	and	requires	genetic	
rearrangement	to	juxtapose	the	Ig	variable	region	gene	with	a	
new	heavy-chain	gene.	 If	 this	process	 fails,	 IgM	predominates	
in	antibody	responses	without	other	isotypes	being	produced.	
The	 X-linked	 hyper-IgM	 syndrome	 (abbreviated	 XHIM	 or	
HIM1)	 is	 an	 immunodeficiency	 resulting	 from	 defects	 in	
TNFSF5	(tumor	necrosis	factor	superfamily	member	5).74	This	
is	also	called	CD154	or	CD40	 ligand	(CD40L).	This	 is	 truly	a	
combined	 immunodeficiency	 because	 the	 interactions	 of	 T		
cells	 with	 antigen-presenting	 cells	 and	 mononuclear	 cells	 are	
impaired.	However,	HIM1	is	often	classified	with	antibody	defi-
ciencies	because	hypogammaglobulinemia	is	such	a	prominent	
feature.

Usually	within	 the	first	2	years	of	 life,	patients	with	HIM1	
develop	 recurrent	 bacterial	 infections	 generally	 seen	 in	 hypo-
gammaglobulinemia.74	They	also	have	opportunistic	infections	
from	fungal	pathogens	such	as	Pneumocystis,	Histoplasma	and	
others.75	Additional	infections	include	erythrovirus	and	scleros-
ing	cholangitis	due	to	Cryptosporidium.	Noninfectious	compli-
cations	 include	 neutropenia	 and	 hepatic	 and	 hematologic	
malignancies.

In	HIM1,	IgG	is	low	and	IgM	is	normal	or	high;	more	than	
half	of	patients	lack	IgA.74	Specific	antibody	formation	is	often	
impaired.	Patients	make	IgM	antibody	in	response	to	immuni-
zation	or	infection	but	little	IgG.	Antibody	levels	wane	rapidly,	
and	 there	 are	 no	 memory	 responses.	 Secondary	 lymphoid	
tissues	 are	 poorly	 developed	 and	 do	 not	 contain	 germinal	
centers.	The	diagnosis	is	established	by	demonstrating	a	failure	
of	 T	 cells	 to	 express	 CD40L	 after	 stimulation.	 The	 diagnosis	
should	be	confirmed	with	molecular	genetic	study.

Forms	 of	 hyper-IgM	 syndrome	 with	 autosomal	 (mostly	
recessive)	 inheritance	 have	 also	 been	 described.	 ‘Hyper-IgM	
syndrome	type	3’	 (HIM3)	results	 from	mutations	 in	 the	gene	
encoding	 tumor	necrosis	 factor	receptor	superfamily	member	

asymptomatic,	 rendering	 its	 significance	 questionable	 in	
patients	with	recurrent	infections.	However,	some	studies	show	
a	higher	prevalence	of	subclass	deficiency	in	groups	of	patients	
with	 chronic	 or	 recurrent	 sinopulmonary	 bacterial	 infec-
tions.53,54	Not	all	of	these	patients	have	impaired	specific	anti-
body	 responses.	 Thus,	 the	 connection	 between	 IgG	 subclass	
deficiency	and	susceptibility	to	 infection	or	other	disease	may	
be	difficult	to	demonstrate.

Individuals	with	IGGSD	most	often	present	with	recurrent	
sinopulmonary	 infections	 of	 varying	 severity	 caused	 by	
common	respiratory	bacterial	pathogens.55	Additional	manifes-
tations	 include	 frequent	 viral	 infections,	 recurrent	 diarrhea	
(infectious	or	allergic)	and	atopic	diseases	such	as	asthma	and	
allergic	 rhinitis,	 and	 autoimmunity.56	 Lymphoproliferative	
disease	has	been	reported	in	association	with	IGGSD,	although	
its	significance	is	unknown.22

IgG	subclass	deficiencies	occur	in	various	patterns.	Low	IgG2	
is	most	common	in	children	(male	>	female).	It	may	occur	in	
isolation	but	is	also	frequently	associated	with	IgG4	and/or	IgA	
deficiency.57	Selective	IgG3	deficiency	is	found	more	commonly	
in	 women	 and	 may	 be	 associated	 with	 low	 levels	 of	 IgG1.58	
Recurrent	infections	have	also	been	reported	in	association	with	
only	 low	 IgG4.59	 Young	 children	 with	 IGGSD	 often	 improve	
with	time:	50%	to	70%	(depending	on	the	pattern	of	Ig	abnor-
malities)	achieve	normal	serum	levels	by	age	6.47

Abnormalities	 of	 lymphocyte	 populations	 have	 not	 been	
established	in	IGGSD.	Some	have	found	low	levels	of	switched	
memory	B	cells	(as	in	CVID)	in	some	individuals	with	IGGSD.60	
IGGSD	 is	 not	 commonly	 the	 result	 of	 genetic	 lesions	 in	 the	
human	 Ig	 heavy-chain	 locus.	 In	 fact,	 most	 individuals	 with	
deletions	 in	 this	 locus	with	 restricted	 IgG	 subclass	 expression	
are	 asymptomatic.61	 Mutations	 preventing	 expression	 of	 cell	
surface	IgG2	have	been	found	in	a	few	reported	cases	of	IgG2	
deficiency.62

SPECIFIC ANTIBODY DEFICIENCY WITH 
NORMAL IMMUNOGLOBULINS

Some	 patients	 with	 recurrent	 infections	 and	 poor	 antibody	
responses	 (mainly	 to	 polysaccharide	 antigens)	 have	 normal	
levels	of	antibody	classes	and	subclasses.	This	is	called	‘specific	
antibody	 deficiency	 with	 normal	 immunoglobulins’	 (SADNI)	
or	‘functional	antibody	deficiency’.63	In	one	tertiary	care	center,	
SADNI	was	the	most	frequent	diagnosis	among	patients	evalu-
ated	 for	 immunodeficiency	 (23%).64	 In	 another	 recent	 study,	
poor	response	to	pneumococcal	polysaccharides	was	found	in	
58%	of	24	children	evaluated	 for	chronic	productive	cough.63	
In	a	 larger	cohort	of	129	adult	patients	with	chronic	 rhinosi-
nusitis,	 more	 than	 11%	 had	 a	 diagnosis	 of	 SADNI.65	 In	 one	
retrospective	study	of	72	patients,	approximately	8%	exhibited	
autoimmunity	and	5%	had	chronic	enteropathy.66	Abnormali-
ties	of	lymphocyte	populations	are	not	well	described,	though	
low	 levels	 of	 switched	 memory	 B	 cells	 are	 found	 in	 some	
patients.67

TRANSIENT HYPOGAMMAGLOBULINEMIA  
OF INFANCY

In	 humans,	 IgG	 is	 transported	 from	 the	 mother	 to	 the	 fetus	
during	gestation.	Maternal	antibody	has	a	half-life	in	the	infant	
between	20	and	30	days.	A	nadir	of	IgG	occurs	at	3	to	9	months	
of	 age	 as	 maternal	 IgG	 is	 cleared	 and	 newborn	 production	
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leukemia)	or	 following	chemotherapy	or	 immunomodulation	
(e.g.	 rituximab)	 for	 cancer	 or	 autoimmune	 disease,	 or		
immunosuppressive	therapy	following	solid	organ	transplanta-
tion.	 With	 abnormal	 protein	 loss,	 vaccine	 antibody	 levels		
are	 preserved,	 unless	 hypogammaglobulinemia	 is	 profound.	
The	 opposite	 is	 true	 for	 other	 causes	 of	 secondary	
hypogammaglobulinemia.

Complement	deficiency	presents	with	 infections	character-
istic	 of	 antibody	 deficiency.82	 Patients	 with	 phagocyte	 defects	
may	 also	 present	 with	 respiratory	 bacterial	 infections.83	
However,	they	frequently	present	with	distinct	infectious	com-
plications	such	as	deep-seated	abscesses	or	cellulitis,	which	are	
not	 as	 often	 seen	 in	 antibody	 deficiencies	 (although	 they	 do	
occur	occasionally).

Some	 nonimmune	 disorders	 such	 as	 cystic	 fibrosis	 and	
ciliary	 dysfunction	 mimic	 antibody	 deficiencies.84,85	 Nasopha-
ryngeal	 anatomic	 defects,	 hyperplasia	 of	 lymphoid	 tissue	 or	
allergic	rhinosinusitis	may	cause	Eustachian	tube	or	ostiomeatal	
obstruction	and	lead	to	recurrent	or	chronic	otitis	media	and/
or	sinusitis.	Depending	on	clinical	features,	some	or	all	of	these	
disorders	 should	 be	 investigated	 in	 patients	 with	 normal	
humoral	 immunity	 with	 infections	 characteristic	 of	 antibody	
deficiency.

Evaluation
Figure	8-1	shows	an	algorithm	for	evaluation	of	patients	with	
suspected	humoral	immunodeficiency.	Some	combined	immu-
nodeficiencies	have	clinical	features	that	should	prompt	inves-
tigation	of	cellular	immune	function.2	This	algorithm	assumes	
that	 there	 are	 no	 such	 features	 because	 evaluation	 of	 cellular	
immunity	would	be	undertaken	immediately	in	such	cases.	The	
following	annotations	correspond	to	the	numbered	elements	in	
Figure	8-1.

1.	 The	 descriptions	 of	 the	 diseases	 mentioned	 point	 out	
the	elements	of	a	history	 that	 should	arouse	 suspicion	
of	antibody	deficiency,	the	main	element	being	recurrent	
respiratory	tract	bacterial	and	viral	 infections.	Physical	
examination	 is	 nonspecific,	 showing	 only	 the	 presence	
or	sequelae	of	 infections.	Visible	or	palpable	 lymphoid	
tissue	may	be	scarce	or	absent	in	some	cases,	especially	
in	areas	rich	in	B	cells	(e.g.	 tonsils).	This	 is	most	often	
seen	in	agammaglobulinemia.	Specific	diagnosis	rests	on	
the	laboratory	evaluation.

2.	 The	laboratory	examination	of	humoral	immunity	con-
sists	of	measuring	the	levels	of	various	Ig	isotypes	(IgG,	
IgA,	 IgM	 and	 IgG	 subclasses)	 in	 serum,	 as	 well	 as	 a	
measure	 of	 specific	 antibody	 production	 with	 both	
protein	and	polysaccharide	antigens.	Significant	disease	
may	result	from	selective	inability	to	respond	to	polysac-
charide	 antigens	 (Table	 8-2).	 Antibodies	 to	 protein	
vaccine	antigens	such	as	tetanus	and	diphtheria	toxoids	
are	 often	 determined.	 Antibodies	 against	 the	 capsular	
polysaccharide	 (polyribose	 phosphate	 [PRP])	 of	 H. 
influenzae	type	B	(Hib)	may	also	be	measured.	Note	that	
Hib	vaccines	couple	the	PRP	to	a	protein	carrier,	and	PRP	
titers,	although	specific	for	a	polysaccharide,	are	indica-
tive	of	immune	response	to	a	protein.	Similar	consider-
ations	 apply	 to	 measurement	 of	 antibodies	 against	
conjugated	 pneumococcal	 capsular	 polysaccharides		
(as	 in	 Prevnar	 vaccines).	 Antibody	 levels	 measured		
after	 immunization	 with	 unconjugated	 pneumococcal	

5	(TNFRSF5),	also	known	as	CD40.76	Because	this	is	the	ligand	
for	TNFSF5	(HIM1),	the	same	cellular	interactions	are	affected.

Two	additional	forms	of	autosomal	hyper-IgM	syndrome	are	
due	 to	 mutations	 of	 the	 genes	 encoding	 activation-induced	
cytidine	 deaminase	 (AID)	 and	 uracil	 nucleoside	 glycosylase	
(UNG).76,77	These	are	called	HIM2	and	HIM5,	respectively.	Bac-
terial	 sinopulmonary	 infections	 occur	 in	 these	 patients	 along	
with	 diarrhea,	 failure	 to	 thrive	 and	 lymphadenopathy.	 These	
defects	affect	only	class-switch	machinery	in	B	cells;	T	cell	func-
tion	 is	 completely	 intact	 and	 opportunistic	 infections	 are	 not	
observed.

Another	 form	 of	 hyper-IgM	 syndrome	 (unknown	 defect)	
has	been	designated	‘hyper-IgM	syndrome	type	4’.78,79	This	is	a	
milder	 antibody	 deficiency	 with	 residual	 IgG	 production	 and	
an	intrinsic	B	cell	class-switch	defect	with	normal	T	cell	func-
tion.	 Immune	 function	 may	 normalize	 over	 time	 in	 some	
patients.78

A	few	patients	have	been	described	with	a	hyper-IgM	phe-
notype	and	defects	of	PI3	kinase	catalytic	subunit	δ	(PI3KCD).80

Differential Diagnosis
Clinical	entities	that	mimic	antibody	deficiency	are	listed	in	Box	
8-1.	 The	 most	 frequent	 presentation	 of	 antibody	 deficiency	
includes	recurrent,	frequent	and	severe	respiratory	tract	infec-
tions	 with	 encapsulated	 bacteria.3,4	Additional	 bacterial	 infec-
tions	 may	 occur	 in	 other	 sites,	 along	 with	 frequent	 viral	
infections	 and	 noninfectious	 complications.	 Of	 course,	 anti-
body	 deficiency	 may	 accompany	 cellular	 immunodeficiency	
(i.e.	 combined	 immunodeficiency).	 Normal	 cellular	 immune	
function	should	be	confirmed	in	all	cases	of	abnormal	humoral	
immunity	(Figure	8-1).

Secondary	or	acquired	antibody	deficiency	is	more	prevalent	
than	primary	humoral	deficiency	in	adults;	the	opposite	is	true	
for	 children.	 Secondary	 antibody	 deficiency	 can	 occur	 with	
abnormal	loss	of	lymph	or	plasma	(lymphangiectasia,	nephro-
sis,	 protein-losing	 enteropathy).81	 Hypogammaglobulinemia	
also	 occurs	 with	 malignancy	 (e.g.	 chronic	 lymphocytic	

BOX 8-1 DIFFERENTIAL DIAGNOSIS OF 
RECURRENT RESPIRATORY TRACT 
BACTERIAL INFECTIONS

Primary humoral immunodeficiency
Secondary or acquired humoral immunodeficiency
Primary combined immunodeficiency

Severe combined immunodeficiency
Wiskott-Aldrich syndrome
DiGeorge syndrome
Ataxia-telangiectasia
Many others

Secondary or acquired combined immunodeficiency
Complement deficiency
Phagocytic cell defect

Chronic granulomatous disease
Leukocyte adhesion defect
Chédiak-Higashi syndrome
Neutropenia

Allergic rhinosinusitis
Anatomic obstruction of Eustachian tube or sinus ostia (tumor, 

foreign body, lymphoid hyperplasia)
Cystic fibrosis
Ciliary dysfunction
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a	 single	 serotype.88	 Seroconversion	 rates	 in	 a	 healthy	
population	depend	on	serotype	and	many	healthy	chil-
dren	 do	 not	 respond	 to	 all	 types.	 Criteria	 of	 normal	
response	 with	 respect	 to	 the	 proportion	 of	 serotypes	
have	 not	 been	 established.	 Following	 immunization	
with	a	polysaccharide	pneumococcal	vaccine	(e.g.	Pneu-
movax),	1.3	µg/mL	is	considered	protective	for	invasive	
disease	 with	 respect	 to	 a	 single	 serotype.89	 The	 most	
recent	guidelines	for	assessing	response	to	pneumococ-
cal	polysaccharide	vaccine90	indicate:
•	 Mildly	 deficient	 response	 is	 concentration	 >1.3	µg/

mL	for	>50%	of	serotypes	with	a	2-fold	rise	 in	 level	
for	<50%	of	types	under	age	6	(70%	over	age	6).

vaccines	 are	 indicative	 of	 polysaccharide	 responses.	 If	
initial	measurements	of	antibodies	are	low,	response	to	
booster	immunization	should	be	assessed.	Post	vaccina-
tion	levels	may	be	determined	after	3	to	6	weeks.	Polysac-
charide	antibody	responses	are	reliable	in	normal	children	
beyond	the	age	of	1	year.86	Serum	isohemagglutinins	are	
naturally	occurring	antibodies	against	ABO	blood	group	
antigens.	They	are	produced	in	response	to	polysaccha-
ride	antigens	of	gut	flora,	and	measurement	is	sometimes	
a	useful	indicator	of	polysaccharide	immunity.87

Following	 immunization	 with	 a	 conjugate	 pneu-
mococcal	 vaccine	 (e.g.	 Prevnar	 13),	 0.35	µg/mL	 is	
considered	protective	for	invasive	disease	with	respect	to	

Figure 8-1  Algorithm for evaluation of the patient with suspected antibody deficiency (see text for annotations and abbreviations). 

1
Suspected antibody deficiency

2
Measure serum immunoglobulins,

IgG subclasses and specific
    antibody levels

4
Is specific antibody

production impaired?

6
Is cellular immunity

abnormal?

8
Is B cell number

    normal?

11
Spec. Ab–, consider SADNI

Spec. Ab+, consider
complement or phagocyte

defect, other conditions

10
Are immunoglobulins
and IgG subclasses

normal?

9
Consider XLA,
AGAM, CVID

7
Pursue diagnosis

of combined defect;
consider HIM1

12
Consider CVID, IGAD,
IGGSD, HIM, THI, 2AD

3
Is there profound hypo-
gammaglobulinemia?

5
Evaluate lymphocyte
subsets and cellular

immunity

NoNo

NoNo

No

Yes

Yes Yes

Yes

Yes
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Age IgG (mg/dL) IgA (mg/dL) IgM (mg/dL)

0–1 mo 700–1300 0–11 5–30
1–4 mo 280–750 6–50 15–70
4–7 mo 200–1200 8–90 10–90
7–13 mo 300–1500 16–100 25–115
13 mo–3 yr 400–1300 20–230 30–120
3–6 yr 600–1500 50–150 22–100
6 yr–adult 639–1344 70–312 56–352

Age IgG1 (mg/dL) IgG2 (mg/dL) IgG3 (g/dL) IgG4 (mg/dL)

Cord 435–1084 143–453 27–146 1–47
0–3 mo 218–496 40–167 4–23 1–120
3–6 mo 143–394 23–147 4–100 1–120
6–9 mo 190–388 37–60 12–62 1–120
9 mo–2 yr 286–680 30–327 13–82 1–120
2–4 yr 381–884 70–443 17–90 1–120
4–6 yr 292–816 83–513 8–111 2–112
6–8 yr 422–802 113–480 15–133 1–138
8–10 yr 456–938 163–513 26–113 1–95
10–12 yr 456–952 147–493 12–179 1–153
12–14 yr 347–993 140–440 23–117 1–143
Adult 422–1292 117–747 41–129 10–67

Tetanus toxoid (IU/mL) PRP (Hib) (ng/mL) Pneumococcus

Protective level 0.15 1000 See notes for Figure 8-1

Age

ISOHEMAGGLUTININ TITER

Anti–A Anti–B

0–6 mo Unpredictable Unpredictable
6 mo–2 yr ≥1 : 4–8 ≥1 : 4–8
2–10 yr 1 : 4–256 1 : 16–256
10 yr–adult ≥1 : 4–8 ≥1 : 4–8

*These are normal ranges from the laboratories of Children’s Hospital, Boston, MA (except isohemagglutinins, see Fong SW, Qaqundah BY, 
Taylor WF: Transfusion 1974;14:551.) Normal ranges are method dependent and should be validated for each laboratory. These reference 
ranges are intended for educational purposes only.

TABLE 
8-2 Reference Ranges for Serum Immunoglobulins and Specific Antibody Levels*

•	 Moderately	 deficient	 response	 is	 concentration	
>1.3	µg/mL	for	<50%	of	types	under	age	6	(70%	over	
age	6).

•	 Severely	deficient	response	 is	concentration	>1.3	µg/
mL	for	fewer	than	3	serotypes	at	any	age.

•	 Poor	memory	response	is	an	initial	‘normal’	response	
which	falls	below	criteria	after	6	months.

3.	 Hypogammaglobulinemia	 with	 IgG	<100	mg/dL	 in	 an	
infant	 or	 <200–300	mg/dL	 in	 an	 older	 child	 or	 adult	
should	 prompt	 additional	 evaluation	 of	 lymphocyte	
populations	and	cellular	immune	function	to	investigate	
combined	immunodeficiency	and	B	cell	number.

4.	 Specific	antibody	responses	may	be	impaired	as	a	result	
of	 the	 failure	 of	 T	 cell	 help	 for	 antibody	 production,	
even	if	serum	Ig	levels	are	normal	or	near	normal.	This	
situation	 should	 also	 prompt	 an	 evaluation	 of	 cellular	
immunity.

5.	 Cellular	immunity	is	evaluated	because	of	either	severe	
hypogammaglobulinemia	or	impaired	specific	antibody	
production.

6.	and	7.	 If	cellular	immunity	is	abnormal,	then	the	even-
tual	diagnosis	will	be	a	form	of	combined	immunodefi-
ciency.	 Recall	 that	 HIM1	 and	 HIM3	 are	 combined	
immunodeficiencies.

8.	 Cellular	 immunity	 is	 normal;	 it	 is	 important	 to	 deter-
mine	if	there	is	impaired	B	cell	development.

9.	 B	cells	are	absent	or	severely	reduced	in	XLA	or	autoso-
mal	 agammaglobulinemia.	 A	 history	 of	 affected	 male	
relatives	 on	 the	 mother’s	 side	 establishes	 the	 diagnosis	
of	 XLA.11	 Demonstration	 of	 maternal	 carrier	 status	 is	
also	presumptive	evidence.	This	can	be	shown	by	non-
random	 X	 chromosome	 inactivation	 in	 B	 cells,	 or	 the	
presence	of	two	populations	(BTK+	and	BTK−)	in	mono-
cytes	or	platelets	by	flow	cytometry.12,91,92	The	diagnosis	
should	be	confirmed	by	molecular	analysis.	B	cells	may	
be	low	in	some	cases	of	CVID.20

10.	 At	 this	 point,	 either	 there	 is	 not	 severe	 hypogamma-
globulinemia	and	antibody	 formation	 is	not	 impaired,	
or	antibody	is	reduced,	a	cellular	immunologic	evalua-
tion	is	normal,	and	the	B	cell	number	is	normal.	Most	
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Agammaglobulinemia,	 CVID	 and	 HIM	 are	 indications	 for	
replacement	therapy	with	IgG.2	The	value	of	IgG	replacement	
for	therapy	of	IGAD,	IGGSD,	SADNI	and	THI	is	not	as	clear.	
With	some	exceptions	(mainly	in	the	case	of	IgG	subclass	defi-
ciency)	IgG	replacement	is	not	considered	appropriate	in	IGAD	
as	there	is	little	benefit.	These	patients	and	those	with	IGGSD,	
SADNI	and	THI	are	best	managed	initially	with	therapeutic	and	
prophylactic	antibiotics93	and	evaluation	to	rule	out	other	pre-
disposing	factors.	In	the	case	of	patients	with	IGGSD,	SADNI	
or	 THI	 treated	 with	 antibiotic	 prophylaxis,	 if	 infections	 con-
tinue	to	occur	with	unacceptable	frequency	or	severity,	if	anti-
biotics	are	not	tolerated,	or	especially	if	antibody	responses	to	
immunization	are	poor,	IgG	replacement	is	indicated.

Even	with	IgG	replacement	at	appropriate	doses,	sinopulmo-
nary	infections	may	continue	at	an	unacceptable	rate,	especially	
in	those	with	more	severe	disease	such	as	agammaglobulinemia,	
or	 CVID	 or	 HIM,	 or	 with	 lung	 damage	 such	 as	 bronchiecta-
sis.93,95	 In	 these	 circumstances,	 antibiotic	 prophylaxis	 may	 be	
used	in	addition	to	IgG.	In	some	patients,	this	may	be	required	
as	a	permanent	adjunct	to	IgG	replacement.	For	others,	it	may	
be	 possible	 to	 administer	 prophylaxis	 for	 several	 months	 at	 a	
time	(e.g.	during	the	winter),	or	for	a	few	years,	after	which	a	
patient	may	tolerate	discontinuation.	It	is	always	important	to	
consider	other	potential	predisposing	factors	to	chronic	rhino-
sinusitis	or	bronchitis	and	to	consider	additional	therapies	such	
as	topical	nasal	or	inhaled	corticosteroids.2,20

Autoimmune,	inflammatory	or	malignant	complications	of	
antibody	 deficiency	 are	 generally	 treated	 as	 they	 would	 be	 in	
other	 (non-immunodeficiency)	 contexts.	 For	 these	 types	 of	
complications	 no	 standardized	 regimen	 has	 been	 developed	
specifically	 for	 antibody	 deficient	 patients.	 Granulomatous	
disease	 in	 CVID	 often	 responds	 well	 to	 immunosuppressive	
therapy	 such	 as	 steroids,	 cyclosporine	 A,	 thioguanines	 and	
rituximab.96,97	 Individuals	 with	 preexisting	 immunodeficiency	
are	at	greater	risk	for	infectious	or	malignant	complications	of	
immunomodulatory	 therapies	 and	 they	 should	 be	 monitored	
very	carefully	in	this	regard.

Stem	 cell	 therapy	 is	 generally	 not	 considered	 for	 patients	
with	antibody	deficiency.2	One	exception	may	be	CVID.	Some	
patients	with	severe	complications	of	CVID	(refractory	autoim-
mune	 disease	 or	 marrow	 aplasia)	 have	 received	 stem	 cell	
therapy.98	 Results	 have	 been	 mixed,	 but	 some	 successful	 out-
comes	have	been	achieved.	Stem	cell	 replacement	 is	not	yet	 a	
standard	therapy	for	CVID;	it	should	be	considered	on	a	case-
by-case	basis.

Immunoglobulin	 replacement	 and	 anti-infective	 therapy	
and	 chemoprophylaxis	 are	 the	 mainstays	 of	 therapy	 for	 the	
majority	 of	 patients	 with	 all	 forms	 of	 HIM.74,76,77	 Recall	 that	
HIM	due	to	defects	of	CD40L	or	CD40	are	combined	immu-
nodeficiencies	 and	 require	 prophylaxis	 against	 Pneumocystis 
jiroveci	 pneumonia.	 Neutropenia	 in	 these	 patients	 sometimes	
responds	 to	granulocyte	 colony-stimulating	 factor	 (G-CSF,	or	
filgrastim).	Due	to	the	importance	of	the	T	cell	defect	in	these	
patients,	 stem	 cell	 therapy	 should	 be	 considered	 for	 any	 who	
have	 suitable	 donors.74	 Stem	 cell	 therapy	 is	 not	 indicated	 for	
HIM	due	to	defects	of	AID	and	UNG.

Conclusions
There	 are	 no	 prospective	 studies	 that	 define	 the	 incidence	 of		
antibody	deficiency.	Diagnostic	 controversy	 exists	with	 respect	
to	 what	 constitutes	 clinically	 significant	 rates	 or	 severity	 of	

of	the	remaining	diagnoses	are	clinically	defined,	in	part,	
by	the	serum	Ig	profile.

11.	 If	antibody	formation	is	impaired	(Spec.Ab−)	and	serum	
immunoglobulins	 are	 normal,	 then	 the	 diagnosis	 is	
SADNI.	Otherwise,	all	measurements	are	normal	(Spec.	
Ab+),	 and	 alternative	 explanations	 for	 recurrent	 infec-
tions	should	be	sought.	See	the	discussion	on	differential	
diagnosis.

12.	 There	is	an	immunoglobulin	abnormality,	with	or	without	
demonstrable	 impairment	of	 specific	antibody	produc-
tion.	Possible	diagnoses	 include	CVID,	a	 form	of	HIM,	
IGAD,	IGGSD,	THI	and	secondary	antibody	deficiency.

Treatment
Therapeutic	 considerations	 for	 antibody	 deficiency	 are	 sum-
marized	in	Box	8-2.	There	are	two	principal	modalities	to	treat	
patients	with	antibody	deficiencies:	antimicrobial	therapy	(and	
prophylaxis)93	and	IgG	replacement.94,95	Human	polyclonal	IgG	
for	therapeutic	use	has	been	available	for	decades	and	is	admin-
istered	every	2	to	4	weeks	via	an	intravenous	infusion,	or	every	
1	to	14	days	via	subcutaneous	infusion.	The	principal	mecha-
nism	of	benefit	of	IgG	replacement	is	via	passive	immunity,	i.e.	
providing	 protective	 antibody	 that	 patients	 are	 incapable	 of	
producing	themselves.	IgG	therapy	is	the	subject	of	Chapter	15.

Antibiotics	are	used	to	treat	infectious	complications	before	
or	during	IgG	replacement.	The	choice	of	antibiotic	depends	on	
the	site	of	infection,	severity,	past	history	of	infections	and	anti-
biotic	use,	hypersensitivity	and	microbiologic	 sensitivity	data,	
where	available.	Doses	do	not	need	to	be	adjusted	for	immuno-
deficiency,	however	resolution	may	be	slower	in	comparison	to	
immunocompetent	patients,	and	treatment	may	need	to	be	pro-
longed.	In	general,	one	should	consider	doubling	the	usual	dura-
tion	of	therapy	for	respiratory	tract	infections,	especially	sinusitis,	
as	relapse	is	likely	with	shorter	courses	of	antibiotics.

BOX 8-2 THERAPEUTIC PRINCIPLES FOR 
ANTIBODY DEFICIENCY

AVOID INFECTION

Isolate from obviously contagious individuals
Avoid large institutional settings for child or elder care
Practice appropriate public and personal hygiene

THERAPY FOR EXISTING INFECTIONS

Antibiotics, standard dose regimens are appropriate, consider 
extended (double length) course

PREVENTION OF INFECTIONS

Immunoglobulin replacement (see Chapter 15)
Antibiotic prophylaxis

Antibiotic Children Adults

Amoxicillin (consider 
with clavulanate, if 
necessary)

10–20 mg/kg daily 
or bid

500 mg daily or 
bid

Trimethoprim (TMP)/
sulfamethoxazole 
(dosing for TMP)

5 mg/kg daily 160 mg daily

Azithromycin 10 mg/kg weekly 
or 5 mg/kg 
every other day

500 mg weekly or 
250 mg every 
other day

Clarithromycin 7.5 mg/kg daily or 
bid

500 mg daily or 
bid
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an	older	child	or	adult	will	improve	over	time.	Although	it	may	
be	reassuring	that	a	large	proportion	of	younger	patients	appear	
to	improve	with	time,	this	will	certainly	not	be	the	case	for	all.	
Even	for	patients	who	are	destined	to	‘recover’,	early	diagnosis	
is	critical	for	preventing	significant	morbidity	and	mortality.

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.
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infection,	and	there	are	no	criteria	regarding	such	histories	with	
proven	sensitivity	or	specificity	leading	toward	diagnosis	of	anti-
body	deficiency.	Thus,	 it	 is	 important	 to	maintain	an	 index	of	
suspicion	in	cases	where	an	infectious	predisposition	appears	to	
exist.

Antibody	deficiency	is	the	most	prevalent	form	of	primary	
immunodeficiency	and	will	be	encountered	by	every	practicing	
allergist/immunologist.	 Simple	 tools	 (measurement	 of	 serum	
immunoglobulins	and	vaccine	responses)	serve	to	classify	many	
patients;	 some	 may	 require	 more	 specialized	 evaluation	 (e.g.	
flow	cytometry	and/or	functional	testing).	Nevertheless,	screen-
ing	 tests	 differentiate	 those	 requiring	 more	 urgent	 evaluation	
from	those	who	may	be	followed	over	time	and	managed	con-
servatively,	at	least	initially.

Many	 infants	and	young	children	with	antibody	deficiency	
improve	 over	 time	 and	 may	 no	 longer	 suffer	 from	 recurrent	
infections	 after	 several	 years.	 No	 large	 long-term	 prospective	
studies	 have	 been	 undertaken	 to	 determine	 whether	 or	 not	
these	individuals	go	on	to	suffer	excessive	immunologic	disor-
ders	or	malignancies	in	comparison	to	the	general	population.	
It	 is	unlikely	 that	a	primary	antibody	deficiency	diagnosed	 in	
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KEY POINTS

• Defects of T cell development and/or function cause 
increased susceptibility to infections of bacterial, viral 
and fungal origin, and are often associated with autoim-
mune manifestations and malignancies.

• The most severe forms of these disorders, severe com-
bined immunodeficiency (SCID), are fatal unless immune 
reconstitution is attained, typically with hematopoietic 
stem cell transplantation (HSCT) or in selected cases 
with gene therapy or enzyme replacement therapy.

• Newborn screening based on enumeration of T cell 
receptor excision circles (TRECs) permits early identifica-
tion of SCID and thereby allows adoption of therapeutic 
interventions aimed to reduce the risk of infection while 
preparing for HSCT, resulting in improved overall 
survival.

• Several forms of T cell immunodeficiency are associated 
with other hematopoietic and non-hematopoietic 
defects, whose severity may have a significant impact 
on prognosis and outcome.

• Hygiene measures, antimicrobial prophylaxis, regular 
immunoglobulin replacement therapy and nutritional 
support are cardinal aspects of treatment for patients 
with T cell deficiencies, along with HSCT.

T lymphocytes are an essential component of adaptive immu-
nity. Through cytolytic activity and secretion of TH1 (interferon 
[IFN]-γ) and TH17 (interleukin [IL]-17, -22) cytokines they 
mediate resistance to viruses, mycobacteria and fungi. In addi-
tion, interaction of TH2 cells with B lymphocytes and antigen-
presenting cells, and release of soluble mediators such as IL-4 
and IL-10 promote T-dependent antibody responses and con-
tribute to defense against extracellular pathogens. Consequently, 
defects in T cell development and/or function result in severe 
combined immunodeficiency (SCID), with increased suscepti-
bility to severe infections from early in life.1

In addition, impaired development and/or function of  
regulatory T (TREG) lymphocytes, which play a crucial role in 
immune homeostasis, causes autoimmunity. This chapter will 
discuss the etiology, clinical presentation, diagnostic approach 
and main principles of treatment for congenital T cell disorders. 
For a more detailed discussion of hematopoietic stem cell trans-
plantation (HSCT) and gene therapy the reader is referred to 
Chapter 16.

Severe Combined Immunodeficiency
ETIOLOGY

SCID is a heterogeneous group of disorders that present with a 
distinct immunologic phenotype (Table 9-1). Molecular and 
cellular mechanisms responsible for SCID include:

• Defects of lymphocyte survival: adenosine deaminase 
(ADA) deficiency, reticular dysgenesis

• Signaling defects: X-linked SCID, JAK3 deficiency, IL-7R 
deficiency, CD45 deficiency

• Defects of expression and signaling through the pre-T cell 
receptor (pre-TCR) and the TCR: defects of RAG1, RAG2, 
Artemis, Cernunnos, DNA ligase IV (LIG4), DNA protein 
kinase catalytic subunit (DNA-PKcs), defects of CD3 
chains (CD3δ, CD3ε, CD3ζ), defect of TCR α constant 
(TRAC) chain, CD45 deficiency.

Hypomorphic mutations in these genes may allow for resid-
ual T cell development, with or without immune dysregulation. 
These conditions, and other defects at later stages in T cell 
development, will be discussed separately in this chapter (see 
‘Other Combined Immunodeficiencies’).

SCID Caused by Adenosine Deaminase Deficiency
Adenosine deaminase (ADA) mediates conversion of adenosine 
into inosine, and of deoxyadenosine into deoxyinosine. Defi-
ciency of ADA, inherited as an autosomal recessive trait, 
accounts for 5% to 10% of all cases of SCID. Lack of ADA 
results in intracellular accumulation of deoxyadenosine and of 
its phosphorylated metabolites, among which dATP is particu-
larly toxic to lymphoid precursors.2 Consequently, complete 
ADA deficiency is characterized by extreme lymphopenia  
(T− B− NK− SCID) and extra-immune manifestations (reflecting 
the housekeeping nature of the ADA gene) from early in life. 
However, partial defects of the enzyme may result in less severe 
clinical presentation (delayed or late-onset forms) that may 
even present in adulthood.3

Reticular Dysgenesis
This rare form of autosomal recessive SCID is characterized by 
severe lymphopenia and agranulocytosis, associated with sen-
sorineural deafness.4 The disease is caused by mutations of the 
AK2 gene, encoding for adenylate kinase 2 that controls intra-
mitochondrial levels of ADP. AK2 deficiency results in increased 
cell death in lymphoid progenitors and in myeloid precursors 
committed to neutrophil differentiation.5,6

X-Linked Severe Combined Immunodeficiency 
(SCIDX1, γc Deficiency)
SCIDX1 is the most common form of SCID in humans, with an 
estimated incidence of 1 : 100,000 to 1 : 150,000 live births. Inher-
ited as an X-linked trait, it is characterized by complete absence 
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Disease Gene Inheritance

CIRCULATING LYMPHOCYTES

T B NK

B− SCID
 Reticular dysgenesis AK2 AR ↓↓ ↓ ↓↓
 RAG deficiency RAG1, RAG2 AR ↓↓ ↓↓ N
 Radiation-sensitive SCID DCLRE1C (Artemis) AR ↓↓ ↓↓ N

PRKDC AR ↓↓ ↓↓ N
LIG4 AR ↓↓ ↓↓ N
NHEJ1 AR ↓↓ ↓ N

T− B+ SCID
 X-linked SCID IL2RG XL ↓↓ N ↓↓
 JAK-3 deficiency Jak-3 AR ↓↓ N ↓↓
 IL-7Rα deficiency IL7RA AR ↓↓ N N
 CD45 deficiency CD45 AR ↓↓ N/↓ ↓
 CD3δ, CD3ε, or CD3ζ deficiency CD3D, CD3E, CD3Z AR ↓↓ N N
 Coronin-1A deficiency CORO1A AR ↓↓naïve N N

Purine metabolism deficiency
 Adenosine deaminase deficiency ADA AR ↓↓ ↓ ↓
 Nucleoside phosphorylase deficiency PNP AR ↓↓ ↓/N ↓/N
Omenn syndrome RAG1, RAG2, DCLRE1C, 

LIG4, ADA, AK2
AR ↓/N ↓↓ N

IL7R, RMRP AR ↓/N N N
IL2RG XL ↓/N N ↓↓
ZAP70 AR ↓ (↓↓ CD8) N N

TCRα constant chain deficiency TRAC AR ↓(almost all T cells 
are TCRγδ+)

N N

ZAP-70 deficiency ZAP70 AR ↓ (↓↓ CD8) N N

LCK deficiency LCK AR N (↓↓ CD4 naïve) N N

RHOH deficiency RHOH AR ↓↓ naïve T cells N N

MST1 deficiency STK4 AR ↓↓ naïve T cells,
↑ TEMRA and Teff

N N

ITK deficiency ITK AR Progressive ↓ N N

DOCK8 deficiency DOCK8 AR ↓ N, ↓memory B 
cells

N

Calcium flux defects
 Stim1 deficiency STIM1 AR N N N
 Orai1 deficiency ORAI1 AR N N N

Mg2+ flux deficiency MAGT1 XL ↓CD4 N N (impaired 
function)

CD25 deficiency IL2RA AR ↓ N N

STAT5b deficiency STAT5B AR ↓ N N

Human ‘nude’ phenotype FOXN1 AR ↓↓ N N

MALT1 deficiency MALT1 AR N N N
CARD11 deficiency CARD11 AR N(↓memory T) N (mostly 

transitional)
N

IKBKB deficiency IKBKB AR N(↓memory T) N (↓↓memory B) N

Activated PI3K-δ PI3KCD AD ↓CD4, ↑ TEMRA ↓ N

IL-21R deficiency IL21R AR N N (↓memory B) N

CD27 deficiency CD27 AR N N (↓↓memory B) N

MHC class I deficiency TAP1, TAP2, TAPBP AR ↓ (↓↓CD8) N N

MHC class II deficiency CIITA, RFXANK, RFX5, 
RFXAP

AR ↓ (↓↓CD4) N N

CTPS1 deficiency CTPS1 AR ↓CD4 N (↓memory B) N

X-linked hyper-IgM syndrome CD40LG XL N N N
ID with multiple intestinal atresia TTC7A AR ↓ ↓ N

Cartilage hair hypoplasia RMRP AR ↓/N N N

Schimke syndrome SMARCAL1 AR ↓ N N

T – T lymphocytes, B – B lymphocytes, NK – natural killer lymphocytes, AR – autosomal recessive, XL – X-linked, N – normal.

TABLE 

9-1 Genetic and Immunologic Features of Combined Immune Deficiency
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TCR. In humans, defects of the CD3 δ, ε or ζ chains cause 
autosomal recessive T− B+ NK+ SCID.23–25 In contrast, CD3γ 
deficiency is associated with a partial T cell lymphopenia and a 
variable clinical phenotype.26,27

CD45 Deficiency
Two unrelated patients have been reported in whom SCID  
was caused by the complete absence of the CD45 protein, a 
phosphatase that modulates signaling through the TCR/CD3 
complex.28,29 The immunologic phenotype is characterized by 
complete lack of T cells, with normal to increased B cell counts.

OTHER COMBINED IMMUNODEFICIENCIES

Omenn Syndrome and Other Conditions 
Associated with Hypomorphic RAG Mutations
Omenn syndrome (OS) is a combined immunodeficiency  
characterized by generalized erythroderma, lymphadenopathy, 
hepatosplenomegaly, respiratory infections, diarrhea, failure  
to thrive, hypoproteinemia with edema, and eosinophilia30 
(Figure 9-1). IgE serum levels are often elevated, and T lympho-
cytes have an oligoclonal repertoire.

In most cases, OS is due to hypomorphic mutations in RAG1 
and RAG2 genes,31 however it may be caused also by hypo-
morphic defects in other genes, including DCLRE1C,32 IL7R,33 
LIG4,34 RMRP,35 IL2RG,36 ADA,37 ZAP7038 and AK2.39 Impaired 
thymic expression of AIRE, a transcription factor involved in 
expression and presentation of self-antigens, has been reported 
in patients with OS, and may favor survival of autoreactive T 
cell clones.40

of both T and NK lymphocytes, with preserved number of B 
lymphocytes (T− B+ NK− SCID). The disease is caused by muta-
tions in the IL2RG gene that encodes for the IL2 receptor common 
gamma chain (IL-2Rγc, γc).7 The γc chain is constitutively 
expressed by T, B and NK cells, as well as myeloid cells and other 
cell types, including keratinocytes. The γc protein is an integral 
component of various cytokine receptors, namely IL-2R, IL-4R, 
IL-7R, IL-9R, IL-15R and IL-21R. In all of these receptors, the γc 
is coupled with the intracellular tyrosine kinase Janus-associated 
kinase (JAK)-3, that mediates signal transduction.8 Lack of cir-
culating T and NK cells in SCIDX1 males reflects defective sig-
naling through IL-7R and IL-15R, respectively.

JAK-3 Deficiency
JAK-3 is a cytoplasmic tyrosine kinase that is physically and 
functionally associated with the γc in all of the γc-containing 
cytokine receptors.9 Mutations of the JAK3 gene result in a clini-
cal and immunologic phenotype (i.e. T− B+ NK− SCID) that is 
undistinguishable from SCIDX1,10,11 but has an autosomal 
pattern of inheritance.

IL-7Rα Deficiency
IL-7Rα deficiency results in an autosomal recessive form of 
SCID characterized by lack of circulating T lymphocytes, with 
preserved number of B and NK cells (T− B+ NK+ SCID).12 IL-7 
is produced by stromal cells in bone marrow and in the thymus, 
and provides survival and proliferative signals to IL-7R+ lym-
phoid progenitor cells.

T − B − SCID Caused by Defective 
VDJ Recombination
B and T lymphocytes recognize foreign antigen through special-
ized receptors, the immunoglobulin (Ig) and the T cell receptor 
(TCR), respectively. These receptors are encoded by variable/
diversity/joining (VDJ) gene segments that undergo somatic 
rearrangement through a mechanism known as VDJ recombi-
nation.13 This process is initiated when the lymphoid-specific 
recombinase activating gene 1 (RAG1) and RAG2 proteins rec-
ognize specific recombination signal sequences (RSS) that flank 
each of the V, D and J gene elements and introduce a DNA 
double-strand break in this region.14 Subsequently, a series of 
ubiquitously expressed proteins (including Ku70, Ku80, DNA-
PKcs, XRCC4, DNA ligase IV, Artemis and Cernunnos/XLF) 
involved in recognition and repair of DNA damage mediate the 
final steps of the VDJ recombination process.

Defects of V(D)J recombination cause complete absence of 
both T and B lymphocytes, with preserved presence of NK cells 
(T− B− NK+ SCID). RAG1 and RAG2 mutations do not affect 
mechanisms of DNA double-strand break (dsb) repair and 
hence are not associated with increased cellular radiosensitiv-
ity.15 By contrast, defects of Artemis, LIG4, Cernunnos/XLF or 
DNA-PKcs cause increased radiosensitivity, reflecting impaired 
dsb repair.16–20 Of note, hypomorphic mutations in the RAG1/2 
genes and in the Artemis-encoding DCLRE1C gene have been 
associated with variable clinical and immunologic phenotypes, 
ranging from Omenn syndrome to expansion of TCRγδ+ T cells 
to delayed onset immunodeficiency with granuloma and/or 
autoimmunity.21,22

CD3/TCR Deficiencies
The CD3 complex consists of CD3γ, δ, ε and ζ chains and is 
required to mediate signaling through the pre-TCR and the 

Figure 9-1 Typical clinical features in an infant with Omenn syndrome. 
Note generalized erythroderma with scaly skin, alopecia and edema. 
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cell repertoire, impaired proliferation to mitogens, increased 
apoptosis of T lymphocytes and reduced number of memory B 
cells.54–56

The interleukin-2-inducible T cell kinase (ITK) is activated 
in response to TCR stimulation and participates in intracellular 
signaling. ITK deficiency is characterized by increased risk of 
infections (especially due to herpesviruses) and prominent 
immune dysregulation, associated with a reduced number of 
naïve CD4+ cells, defective T cell proliferation and progressive 
hypogammaglobulinemia. There is an increased risk of Epstein-
Barr virus (EBV)-driven lymphoproliferative disease, with fre-
quent pulmonary involvement.57–60

DOCK8 Deficiency
The dedicator of cytokinesis 8 (DOCK8) protein plays an 
important role in intracellular signaling and cytoskeleton reor-
ganization. Mutations of the DOCK8 gene cause a severe auto-
somal recessive immunodeficiency, with increased incidence of 
skin abscesses, mucocutaneous candidiasis and especially cuta-
neous viral infections, eczema, severe food allergy and markedly 
elevated IgE levels and eosinophilia.61,62 There is a high risk of 
human papillomavirus (HPV)-associated squamous cell carci-
noma. Vascular thrombosis in the central nervous system, auto-
immune cytopenias and other autoimmune manifestations 
have been also reported. The immunologic phenotype is char-
acterized by multiple abnormalities,61–68 with reduced number 
of naïve T cells, increased proportion of CD8+ TEMRA cells, and 
defective in vitro T cell proliferation to CD3/CD28 stimulation. 
Deficiency of TH17 cells accounts for the increased risk of can-
didiasis. Migration of T cells and dendritic cells to inflamed/
infected tissues is defective. NK and NKT cell function is also 
compromised. Immunoglobulin levels are variable, although 
low serum IgM levels are frequently seen. B cell response to 
TLR9 activation is severely compromised. Antibody responses 
to T-dependent antigens may be initially normal, but are not 
sustained over time. The disease has a dismal prognosis, but can 
be treated by HSCT.69

Human ‘Nude’ Phenotype (FOXN1 Defect)
FOXN1 is a transcription factor that controls development of 
thymic epithelial cells. Mutations of the FOXN1 gene cause a 
severe T cell immunodeficiency with complete lack of CD8+ T 
cells, associated with alopecia.70 Treatment is based on thymus 
transplantation.71

Coronin-1A Deficiency
Coronin-1A is an actin regulator that regulates T cell survival 
and migration. Mutations of the CORO1A gene cause immu-
nodeficiency with increased risk of EBV lymphoproliferative 
disease, associated with profound naïve T cell lymphopenia, 
oligoclonal T cell repertoire and severe reduction of iNKT cells 
and mucosa-associated invariant T (MAIT) cells.72,73

Major Histocompatibility Complex (MHC)  
Class II Deficiency
Lack of MHC class II molecules expression on the surface of 
thymic epithelial cells results in an inability to positively select 
CD4+ thymocytes and, hence, in the very low number of circu-
lating CD4+ lymphocytes. In addition, the ability to mount 
antibody responses is also impaired.

MHC class II deficiency has an autosomal recessive  
pattern of inheritance and may be caused by mutations in  

Patients with hypomorphic mutations in the RAG1/2 genes 
may also present with other clinical and immunologic pheno-
types. Expansion of TCRγδ+ T cells has been frequently reported 
after cytomegalovirus (CMV) infection and may associate with 
autoimmunity (especially cytopenias).41,42 In other cases, RAG 
deficiency may present with granulomatous lesions and/or 
autoimmunity.21,22,43 The severity of the clinical phenotype of 
RAG deficiency correlates, at least in part, with the residual 
levels of recombination activity of the mutant protein.44 
However, environmental factors are also important, because 
patients with similarly severe mutations may present with dis-
tinct phenotypes.45

Nucleoside Phosphorylase Deficiency
Purine nucleoside phosphorylase (PNP) converts guanosine 
into guanine and deoxyguanosine to deoxyguanine. Autosomal 
recessive PNP deficiency causes accumulation of phosphory-
lated deoxyguanosine metabolites (and of dGTP in particular) 
that inhibit ribonucleotide reductase, whose activity is essential 
to DNA synthesis. PNP deficiency is particularly deleterious  
to developing T lymphocytes and to central nervous system 
cells, causing severe T cell lymphopenia and neurologic 
deterioration.46

TCRα Constant Chain (TRAC) Gene Defect
A homozygous splice-site mutation of the TCRα constant 
(TRAC) gene, causing loss of the transmembrane and intracy-
toplasmic domain, has been reported in two patients.47 All T 
cells expressing CD3 at normal density coexpressed TCRγδ; 
an unusual population of CD3low T cells expressed TCRαβ. In 
vitro lymphocyte proliferation to mitogens and antigens was 
decreased.

Defects of TCR Signaling
Stimulation of T cells through TCR results in activation of the 
p56lck kinase, which mediates tyrosine phosphorylation of 
immunoreceptor tyrosine-based activation motifs (ITAMs) in 
the CD3-γ, -δ, -ε and -ζ chains. The Zeta-associated protein of 
70 kDa (ZAP-70) is then recruited to the CD3/TCR complex,47 
allowing activation of downstream signaling molecules such as 
linker for activation of T cells (LATs) and SLP-76.48 Autosomal 
recessive ZAP-70 deficiency is characterized by lack of CD8+ T 
cells; CD4+ T lymphocytes are present but nonfunctional.49–51

Deficiency of p56lck has been demonstrated in a child with 
recurrent infections and autoimmunity, associated with CD4+ 
T cell lymphopenia, oligoclonal T cell repertoire and impaired 
T cell proliferation.52

The Ras homolog family member H (RHOH) is a small 
GTPase that plays an important role in T cell activation. A 
homozygous nonsense mutation of the RHOH gene in two 
young adult siblings was associated with marked reduction of 
naïve CD4+ T cells, restricted T cell repertoire, expansion 
of memory T cells, including TEMRA (CD8+ CD45RA+ CCR7− 
CD244+) cells, and impaired in vitro T cell proliferation.53 The 
clinical phenotype was characterized by warts, Burkitt’s lym-
phoma, psoriatic-like skin rash and lung granulomatous disease.

The macrophage stimulating 1 (MST1) molecule is involved 
in intracellular signaling. Patients with MST1 deficiency  
show increased susceptibility to recurrent bacterial and viral 
infections (including warts and molluscum contagiosum), as 
well as autoimmunity, associated with severe reduction of naïve 
T cells, increased proportion of CD8+ TEMRA cells, restricted T 
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IL-21 Receptor (IL-21R) Deficiency

Loss-of-function mutations of IL-21R have been reported in 
four patients with sclerosing cholangitis due to Cryptosporid-
ium, recurrent pneumonia, chronic diarrhea and failure to 
thrive.91 The proportion of switched memory B cells was 
reduced. T cell proliferation to mitogens was preserved, but 
proliferation to antigens was impaired.

CD27 Deficiency
CD27 is a costimulatory molecule. CD27 mutations are 
responsible for an autosomal recessive combined immunodefi-
ciency with EBV lymphoproliferative disease, reduced T cell 
proliferation to mitogens and antigens, and progressive 
hypogammaglobulinemia.92,93

T cell Defects with Impaired NF-κB Activation
The MALT1, BCL-10, and CARD11 proteins form a complex 
that is activated in response to TCR stimulation, allowing 
nuclear translocation of NF-κB. Autosomal recessive MALT1 
deficiency causes recurrent bacterial, viral and fungal infec-
tions.94 In spite of normal T and B lymphocyte count, prolifera-
tive responses to CD3 stimulation and antigens are decreased, 
and specific antibody responses are also impaired.

CARD11 deficiency causes increased susceptibility to oppor-
tunistic infections.95,96 A reduced number of memory T cells, 
and hypogammaglobulinemia with increased proportion of 
transitional B cells are present.

Mutations of the IKBKB gene, encoding for the IKKβ 
component of the IKK complex, have been reported in four 
unrelated infants with early-onset infections and hypogamma-
globulinemia.97 Immunologic abnormalities included lack of 
memory T and B cells and of TREG lymphocytes, and defective 
in vitro T cell proliferation to CD3 stimulation.

Immunodeficiency due to Activating  
PI3K-δ Mutations
Phosphatidylinositol-3-OH kinases (PI3K) include a series  
of molecules that participate in cell signaling, enabling genera-
tion of PIP3 from PIP2, and activation of mTOR and AKT. 
Heterozygous, gain-of-function mutations of the PI3KCD 
gene, encoding for the p110δ subunit of phosphatidylinositol-
3-OH kinase (PI3K), cause increased susceptibility to recurrent 
respiratory tract infections, EBV lymphoproliferative disease 
(frequently associated with hepatosplenomegaly and lymph-
adenopathy) and CMV viremia.98–100 Reduction of naïve CD4+ 
cells, expansion of memory and TEMRA CD8+ cells, and decreased 
number of switched memory B cells have been reported.  
IgM serum levels are increased. Constitutive activation of  
AKT is associated with increased activation-induced cell  
death of patients’ lymphocytes. Treatment with rapamycin,  
an mTOR inhibitor, may reduce lymphoproliferation and 
organomegaly.

Cytidine 5′ Triphosphate Synthase 1 
(CTPS1) Deficiency
Autosomal recessive mutations of the CTPS1 gene, involved in 
the synthesis of cytidine 5′ triphosphate (CTP), cause early-
onset viral and bacterial infections and an increased risk of 
EBV-driven non-Hodgkin B cell lymphoma, associated with 
CD4 lymphopenia, increased proportion of effector memory T 
cells, absence of iNKT and MAIT lymphocytes, impaired 

the CIITA, RFXANK, RFX5 and RFXAP genes, which encode 
for transcription factors that govern MHC class II antigen 
expression.74–77

MHC Class I Deficiency
Human leukocyte antigen (HLA) class I molecules play an 
essential role in presenting antigenic peptides to cytotoxic T 
lymphocytes and in modulating the activity of natural killer 
(NK) cells. HLA class I molecules are composed of a polymor-
phic heavy chain, associated with β2-microglobulin (β2M). The 
assembly of HLA class I molecules occurs in the lumen of the 
endoplasmic reticulum (ER), where they are loaded with pep-
tides derived from the degradation of intracellular organisms. 
These peptides are transported into the ER via transporter asso-
ciated with antigen presentation (TAP) proteins.78 TAP consists 
of two structurally related subunits (TAP1 and TAP2). In addi-
tion, the tapasin protein plays an important role in the loading 
process. Defects in TAP1, TAP2 or tapasin result in impaired 
peptide-HLA class I/β2M complex formation with reduced 
surface expression of HLA class I molecules. Patients with MHC 
class I deficiency have recurrent sinopulmonary infections and 
deep skin ulcers, associated with a reduced number of circulat-
ing CD8+ T cells.79–81

Deficiency of Calcium-Release Activated Channels 
(CRAC) and of Magnesium Flux
Lymphocyte activation depends on calcium mobilization. In 
particular, TCR-induced activation results in release of Ca2+ 
from the ER stores. Depletion of these Ca2+ stores is sensed by 
the STIM proteins, which oligomerize and bind to the ORAI 
proteins that form the pore of the Ca2+-release activated chan-
nels (CRAC) located in the cell membrane, allowing Ca2+ entry. 
Mutations of the STIM1 and ORAI1 genes cause an autosomal 
recessive immunodeficiency with increased risk of infections, 
hypogammaglobulinemia, impaired antibody responses and 
profoundly reduced in vitro T cell proliferation.82–84 Autoim-
mune manifestations (especially cytopenias) are common, in 
particular in patients with STIM1 deficiency. Extra-immune 
manifestations include nonprogressive myopathy and ectoder-
mal dysplasia.

The magnesium transporter 1 (MAGT1) protein conducts 
Mg2+ across the cell membrane, allowing downstream signaling. 
Mutations of the X-linked MAGT1 gene in humans cause 
immunodeficiency with increased susceptibility to viral and 
bacterial infections, and to EBV-driven lymphoproliferative 
disease.85,86 CD4+ T cell lymphopenia has been frequently 
observed. NK cytolytic activity in response to NKG2D engage-
ment is reduced.87

Immunodeficiency with Immune Dysregulation due 
to Impaired IL-2 Signaling
IL-2 signaling maintains peripheral immune homeostasis. Defi-
ciency of the α chain of the IL-2 receptor (IL-2Rα, CD25) 
causes immune dysregulation and lymphoproliferation, often 
associated with early-onset viral and bacterial infections, oral 
thrush and chronic diarrhea, associated with lymphadenopathy 
and hepatosplenomegaly.88,89

STAT5b is a transcription factor that is activated in response 
to growth hormone (GH) and cytokines, including IL-2. 
STAT5b deficiency is characterized by short stature with GH 
insensitivity, and a variable degree of immune deficiency and 
immune dysregulation.90
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generalized erythroderma, alopecia) are also common and may 
reflect the presence of autoreactive T cell clones (such as in OS) 
or true graft-versus-host disease (GvHD) caused by transpla-
cental passage of alloreactive maternal T lymphocytes.104 Other 
manifestations of maternal T cell engraftment include liver dys-
function, cytopenia (as a result of bone marrow aggression) and 
eosinophilia.104

Typical clinical and laboratory features are present in some 
forms of SCID. Cupping and flaring of the ribs and liver dys-
function are often present in ADA deficiency.105 Autoimmune 
hemolytic anemia and regression of psychomotor skills are 
observed in PNP deficiency.106 Sensorineural deafness is part of 
reticular dysgenesis,4 whereas microcephaly and growth abnor-
malities are seen in patients with defects of DNA repair.16,18,19 
Alopecia is observed in patients with FOXN1 deficiency.69 Non-
progressive myopathy is a characteristic feature of CRAC 
channel defects. Severe food allergy is common in DOCK8 defi-
ciency. Autoimmunity is a hallmark of CD25 or STAT5B defi-
ciencies, as well as of defects of Ca2+ signaling (especially 
STIM1), but is frequently seen also in patients with RAG 
mutations.

SCID is a medical emergency. Therefore, all infants with a 
possible diagnosis of SCID need to be carefully and rapidly 
evaluated by means of appropriate laboratory assays (see Box 
9-1 and below) and careful family history. The differential diag-
nosis includes other conditions with increased risk of infections 
(congenital heart disease, pulmonary defects, cystic fibrosis, 
HIV infection and other secondary immune deficiencies). For 
patients with generalized erythroderma due to Omenn syn-
drome or to maternal T cell engraftment, the differential  
diagnosis includes severe allergy, ichthyosis, IPEX (immune 
dysregulation, polyendocrinopathy, enteropathy, X-linked)107 
and Netherton’s syndrome.

EVALUATION AND MANAGEMENT

A correct diagnosis of SCID should be established as soon as 
possible in order to offer an optimal perspective on treatment. 
TRECs are a by-product of V(D)J recombination and are 
present in newly generated T lymphocytes. No or low levels of 
TRECs are detected in infants with SCID, and newborn screen-
ing for SCID based on enumeration of TRECs in dried blood 
spots collected at birth is currently widely used in the USA.108 
However, confirmation of SCID requires additional tests. Severe 
lymphopenia is observed in most SCID infants.109 However, a 

proliferation to mitogens and antigens, and reduced number of 
memory B cells.101

DIFFERENTIAL DIAGNOSIS OF SCID AND 
OTHER COMBINED IMMUNODEFICIENCIES

SCID and other combined immunodeficiencies are character-
ized by typical clinical signs (Box 9-1), with early-onset severe 
infections sustained by bacteria, viruses and fungi, including 
opportunistic pathogens (such as Pneumocystis jirovecii, CMV), 
and growth failure103 (Figure 9-2). Skin manifestations (rash, 

Figure 9-2 Typical appearance of an infant with severe combined 
immunodeficiency (SCID). Note severe growth failure and respiratory 
distress. 

aIf proliferation to antigens was not tested, the diagnosis of Omenn 
syndrome can be supported by the presence of at least four of 
the following criteria, at least one of which must be among those 
marked by an asterisk: hepatomegaly; splenomegaly; increased 
IgE level; increased absolute eosinophil count; *oligoclonal T 
cells; *> 80% of the CD3+ or CD4+ T cells are CD45R0+; *PHA 
response < 30% of lower limit of normal; *proliferative response in 
mixed leukocyte reaction is < 30% of lower limit of normal; *muta-
tion in SCID-causing gene.

BOX 9-1 KEY CONCEPTS

Clinical and Laboratory Elements in the Diagnosis  
of SCID

CLINICAL FEATURES

• Positive family history (X-linked, other siblings affected, 
parental consanguinity)

• Presentation early in life (within the first 4 to 6 months of age)
• Severe respiratory infections (interstitial pneumonia)
• Protracted diarrhea
• Failure to thrive
• Persistent candidiasis
• Skin rash, erythroderma may be present

DIAGNOSTIC CRITERIA (ELABORATED BY THE PIDTC)102

Typical SCID

• Absence or very low number of T cells (CD3+ cells < 300/µL) 
and

• Absent or very low T cell function (PHA response < 10% of 
lower limit of normal)

OR
• T cells of maternal origin present

Omenn Syndrome

• Generalized skin rash
• Absence of maternal engraftment
• Autologous T cells detectable, ≥ 300/µL
• Absent or low (≤ 30% of normal) T cell proliferation to recall 

antigensa

Leaky SCID

• Reduced number of autologous T cells (< 1,000/µL for up to 
2 years; < 800/µL for age > 2 up to 4 years; < 600/µL for age 
> 4 years)

• Absence of maternal engraftment
• Low T cell function (PHA response < 30% of lower limit of 

normal)

Reticular Dysgenesis

• Absence or very low number of T cells (CD3+ cells < 300/µL)
• No or very low T cell function (PHA response < 10% of lower 

limit of normal)
• Severe neutropenia (absolute neutrophil count < 200 cells/µL)
• Sensorineural deafness and/or absence of granulopoiesis at 

bone marrow examination and/or a deleterious AK2 
mutation
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and nutritional support may help improve the health status of 
SCID infants while waiting for HSCT. Blood products need to 
be irradiated because alloreactive T cells contained in the trans-
fusion would invariably cause rapidly fatal GvHD.

Alternative therapeutic approaches are available in selected 
cases. Patients affected with ADA deficiency who do not have 
an HLA-identical donor may be treated with weekly intramus-
cular injections of polyethylene glycole-conjugated ADA 
(PEG-ADA).110

Successful immune reconstitution has been achieved after 
gene therapy in 17 of 20 infants with X-linked SCID,111,112 
however, 5 of these 20 patients have developed leukemic prolif-
eration due to insertional mutagenesis.113,114 New trials with 
self-inactivating vectors are currently under way. In contrast, no 
case of leukemia has been observed in approximately 40 patients 
who have received gene therapy for ADA deficiency at multiple 
centers.115–117

DiGeorge Syndrome
DiGeorge syndrome (DGS) is characterized by thymic hypopla-
sia, hypoparathyroidism with consequent hypocalcemia, con-
genital heart disease (especially interrupted aortic arch type B 
or truncus arteriosus) and facial dysmorphisms (micrognathia, 
hypertelorism, antimongoloid slant of the eyes, and ear malfor-
mations) (Figure 9-3).118 Feeding problems, microcephaly, 
speech delay and neurobehavioral problems (including bipolar 
disorders, autistic spectrum disorders and schizophrenia) are 
frequently observed.118 The majority of patients have a partial 
monosomy of the 22q11 region of chromosome 22. Most 
patients have residual thymus and a milder immunodeficiency 
(partial DGS),118 whereas approximately 1% of the patients 

normal (or nearly normal) number of lymphocytes may be seen 
in some forms of combined immunodeficiency (OS, MHC class 
II deficiency, ZAP-70 deficiency) or in infants with maternal T 
cell engraftment. In most cases, enumeration of total (CD3+) T 
lymphocytes, CD4+ and CD8+ T cell subsets (including analysis 
of naïve T cells), B (CD19+) lymphocytes and NK (CD16+) cells 
will reveal the diagnosis of SCID and also orient toward specific 
gene defects. Early in life the vast majority of T lymphocytes are 
naïve T cells (CD45RA+); by contrast, patients with OS or with 
maternal T cell engraftment show an increased proportion of 
activated/memory (CD45R0+) T cells. Moreover, in vitro lym-
phocyte proliferation to mitogens is markedly reduced in 
patients with SCID, including those with maternal T cells. Selec-
tive deficiency of CD4+ lymphocytes may suggest MHC class II 
deficiency, whereas deficiency of CD8+ T cells is observed in 
ZAP-70 deficiency and in MHC class I deficiency.

Measurement of enzymatic ADA and PNP activity, and of 
dATP and dGTP levels in red blood cells, is important to reach 
a final diagnosis of ADA or PNP deficiency.

Distinguishing typical SCID from leaky forms of the disease 
has important implications. Patients with persistence of autolo-
gous, partially functioning, T cells typically require use of che-
motherapy in preparation for HSCT, whereas no conditioning 
is strictly required in babies with SCID. The Primary Immune 
Deficiency Treatment Consortium (PIDTC) has identified cri-
teria to distinguish SCID from atypical forms of the disease.102

Ultimately, mutation analysis represents an important diag-
nostic tool to confirm the diagnosis of SCID and related disor-
ders (Table 9-1).

TREATMENT

Optimal treatment of SCID is based on HSCT, as discussed in 
greater detail in Chapter 16. Prior to HSCT, SCID infants  
need to be protected from infections (Box 9-2). Prophylactic 
trimethoprim-sulfamethoxazole is effective in preventing  
P. jirovecii pneumonia (PJP). Regular administration of intra-
venous immunoglobulins, reinforcement of hygiene measures, 

Figure 9-3 Facial dysmorphic features in an infant with DiGeorge 
syndrome. Note hypertelorism, enlarged nasal root, anteroverted nos-
trils, low-set ears and micrognathia. 

BOX 9-2 THERAPEUTIC PRINCIPLES

Treatment of Infants with SCID

• Always consider an infant with putative SCID as a medical 
emergency.

• Treat any infections promptly and aggressively.
• Take into account the high frequency of Pneumocystis jirove-

cii pneumonia (PJP). Take appropriate measures to evaluate 
this possibility (chest X-ray, bronchoalveolar lavage). If PJP is 
suspected or proven, use trimethoprim-sulfamethoxazole 
(20 mg/kg/d IV).

• If growth failure is present, start parenteral nutrition.
• Start prophylaxis of PJP with trimethoprim-sulfamethoxazole 

(5 mg/kg/d).
• Start prophylaxis of fungal infections with fluconazole (5 mg/

kg/d).
• Give intravenous immunoglobulins regularly (400 mg/kg/21 

days).
• Isolate the infant in a protected environment (laminar flow 

unit).
• Always irradiate blood products, if transfusions are 

necessary.
• Avoid administration of live-attenuated vaccines.
• Immediately plan for hematopoietic cell transplantation once 

the diagnosis of SCID has been established.
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Numerical and functional defects of T and B lymphocytes and 
abnormalities of thymic architecture are present.129

IMMUNODEFICIENCY SYNDROMES WITH 
DEFECTIVE DNA REPAIR

Ataxia-telangiectasia (AT) is an autosomal recessive disorder 
characterized by telangiectasia, progressive ataxia, recurrent 
respiratory tract infections and increased susceptibility to 
tumors.130 The disease is caused by mutations of the ATM gene, 
which encodes for a large protein that participates in the repair 
of DNA breakage and controls cell cycle and cellular 
apoptosis.131

Nijmegen breakage syndrome (NBS) is another cellular radio-
sensitivity syndrome, characterized by microcephaly, growth 
retardation, bird-like facies and increased susceptibility to 
infections and tumors. The disease is caused by mutations of 
the NBS1 gene, which encodes for nibrin.132

A subgroup of patients with an AT-like disorder have been 
identified in whom the defect was in the hMRE11 gene, which 
encodes for another component of the DNA repair machinery 
that associates with nibrin.133

DNA ligase IV (LIG4) is an enzyme involved in nonhomolo-
gous DNA end-joining and V(D)J recombination. Deficiency of 
LIG4 is characterized by microcephaly, growth abnormalities, 
increased susceptibility to malignancies and pancytopenia.134 
Some patients may present with T− B− SCID or OS.19,34

Patients with AT have increased serum levels of alpha-
fetoprotein (AFP), and development of reciprocal chromo-
somal translocations (mostly involving chromosomes 7 and 14) 
in a fraction of T lymphocytes is common. Laboratory investi-
gations in patients with AT, AT-like disease or NBS show pro-
gressive reduction of the T cell number (particularly the CD4+ 
subset) with impaired in vitro proliferative response to mito-
gens. Low TREC levels at birth may be seen in patients with 
AT,135 therefore this condition must be included in the differen-
tial diagnosis of disorders that may be identified through 
newborn screening for SCID.

At present, there is no definitive cure for AT and NBS. Use 
of prophylactic antibiotics, chest physiotherapy and adminis-
tration of intravenous immunoglobulins may decrease the risk 
of infections, but the prognosis remains poor, and infections 
and tumors are the main causes of death.130 Exposure to ion-
izing radiation should be avoided, if possible.

Wiskott-Aldrich Syndrome
Wiskott-Aldrich syndrome (WAS) is an X-linked disorder char-
acterized by eczema, congenital thrombocytopenia with small-
sized platelets, and immune deficiency. The WAS gene is located 
on the X chromosome and encodes for a protein involved in 
cytoskeleton reorganization in hematopoietic cells.136 Most 
patients with typical WAS have mutations that impair expres-
sion and/or function of the WAS protein (WASP). However, 
some missense mutations are associated with a milder pheno-
type (isolated X-linked thrombocytopenia, XLT) (Figure 9-4).137

The immune deficiency of WAS may manifest as recurrent 
bacterial and viral infections, autoimmune manifestations  
and increased occurrence of tumors (leukemia, lymphoma). 
Immunologic laboratory abnormalities include lymphopenia 
(particularly among CD8+ lymphocytes), impaired in vitro pro-
liferation to immobilized anti-CD3, reduced serum IgM with 

show complete absence of the thymus and extreme T cell lym-
phopenia (complete DGS).119 In some cases, patients with com-
plete DGS may develop a variable number of oligoclonal, 
activated and functionally anergic T lymphocytes. This pheno-
type is also referred to as ‘complete atypical DGS’ and may 
clinically manifest with skin erythroderma and lymphadenopa-
thy, resembling OS.119 DGS patients with low TRECs at birth 
may be more prone to viral infections.120

Heart defects should be treated aggressively. Hypocalcemia 
requires supplementation with calcium and vitamin D. If a 
significant immune defect is present, prophylaxis of P. jirovecii 
pneumonia with trimethoprim-sulfamethoxazole is indicated. 
Live attenuated vaccines can be safely administered to patients 
with partial DGS who have good cellular immunity; however, 
these vaccines are contraindicated in patients with complete 
DGS. Thymic transplantation is the treatment of choice for 
patients with complete (typical or atypical) DGS, and results in 
good (75%) long-term survival and immune reconstitution.119 
Unmanipulated bone marrow transplantation from HLA-
identical donors can also lead to immune reconstitution in 
patients with complete DGS, through a mechanism that involves 
peripheral expansion of T lymphocytes contained in the graft.121

Syndromes with Significant  
T Cell Deficiency
IMMUNO-OSSEOUS SYNDROMES

Cartilage Hair Hypoplasia
Cartilage hair hypoplasia (CHH) is an autosomal recessive 
disease characterized by short-limbed dwarfism, light-colored 
hypoplastic hair and a variable degree of immunodeficiency, 
associated with an increased occurrence of bone marrow dys-
plasia, malignancies and Hirschsprung’s disease. The disease is 
caused by mutations of the gene encoding for the untranslated 
RNA component of the ribonuclease mitochondrial RNA pro-
cessing (RMRP) complex.122,123

The majority of CHH patients have a limited susceptibility 
to bacterial and viral infections; however, some may present 
with severe infections early in life and show an immunologic 
phenotype of SCID, OS or selective CD8+ lymphocytope-
nia,124,125 which may require HSCT.

Schimke Syndrome
Schimke syndrome is an autosomal recessive disease character-
ized by dwarfism with progressive renal failure, facial dysmor-
phisms, lentigines, immunodeficiency and increased occurrence 
of bone marrow failure and of early-onset atherosclerosis.126 
The syndrome is caused by mutations of the SMARCAL1 gene 
that encodes for a chromatin remodeling protein.126 T cell lym-
phopenia is common and may occasionally be severe enough to 
cause SCID. Recurrent bacterial, viral or fungal infections are 
seen in almost half of the patients.

COMBINED IMMUNODEFICIENCY WITH 
MULTIPLE INTESTINAL ATRESIAS

This autosomal recessive disease is caused by mutations of the 
tetratricopeptide repeat domain 7A (TTC7A) gene,127 resulting 
in increased Ras homolog family member A (RHOA) signaling 
and disruption of intestinal epithelial apicobasal polarity.128 
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epithelial cells) is essential for germinal center formation, ter-
minal differentiation of B lymphocytes and effective defense 
against intracellular pathogens. Mutations in the CD40LG 
(TNFSF5) gene, mapping at Xq26, result in X-linked hyper-IgM 
syndrome (HIGM1), characterized by an increased occurrence 
of bacterial and opportunistic infections, chronic diarrhea 
(often sustained by Cryptosporidium), liver/biliary tract disease 
and susceptibility to liver and gut tumors.139,140

Presentation early in life with opportunistic infections (PJP) 
requires differential diagnosis with SCID and other forms of 
severe T cell defects. The typical immunoglobulin profile 
(undetectable or very low serum IgG and IgA, with normal to 
increased IgM) may also be observed in common variable 
immunodeficiency or in autosomal recessive hyper-IgM caused 
by defects in the AID, UNG or CD40 genes. Neutropenia is a 
common finding. The diagnosis of HIGM1 is made based on 
the demonstration of defective expression of CD40L (but not 
of other activation markers) on the surface of T cells following 
in vitro activation, and is eventually confirmed by mutation 
analysis.139

Treatment is based on regular use of intravenous immuno-
globulins, prophylactic trimethoprim-sulfamethoxazole and 
use of sterile/filtered water to prevent Cryptosporidium infec-
tion. Monitoring of liver/biliary tract morphology and function 
by ultrasound scanning, measurement of appropriate labora-
tory parameters of liver and biliary tract function, and, when 
indicated, liver biopsy are also advised. Severe neutropenia may 
be treated with recombinant granulocyte colony-stimulating 
factor (G-CSF). In spite of these measures, the long-term prog-
nosis is poor because of severe infections and liver disease. The 
only curative approach is HSCT, and better results are achieved 
when transplantation is performed prior to development of 
lung problems or Cryptosporidium infection.141

Conclusions
Irrespective of the specific definitive diagnosis, all forms of T 
cell immunodeficiencies are characterized by significant mor-
bidity and some of them also by high early-onset mortality 
rates, emphasizing the critical role played by T lymphocytes in 
ensuring effective immune defense mechanisms and in main-
taining homeostasis. Consequently, it is a primary physician’s 
responsibility to perform accurate clinical and laboratory evalu-
ation of patients with a putative T cell immunodeficiency. 
Whereas clinical history and physical examination may disclose 
the diagnosis in some forms of T cell immunodeficiency (e.g. 
WAS, AT and CHH), laboratory evaluation is most often 
required to provide a definitive diagnosis. In spite of the het-
erogeneity of this group of disorders, simple laboratory assays 
(total lymphocyte count and subsets distribution, in vitro  
proliferative responses) are usually sufficient to confirm the 
suspicion. It is noteworthy that some forms of T cell immuno-
deficiencies (SCID in particular) represent true medical emer-
gencies and warrant prompt and accurate evaluation and 
treatment by HSCT. Based on recent experience, it is likely that 
gene therapy may be successfully applied in a broader group of 
disorders in the near future.

Helpful Websites
Online Mendelian Inheritance in Man (OMIM); website 

(www.ncbi.nlm.nih.gov/omim/)

increased levels of IgA and IgE, and inability to mount effective 
antibody responses, especially to T-independent antigens.136 
Analysis of intracellular WASP expression by flow cytometry 
may assist in the diagnosis; absence of the protein is most often 
associated with a severe clinical phenotype, whereas XLT 
patients tend to show residual protein expression that is usually 
associated with missense mutations in exons 1 and 2 of the 
gene.137 Somatic reversion, leading to WASP expression in a 
proportion of cells (mostly in T lymphocytes), has been 
observed in several patients, but its implications on the evolu-
tion of the clinical phenotype are unclear.138

The mainstay of treatment of WAS is HSCT, but promising 
results have been recently reported with gene therapy using a 
lentiviral vector (see Chapter 16). Administration of intra-
venous immunoglobulins, regular antibiotic prophylaxis, 
topical steroids to control eczema, and use of vigorous immune 
suppression for autoimmunity are the hallmarks of conserva-
tive treatment. Splenectomy may be indicated in case of severe 
and refractory thrombocytopenia; however, it carries the risk of 
overwhelming sepsis.

Hyper-IgM Syndromes due to  
CD40 Ligand (CD40L) or to  
CD40 Deficiency
CD40 ligand (CD40L, CD154) is a cell surface molecule pre-
dominantly expressed by activated CD4+ T lymphocytes. Inter-
action of CD40L with its counter-receptor CD40 (expressed by 
B and dendritic cells, macrophages, endothelial cells and some 

Figure 9-4 Severe vasculitis and petechiae in a child with Wiskott-
Aldrich syndrome. 

http://www.ncbi.nlm.nih.gov/omim/
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United States Immunodeficiency Network (USIDNET); 
website (usidnet.org)

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

European Society for Immune Deficiencies (ESID); website 
(www.esid.org/)

Jeffrey Modell Foundation; website (www.jmfworld.com/)
Immune Deficiency Foundation; website (www.primaryim 

mune.org)
Primary Immune Deficiency Treatment Consortium 

(PIDTC); website (www.rarediseasesnetwork.org/pidtc/
index.htm)
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The complement system was first identified at the end of the 
19th century as a serum activity that ‘complemented’ the action 
of antibody in the lysis of Gram-negative bacteria. During the 
next 100 years there was a growing appreciation that comple-
ment not only played an important role in host defense against 
infection but also was important in the generation of inflam-
mation, the clearance of immune complexes and apoptotic cells, 
and the production of a normal humoral immune response.

Pathophysiology of Increased 
Susceptibility to Infection
An increased susceptibility to infection is a prominent clinical 
expression of most of the complement deficiency diseases. The 
activation of the complement system by microorganisms results 
in the generation of cleavage products and macromolecular 
complexes that possess opsonic activity (C3b), anaphylatoxic 
activity (C4a, C3a, and C5a), chemotactic activity (C5a) or 
bactericidal/bacteriolytic activity (C5b, C6, C7, C8 and C9) 
(Table 10-1). All play a role in the host’s defense against infec-
tion. Its protective effects are critical in the generation of the 
initial inflammatory response to infection, prevention of spread 
of the infection from the initial site of infection to other areas 
of the body and clearance of the microorganism from the 
bloodstream. Furthermore, it appears to play its most impor-
tant role in the early stages of infection, and the generation of 
opsonic activity is among its most critical functions. The 
opsonic function of C3b renders the pathogen more easily 
phagocytosed.

The nature of the infections in complement-deficient indi-
viduals generally reflects the specific roles of the deficient com-
ponent in host defense. For example, C3 is responsible for 
generating complement-mediated opsonic activity. Thus, 
patients with C3 deficiency are unduly susceptible to infection 
from encapsulated bacteria (e.g. Streptococcus pneumoniae, 

Haemophilus influenzae and Neisseria meningitidis), organisms 
for which opsonization is a critical host defense mechanism.1–3 
In contrast, patients with deficiencies of C5, C6, C7, C8 or C9 
possess C3 and their susceptibility is limited to Neisseria. Bac-
tericidal activity, mediated by C5b through C9, is critical to 
defense against this genus. Interestingly, although a number of 
Gram-negative bacteria are susceptible to the bactericidal activ-
ity of complement, the susceptibility of patients with deficien-
cies of C5 through C9 appears to be limited to Neisseria spp.1,2 
The infections seen in complement-deficient individuals can be 
localized (e.g. pneumonia or sinusitis), although systemic infec-
tions (e.g. bacteremia/sepsis, meningitis or osteomyelitis) are 
common and often are recurrent.4

A number of studies have examined the prevalence of  
complement deficiencies among patients with characteristic 
infections. Although complement-deficient patients do not 
appear to be sufficiently common among patients with single 
episodes of pneumococcal, streptococcal or H. influenzae sepsis 
and/or meningitis to justify routine screening of patients with 
these infections, complement deficiencies are sufficiently 
common among patients with systemic neisserial infections to 
make routine screening worthwhile.5–7 For example, estimates 
of the prevalence of complement deficiencies among patients 
with a single episode of meningococcal sepsis have varied from 
5% to 15%. A study from South Africa demonstrated that 13% 
of patients with meningococcal disease had either C5 or C6 
deficiency.8 Not unexpectedly, the prevalence is as high as 40% 
if the patient has had recurrent meningococcal sepsis, has an 
infection with an uncommon serotype or has a positive family 
history of meningococcal systemic infections.9–12

Pathophysiology of Systemic 
Autoimmune Disorders
Systemic lupus erythematosus (SLE) is common in patients 
with deficiencies of C1, C4, C2 and C3. A variety of pathophysi-
ologic mechanisms exist by which complement deficiencies can 
lead to the development of systemic autoimmune disorders. 
The two most attractive relate to the role of the complement 
system in the processing and clearance of immune complexes 
and apoptotic cells.

The complement system is a major factor in the processing 
and clearance of immune complexes via a variety of mecha-
nisms. First, immune complexes carrying C3b can be ingested 
by phagocytic cells.13,14 Second, the activation of C3 by immune 
complexes maintains them as soluble complexes.15 Third, 
humans possess receptors (CR1) for cleavage products of C3 on 
their erythrocytes, and circulating immune complexes contain-
ing C3b can reversibly bind to those receptors.16 As erythrocytes 

KEY POINTS

• SLE and neisserial infections are the common comple-
ment deficiency phenotypes seen in Allergy Immunol-
ogy practices.

• CH50 and AH50 assays represent logical initial studies 
to diagnose many complement deficiencies.

• Management of infection risk and autoimmunity are 
evolving but are critically important.
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carrying immune complexes pass through the liver, the immune 
complexes are picked off the surface by Kupffer cells, ingested 
and processed, thus effectively removing them from the circula-
tion and preventing their deposition in other organs such as the 
kidney.17

The most important mechanism driving the susceptibility to 
systemic autoimmune disorders is the failure to clear apoptotic 
cells. The early components of the classical pathway, especially 
C1q, participate in the clearance of apoptotic cells.18,19 As cells 
undergo apoptosis, intracellular constituents are reorganized 
and appear on the surface of the cell in blebs. Autoantigens 
targeted in patients with SLE are often found on the surface in 
these blebs, rendering a normally ‘invisible’ antigen ‘visible’.20 
Thus patients deficient in these components may develop SLE 
because they lack an important mechanism of clearance of 
apoptotic cells. Also contributing to the development of auto-
antibodies directed to nuclear antigens is the potential role of 
complement mediating B cell tolerance in the bone marrow.21

There are some clinical and laboratory features that are char-
acteristic of SLE seen in complement-deficient individuals. For 
example, the SLE seen in C2-deficient patients is frequently 
associated with photosensitive dermatitis. It is not uncommon 
for C2-deficient patients to have low (or absent) titers of anti-
nuclear antibody (ANA) or antibodies to double-stranded DNA 
(dsDNA), whereas the prevalence of anti-Ro antibodies in 
C2-deficient patients with lupus is greater than in non-C2-de-
ficient patients.22,23 Patients deficient in C1 or C4 usually have 
an early onset of clinical symptoms with prominent cutaneous 
manifestations.24,25 SLE in C1- or C4-deficient individuals can 
be severe.

Pathophysiology of Atypical 
Hemolytic Uremic Syndrome (HUS)
Factor H deficiency has been found to be the underlying basis 
for 15% to 30% of patients with atypical HUS.26,27 The term 
atypical HUS refers to the fact that there is no antecedent diar-
rheal illness, which is seen in most sporadic forms of HUS.28 
The basis for the HUS in factor H deficiency is thought to be 
an inability to protect fenestrated endothelium in the glomeru-
lus from complement-mediated damage.29 Microtrauma arises 
frequently due to the high oncotic pressure and the damaged 
basement membrane is able to support complement activation 
if not protected by factor H. Interestingly, recurrent atypical 
HUS has been seen in patients with antibodies to factor H. Also 
supporting a role for factor H in the protection of basement 
membranes is the finding of a common polymorphism associ-
ated with macular degeneration.30 The central region of the 
retina is gradually destroyed by a process that leaves a deposit 
of protein, termed drusen. These deposits contain complement 
components. It has been hypothesized that the abnormal factor 

Components Functions

C4a, C2a, C3a Anaphylatoxins, histamine release
C3b Opsonin, costimulation of B cells
C5a Chemotaxis
C5, C6, C7, C8, C9 Membrane attack complex, lysis

TABLE 

10-1 Functions of Complement Components

Component Inheritance
Major Clinical 
Expression

CLASSICAL PATHWAY
C1q, C1r, C1s, 

C4, C2
Autosomal recessive SLE and bacterial 

infections with 
encapsulated 
organisms

C3 Autosomal recessive Glomerulonephritis, 
severe bacterial 
infections

HUS can be due to 
gain-of-function 
mutations

TERMINAL COMPONENTS
C5, C6, C7, C8, 

C9
Autosomal recessive Neisseria

REGULATORY PROTEINS
C1 inhibitor Autosomal dominant Angioedema
Factor B Autosomal dominant 

Gain-of-function
HUS

Factor H Variable Infections and HUS
Factor I Variable Infections and HUS
MCP Variable Atypical HUS
Properdin X-linked recessive Neisseria
Factor D Autosomal recessive Neisseria

TABLE 

10-2 
Clinical Characteristics of Inherited 
Complement Deficiency Diseases

H provides less protection to the choroidal vessels, allowing 
smoldering complement activation and gradual damage to the 
endothelium. Additional complement regulatory protein defi-
ciencies associated with atypical HUS alter the deposition of 
factor H or the function of the assembled complex. This activa-
tion of complement on endothelial cells is associated with 
microthrombi, and polymorphisms and mutations in plasmin-
ogen (which degrades thrombi) have also been found in atypi-
cal HUS.31

Inherited Complement Deficiencies
Genetically determined deficiencies have been identified for 
most of the individual components of complement. Most are 
inherited as autosomal recessive traits, although one is inherited 
as an X-linked recessive trait (properdin deficiency), one is 
inherited as an autosomal dominant trait (C1 esterase defi-
ciency), and the defects associated with HUS have variable pat-
terns of inheritance (Table 10-2). Except where noted, the 
mutations are diverse and can lead to either absence of protein 
or production of a dysfunctional protein.

C1q DEFICIENCY

C1q is one of the three subcomponents of C1; the other two are 
C1r and C1s. C1q is composed of six identical subunits, each 
of which is composed of three different polypeptide chains, 
C1qA, C1qB and C1qC.32 IgG or IgM, after engaging antigen 
and forming an immune complex, binds C1q, which then acti-
vates C1r, in turn activating C1s. Activated C1s then cleaves 
both C4 and C2, creating the bimolecular enzyme C4b2a, which 
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closely linked on chromosome 12 and encode highly homolo-
gous serine proteases. C1q, after it binds to an immune complex, 
activates C1r, which in turn activates C1s. It is C1s that cleaves 
C4 and C2, resulting in the assembly of the C3 cleaving enzyme 
C4b2a.

Patients with C1r deficiency have markedly reduced levels of 
total hemolytic complement activity and C1 functional activ-
ity.38 Deficiency of C1r or C1s leads to reduced levels of the 
other, suggesting that neither is stable if not in the 
heterodimer.

The most common clinical expression of C1r/s deficiency 
has been SLE.1,2,38 Some patients have also presented with glo-
merulonephritis or bacterial infections.

C4 DEFICIENCY

The fourth component of complement (C4) is encoded by  
two closely linked genes (C4A and C4B) located within the 
major histocompatibility complex (MHC) on chromosome 6. 
Although the protein products of the two loci share most of 
their structure and function, there are four amino acid differ-
ences between them. The larger cleavage product of C4 is C4b 
which forms part of the bimolecular enzyme C4b2a that is 
responsible for activation of C3 and C5 through C9 via the 
classical pathway. It therefore plays an important role in the 
generation of the biologic activities of C3 and C5 through C9.

Because C4 is encoded by two distinct genes, patients with 
complete C4 deficiency are homozygous deficient at both loci 
(C4A*Q0, C4B*Q0/C4A*Q0, C4B*Q0).24,41 In contrast to the 
rarity of patients with complete C4 deficiency, individuals who 
are heterozygous for either C4A or C4B deficiency are relatively 
common. Approximately 13% to 14% of the population is het-
erozygous for C4A deficiency and 15% to 16% is heterozygous 
for C4B deficiency, with the corresponding frequencies for 
homozygous-deficient individuals being 1% and 3%. Individu-
als who have complete C4 deficiency (i.e. are homozygous defi-
cient for both C4A and C4B) have little, if any, total hemolytic 
activity in their sera and markedly reduced levels of C4 protein 
and functional activity. As a result of the absence of C4, these 
individuals have a markedly decreased ability to generate serum 
opsonic, chemotactic, tolerogenic and bactericidal activities via 
activation of the classical pathway.42

C4A deficiency is often the result of a large gene deletion43 
or a 2-base pair (bp) insertion in exon 29.44 Some instances of 
C4B deficiency are the result of gene deletions. Finally, gene 
conversions can cause either C4A or C4B deficiency.45

Patients with complete C4 deficiency may present with SLE 
and/or an increased susceptibility to infection. The onset of SLE 
is usually early in life and is characterized by prominent cutane-
ous features such as photosensitive skin rash, vasculitic skin 
ulcers and Raynaud’s phenomenon. Anti-dsDNA antibody may 
be absent.39 Patients with complete C4 deficiency also have an 
increased susceptibility to bacterial infections and most deaths 
in C4-deficient patients are the result of infection.

Individuals who are homozygous deficient for C4A lack the 
isotype that is most efficient in interacting with proteins. The 
prevalence of homozygous C4A deficiency in patients with SLE 
is thought to be increased.46–49 Interestingly, patients with SLE 
who have C4A deficiency have less neurologic and renal disease 
but more photosensitivity than other patients with SLE, and 
they have a lower prevalence of anticardiolipin, anti-Ro, anti-
dsDNA and anti-Sm antibodies.50,51

activates C3 and ultimately the terminal components (C5 
through C9) via the classical pathway (Figure 10-1). Thus, C1q 
plays a critical role in activation of the classical pathway and the 
generation of the biologic activities of C3 and C5 through C9. 
In addition, recent studies have shown that C1q recognizes 
apoptotic cells and targets them for clearance.18,33

C1q-deficient individuals have markedly reduced serum 
total hemolytic activity and C1 functional activity. In most 
affected individuals, C1q protein level is also markedly reduced, 
but in some patients a dysfunctional immunoreactive protein 
is produced. There is a founder mutation in Turkey.34–37

The most prominent clinical manifestation of C1q defi-
ciency is SLE. C1q-deficient patients carry the highest risk 
(>90% prevalence) of SLE among the complement deficien-
cies.1,2,38 C1q-deficient patients have impaired clearance of the 
immune complexes and apoptotic cells and fail to tolerize B 
cells properly. The age of onset of SLE tends to be earlier, usually 
prepubertal, and the disease tends to be more severe.39 Anti-
dsDNA antibodies may be negative.

C1q-deficient individuals also have an increased susceptibil-
ity to encapsulated bacteria, reflecting their inability to activate 
the classical pathway and efficiently generate opsonically active 
C3b. In fact, nearly one third of C1q-deficient patients have 
significant bacterial infections and 10% have died of infec-
tions.1,2,38 C1q, almost uniquely among complement compo-
nents, is produced in substantial amounts by hematopoietic 
cells and a recent report documented a cure of SLE in a  
C1q-deficient patient who received a hematopoietic stem cell 
transplant.40

C1r/C1s DEFICIENCY

The C1 complex is composed of six C1q subunits and two 
subunits each of C1r and C1s. The genes for C1r and C1s are 

Figure 10-1  The complement cascade. The classical pathway is acti-
vated primarily by antibody while the mannan binding lectin (MBL) and 
alternative pathways are activated directly by pathogens. In each case, 
the activation arm leads to cleavage of C3 and deposition of C3b onto 
the surface of the pathogen where it can act as an opsonin and costimu-
late B cells. 
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Patients with C3 deficiency usually have less than 1% of the 
normal level of C3 in their sera. Similarly, serum opsonic, che-
motactic and bactericidal activities are also markedly reduced. 
The mutations responsible for C3 deficiency in humans have 
been diverse. However, there is a relatively common 800-bp 
deletion found among Afrikaans-speaking South Africans (gene 
frequency of 0.0057).60,61

C3-deficient patients have very severe infections.62 Patients 
tend to present in very early childhood. Although the most 
common infections are blood-borne infections caused by pyo-
genic bacteria such as Pneumococcus, H. influenzae and Menin-
gococcus, localized infections such as pneumonia and sinusitis 
have also been reported.

Autoimmune diseases are also relatively common in patients 
with C3 deficiency. Some patients have arthralgias and vascu-
litic skin rashes (similar to serum sickness), associated with 
active infection. Most patients have membranoproliferative glo-
merulonephritis. True SLE is less common in C3 deficiency than 
in the other early component deficiencies.

The membranoproliferative glomerulonephritis in C3 defi-
ciency62 is characterized by proliferation, an increase in the 
mesangial matrix, and electrodense deposits in both the mesan-
gium and subendothelium of the capillary loops. Immunofluo-
rescent studies have revealed the presence of immunoglobulins 
in the kidney, and circulating immune complexes may be 
present in the serum, suggesting that membranoproliferative 
glomerulonephritis in these patients is the result of immune 
complex deposition.

C5 DEFICIENCY

The gene encoding the fifth component of complement (C5) is 
on the short arm of chromosome 9. When C5 is activated, it  
is cleaved into two fragments of unequal size. The smaller  
fragment, C5a, is a potent chemotactic fragment, and the  
larger, C5b, initiates assembly of the membrane attack  
complex, C5b through C9, and is critical for bactericidal activity 
(Figure 10-1).

The most common clinical expression of C5 deficiency is an 
increased susceptibility to systemic neisserial infections.1,2

C6 DEFICIENCY

The genes for C6 and C7 are located near each other on the long 
arm of chromosome 5. C6 participates in the formation of the 
membrane attack complex and therefore plays a critical role in 
the generation of bactericidal activity. The usual form of C6 
deficiency is characterized by absent total serum hemolytic 
activity and very low levels (<1%) of serum C6. Another form 
of C6 deficiency, subtotal C6 deficiency (C6SD), is character-
ized by 1% to 2% of the normal levels of C6 and levels of total 
hemolytic activity that are reduced but present.63

The most common mutation causing C6 deficiency is a 
single base pair deletion at position 879.64,65 Interestingly, the 
mutations among African Americans are different from those 
in the African population.66,67 C6SD is the result of a loss of the 
splice donor site of intron 15 and results in a truncated C6 that 
can support some lytic activity.63

C6 deficiency is one of the most common complement defi-
ciencies. Among African Americans in the USA, it is reported 
to be as common as 1 : 1,600 individuals (0.062%).67 It is 
thought to be uncommon among individuals of European 

In contrast to individuals with homozygous C4A deficiency, 
homozygous C4B-deficient individuals lack the C4 isotype that 
interacts most efficiently with polysaccharides. There is an 
increased prevalence of homozygous C4B deficiency in children 
with bacteremia and/or bacterial meningitis.52,53

C2 DEFICIENCY

The second component of complement (C2) is encoded by a 
gene within the MHC on chromosome 6. Like C4, C2 is cleaved 
by C1s into two fragments, the larger of which (C2a) forms part 
of the C3-cleaving enzyme of the classical pathway, C4b2a. Thus 
C2, like C4, plays a critical role in generating the biologic activi-
ties of C3 and the terminal components C5 through C9.

C2-deficient patients usually have absent total hemolytic 
activity and less than 1% of the normal levels of C2 protein and 
function.54 Serum opsonic, chemotactic and bactericidal activi-
ties are usually present but not generated as quickly or to the 
same degree as those in individuals who possess C2.

The majority of C2-deficient individuals (>95%) have the 
same molecular genetic defect, a 28-bp deletion at the 3′ end of 
exon 6, which causes premature termination of transcrip-
tion.55,56 The deletion is associated with a conserved MHC hap-
lotype consisting of HLA-B18, C2*Q0, Bf*S, C4A*4, C4B*2, and 
DR*2.45–47 This haplotype has a strong association with autoim-
munity. C2 deficiency is the most common of the genetically 
determined complete complement deficiencies in Caucasians 
and the gene frequency of this deletion is between 0.05 and 
0.007 in individuals of European descent, which translates into 
a prevalence of homozygotes of approximately 1 : 10,000.56,57

The most common clinical manifestation of C2 deficiency is 
SLE. Patients with C2 deficiency manifest many of the typical 
clinical features of SLE, although photosensitive cutaneous 
lesions are more common.58,59 They also have a lower prevalence 
of anti-DNA antibodies than other patients with SLE, but the 
prevalence of anti-Ro and -La antibodies is higher.39 Unlike C1 
and C4 deficiencies, the SLE is not necessarily more severe than 
typical SLE.

An increased susceptibility to infection is also a prominent 
clinical presentation of C2 deficiency. The infections are usually 
caused by encapsulated pyogenic organisms such as Pneumococ-
cus, Streptococcus and H. influenzae and are blood-borne, such 
as sepsis, meningitis, arthritis and/or osteomyelitis. Infection is 
the leading cause of death.58,59 A recently described phenome-
non in C2 deficiency that is likely common to other early com-
ponent deficiencies is the accelerated atherosclerosis which 
significantly contributes to mortality.59

C3 DEFICIENCY

The majority of serum C3 is derived from hepatic synthesis, 
although synthesis by monocytes, fibroblasts, endothelial  
cells and epithelial cells may contribute to local tissue content 
of C3. Whether activated by the classical or alternative path-
ways, C3 is cleaved into two fragments of unequal sizes. The 
smaller, C3a, is an anaphylatoxin, whereas the larger, C3b, is an 
opsonin and also forms part of the classical and alternative 
pathway enzyme (C4b2a3b) that activates C5 and the mem-
brane attack complex. Thus, C3 is not only critical in generating 
C3-mediated serum opsonizing and anaphylatoxic activities, 
but also in generating the chemotactic and bactericidal activi-
ties of C5 through C9.
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complex lacking C9 (i.e. C5b-8) and thus is not strictly depen-
dent on C9. Therefore, patients with C9 deficiency have some 
total hemolytic activity, although it is reduced to between one 
third and one half of the lower limit of normal.73–76 Similarly, 
their sera possess some bactericidal activity, although the rate 
of killing is significantly reduced.

Genetically determined C9 deficiency is uncommon in 
general, but is relatively common among individuals of Japa-
nese and Korean descent.74,77 A nonsense mutation in exon 4 has 
a gene frequency of 1 : 1,000 in Japanese populations.74,78 Indi-
viduals with C9 deficiency have an increased susceptibility to 
systemic neisserial infections, although the susceptibility 
appears to be mitigated by the residual bactericidal activity in 
these individuals.79,80

MANNAN BINDING LECTIN DEFICIENCY

Mannan binding lectin (MBL) deficiency was initially identified 
in a cohort of hospitalized patients with infectious diseases. It 
is now known that it is quite common, with 2% to 7% of people 
having MBL deficiency.81 There are structural polymorphisms 
that destabilize the higher order complexes and several pro-
moter mutations that compromise production. The mutations/
polymorphisms exist in haplotypes of varying severity.

MBL deficiency has, at most, a modest effect on infection 
susceptibility. Similarly, it represents a modest risk factor or 
disease modifier in autoimmune diseases such as SLE or rheu-
matoid arthritis.

MANNAN BINDING LECTIN ASSOCIATED 
SERINE PROTEASE 2 (MASP2) DEFICIENCY

Mutations and polymorphisms in MASP2 are common and 
have variable effects on function.82 MASP2 cleaves C4 and C2 
to form the same C3 convertase as the classical pathway. The 
Asp105Gly variant in MASP2 leads to impaired binding to 
MBL. Although it was originally described in a patient with 
recurrent pneumonia and ulcerative colitis, subsequent studies 
have not identified an increased susceptibility to infection.83–85

C1 ESTERASE INHIBITOR DEFICIENCY

C1 esterase inhibitor (C1-INH) is encoded by a gene on the long 
arm of chromosome 11. C1-INH binds covalently to C1r and 
C1s, leading to dissociation of the C1 macromolecular complex 
and inhibition of the enzymatic actions of C1r and C1s. Geneti-
cally determined C1 esterase inhibitor deficiency is inherited as 
an autosomal dominant trait. In the most common form (type 
I), accounting for approximately 85% of the patients, the sera 
of affected individuals are deficient in both C1-INH protein 
(5–30% of normal) and C1-INH function.86,87 In the other less 
common form (type II), a dysfunctional protein is present in 
normal or elevated concentrations, but the functional activity 
of C1-INH is markedly reduced.88,89 In either case, C4 levels are 
usually reduced below the lower limit of normal, both during 
and between attacks, because of the uncontrolled cleavage  
by C1s.

C1-INH is the major inhibitor of kallikrein and C1, and 
therefore diminished levels of C1-INH lead to unregulated acti-
vation of the classical pathway and kallikrein after exposure to 
a mild trigger (Figure 10-2).90–92 Complement anaphylatoxins 
are thought to play a minor role in the process and bradykinin 
is the major mediator of the angioedema.93

descent. Like other terminal components, C6 deficiency is asso-
ciated with systemic neisserial infections.

C7 DEFICIENCY

C7 participates in the formation of the membrane attack 
complex and therefore is critical to the generation of serum 
bactericidal activity. Patients who are deficient in C7 have mark-
edly reduced serum total hemolytic activity and C7 levels. As 
expected, their serum bactericidal activity is similarly reduced.68

Like other patients with deficiencies of the terminal compo-
nents (C5, C6, C7, C8 and C9), the most prominent clinical 
manifestation of C7 deficiency is an increased susceptibility to 
systemic neisserial infections. A few patients have presented 
with SLE, rheumatoid arthritis, pyoderma gangrenosum and 
scleroderma, but it is unclear whether these are pathophysio-
logically related to the C7 deficiency.

C8 DEFICIENCY

C8 is comprised of three different polypeptide chains (α, β 
and γ), which are encoded by separate genes (C8A, C8B and 
C8G). The genes C8A and C8B map to the short arm of chro-
mosome 1, and the gene C8G maps to the long arm of chromo-
some 9. The alpha and gamma chains are covalently linked to 
form one chain (C8 α–γ), which is joined to the C8 β chain by 
noncovalent bonds. C8 is an integral part of the pore-forming 
membrane attack complex C5b-9 and, as such, plays a critical 
role in the generation of complement-mediated bactericidal 
activity.

There are two forms of C8 deficiency and each is inherited 
as an autosomal recessive trait. In one form, patients lack the 
C8 β subunit, whereas in the other form the α–γ subunit is 
deficient.69,70 In either form, total hemolytic activity is absent 
from the serum, as is functional C8 activity. However, some C8 
antigen can usually be detected in C8 β deficiency because 
patients possess the C8 α–γ subunit. In contrast, patients with 
C8 α–γ deficiency usually have undetectable C8 antigen with 
standard immunochemical techniques. As expected, patients 
with either form of the deficiency have a marked reduction in 
serum bactericidal activity.

C8 β deficiency is more common among individuals of 
European descent and C8 α–γ deficiency is more common 
among individuals of African descent. Approximately 86%  
of C8 β-null alleles are the result of C-to-T transition in 
exon 9, which results in the generation of a premature stop 
codon.70,71 Only a limited number of patients with C8 α–γ 
deficiency have been examined, and in most instances an 
intronic mutation alters the splicing of exons 6 and 7 of the C8A 
chain and creates an insertion that generates a premature stop 
codon.72

As in deficiencies of other components of the membrane 
attack complex, systemic neisserial infections have been the 
predominant clinical presentation of C8 deficiency.72

C9 DEFICIENCY

The gene for C9 is located on the short arm of chromosome 5. 
The protein product has sequence homology to other members 
of the membrane attack complex. Affected individuals have 
markedly reduced levels of both C9 antigen and functional 
activity. However, the hemolysis of antibody-sensitized eryth-
rocytes can occur with the insertion of a membrane attack 
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may be the only symptoms the patient has ever had, leading to 
difficulty in diagnosis.96 The abdominal pain may be so severe 
that it mimics an acute abdomen and some patients have suf-
fered unnecessary exploratory laparotomies prior to their diag-
nosis of HAE.

Although the onset of symptoms occurs in more than half 
of the patients before adolescence, some patients do not experi-
ence their first symptoms until they are well into adult life. In 
just over half of the patients, no specific event can be clearly 
identified as initiating attacks, although anxiety and stress are 
frequently cited. Dental extractions and tonsillectomy can initi-
ate edema of the upper airway, and cutaneous edema may 
follow trauma to an extremity. Some patients report attacks 
after the use of tight-fitting clothing or shoes, whereas others 
have related cold exposure to the onset of symptoms.97

A potential source of diagnostic confusion is the association 
of HAE with SLE, presumably because the secondary reduction 
of C4 predisposes to SLE. These patients can be quite difficult 
to diagnose and manage.

FACTOR H DEFICIENCY

The basis for the HUS in factor H deficiency is thought to be 
an inability to protect fenestrated endothelium in the glomeru-
lus from complement-mediated damage (see ‘Pathophysiology 
of atypical hemolytic uremic syndrome’).29

Neisserial infections are also seen in patients with factor H 
deficiency, and the mutations in patients with HUS and neisse-
rial infections are distinct. The infections arise due to unregu-
lated consumption of C3.62,98,99

HUS is a microangiopathy typically associated with hemo-
lytic anemia, thrombocytopenia and renal failure. Atypical HUS 
has a mortality rate of 25% and half of the patients develop 
renal failure.28,100 Factor H deficiency is responsible for 15% to 
30% of patients with atypical HUS.26 Both autosomal recessive 
and heterozygous mutations have been seen. The age of onset 
is quite young in most cases and the disease is often recurrent.101 
Normal complement (C3, AH50 and factor H) levels are some-
times seen and the only way in which this disorder can be 
confidently identified is with direct mutation analysis. A 
common tyrosine-to-histidine polymorphism of factor H was 
identified as a significant risk factor for macular degeneration 
in a genome-wide linkage study.102

FACTOR I DEFICIENCY

The gene for factor I is located on the long arm of chromosome 
4. Factor I is a serine protease that cleaves C3b to produce iC3b, 
an inactive cleavage product that cannot function in the 
C3-cleaving enzyme of the alternative pathway. Patients with 
factor I deficiency have uncontrolled activation of C3 via the 
alternative pathway.103,104 Patients with factor I deficiency there-
fore have a secondary consumption of C3 with markedly 
reduced levels of C3 in their sera and a corresponding decrease 
in serum opsonic, bactericidal and chemotactic activity.103,104 In 
general, the patients with atypical HUS due to factor I defi-
ciency have heterozygous mutations and the mutations do not 
localize to a specific protein domain.105 The mutations associ-
ated with infection and atypical HUS are distinct.

An increased susceptibility to infection is a common presen-
tation.103 Like patients with C3 deficiency, factor I deficient 
patients have infections caused by encapsulated pyogenic bac-
teria such as Streptococcus, Pneumococcus, Meningococcus and H. 

C1-INH deficiency is responsible for most cases of the clini-
cal disorder of hereditary angioedema (HAE). The clinical 
symptoms of HAE are the result of submucosal or subcutane-
ous noninflammatory edema.94 The three most prominent areas 
of involvement are the skin, upper respiratory tract and gastro-
intestinal tract.95

Attacks involving the subcutaneous tissue may involve an 
extremity, the face, or genitalia. In some instances, there may be 
changes immediately preceding the edema such as subtle mot-
tling, a transient serpiginous erythema or frank erythema  
marginatum. The edema usually expands outward from a single 
site and may vary in size from a few centimeters to the involve-
ment of a whole extremity. The lesions are characteristically 
nonpruritic. However, early in the development of the lesion, 
there may be a feeling of tightness in the skin because of the 
accumulation of subcutaneous fluid. Attacks usually progress 
for 1 to 2 days and resolve over an additional 2 to 3 days.

Attacks involving the upper respiratory tract represent a sig-
nificant cause of morbidity and occasionally death. In one series 
published in 1976, pharyngeal edema had occurred at least once 
in nearly two thirds of the patients.87 Laryngeal edema, accom-
panied by hoarseness and stridor, occurs and progresses to 
respiratory obstruction. This is a life-threatening emergency. In 
fact, in that same series, tracheotomies had been performed in 
1 of every 6 patients with HAE.87 Today, with improved treat-
ment, this is becoming less common.

Symptoms in the gastrointestinal tract are related to edema 
of the bowel wall and may include anorexia, dull aching of the 
abdomen, vomiting and, in some cases, crampy abdominal 
pain. Abdominal symptoms are often prominent in childhood 
and can occur in the absence of concurrent cutaneous or pha-
ryngeal involvement. In some instances, abdominal symptoms 

Figure 10-2  The  role of C1  inhibitor  in angioedema. The edema  in 
C1 inhibitor deficiency is due primarily to activation of bradykinin. Factor 
XII  (Hageman  factor)  is  activated  by  exposure  to  damaged  capillary 
vessels. Kallikrein performs two roles: it acts to cleave bradykinin from 
high molecular weight kininogen (HMWK), and it acts to enhance factor 
XIIa activation. 
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complement system participates in the generation of a normal 
immune response,113 complement-deficient patients may not 
respond as well as complement-sufficient hosts.114 Another 
limitation to the use of immunization in complement-deficient 
patients is that the vaccines may not include all of the serotypes 
to which complement-deficient patients are susceptible. 
Although there are limitations, data support the use of repeated 
meningococcal vaccination to mitigate the risk of infection for 
patients with terminal complement component deficiencies.115 
The Centers for Disease Control recommend a two dose series 
of the quadrivalent conjugated meningococcal vaccine before 2 
years of age for high-risk patients. A subsequent dose after 3 
years and then every 5 years is the current recommendation. It  
seems reasonable to consider repeated vaccination for Pneumo-
coccus and H. influenzae for patients with defects in early 
complement components. Guidelines should be monitored and 
protocols amended as necessary because nonconjugated vaccine 
administration can interfere with subsequent conjugated 
vaccine responses.115–117

A second strategy in the prevention of infection is the use of 
prophylactic antibiotics. Because patients with complement 
deficiencies have a high risk of recurrent episodes of blood-
borne infections and because immunizations may not afford 
them complete protection, some patients have been placed on 
antibiotic prophylaxis. Any recommendation for antibiotic pro-
phylaxis must be viewed in the context of the emergence of 
antibiotic resistance among bacteria.

Management of Autoimmune Disorders
Regardless of the disorder, autoimmune conditions are most 
often treated with the same immunosuppressive agents and 
antiinflammatory medications as one would use in a comple-
ment-sufficient patient. Most autoimmune disorders are asso-
ciated with an increased risk of atherosclerosis in their own 
right and the early complement component deficiencies appear 
to add to that risk. Therefore, aggressive management of cardiac 
risk factors is advisable.

Management of Angioedema
The treatment of C1-INH deficiency is different from that of 
other complement deficiencies in that there are specific measures 
available to ameliorate symptoms and to prevent recurrence.118 
In some patients, episodes of angioedema may be sufficiently 
frequent or difficult to manage to justify long-term prophylaxis. 
Attenuated androgens such as oxandrolone and danazol are 
highly effective119,120 and act by increasing transcription of the 
normal allele of C1INH.121 However, because of their androgenic 
effects, their use has declined significantly, especially in females.

Another class of agents historically used for long-term pro-
phylaxis is the antifibrinolytic agents.122,123 Tranexamic acid and 
aminocaproic acid act by blocking plasmin generation. Although 
their efficacy is less than that of attenuated androgens, the inci-
dence of side-effects is also less than that of attenuated andro-
gens. For this reason, these agents may be used in childhood, 
although they are quite difficult to obtain in the USA. C1 inhibi-
tor concentrate is approved both for use as prophylaxis and 
treatment of acute attacks.124,125 Twice-weekly intravenous 
administration and cost for prophylaxis will be barriers for 
some patients.

Management of angioedema also requires education of the 
family and cautions against estrogen-containing birth control 
pills, undue exposure to trauma and use of angiotensin 

influenzae, organisms for which C3 is an important opsonic 
ligand. Also like patients with C3 deficiency, some patients have 
had elevated levels of circulating immune complexes. In fact, 
there has been one report of a transient illness resembling 
serum sickness characterized by fever, rash, arthralgia, hematu-
ria and proteinuria.

A second presentation is atypical HUS. Factor I deficiency is 
responsible for 5% to 10% of patients with atypical HUS.26,106,107 
These patients have a phenotype indistinguishable from that of 
patients with factor H deficiency.

MEMBRANE COFACTOR PROTEIN  
(CD46) DEFICIENCY

Membrane cofactor protein is a widely expressed glycoprotein 
that inhibits complement activation on host cells. It is a cofactor 
for factor I-based cleavage of C3b and C4b. Deficiencies of 
membrane cofactor protein (MCP) are associated with atypical 
HUS although the presentation is usually later and milder than 
in patients with factor H or factor I deficiencies.101,108–110 MCP 
mutations account for approximately 10% of all atypical HUS. 
MCP is expressed on renal tissues and therefore renal transplan-
tation can be successful. Traditional complement analyses are 
normal although the mechanism of disease is thought to be the 
same as for factor H and factor I deficiencies.

PROPERDIN DEFICIENCY

Properdin is the only gene of the complement system that is 
encoded on the X chromosome. Properdin stabilizes the alter-
native pathway C3 and C5 convertases by extending the half-
lives of the C3 and C5 converting enzymes. Properdin deficiency 
is inherited as an X-linked recessive trait. The protein may be 
absent or reduced in the serum, depending on the specific 
mutation. Patients with properdin deficiency have absent func-
tion of the alternative pathway. Similarly, serum bactericidal 
activity for some strains of meningococci is reduced in 
properdin-deficient serum.111

Approximately 50% of the patients described with properdin 
deficiency have had systemic meningococcal disease.1,2,111 Iso-
lated cases of SLE and discoid lupus have also been seen in 
properdin-deficient patients, but these may represent ascertain-
ment bias.

FACTOR D DEFICIENCY

Neisserial infections are seen in factor D deficiency.1,2,112 Systemic 
streptococcal infections have also been seen. Other complement 
levels are typically normal in factor D deficiency, however there 
is almost no ability to activate the alternative pathway.

Management of Genetically 
Determined Complement Deficiencies
Prevention of Infectious Diseases
Two strategies have been attempted to reduce susceptibility  
to infections and/or modify the clinical course of infections  
in patients with genetically determined deficiencies of  
complement. One strategy is to immunize these patients  
against common bacterial pathogens such as Pneumococcus, H. 
influenzae and Meningococcus. Unfortunately, because the 
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SYSTEMIC LUPUS ERYTHEMATOSUS

SLE is a systemic disorder in which immune complexes are gener-
ated and deposited in end organs, leading to the classical inflam-
matory pathologic changes. The immune complexes may activate 
the complement cascade, leading to consumption of individual 
components such as C3 and C4. The activation and consumption 
of the complement system typically precedes clinical flare, and the 
degree of hypocomplementemia, specifically levels of C3 and C4, 
generally reflects the degree of clinical activity.135–138 Although 
complement activation as a result of the circulating immune 
complexes is particularly characteristic of SLE, it has also been 
described in juvenile rheumatoid arthritis, Sjögren’s syndrome, a 
variety of vasculitides, and mixed connective tissue disease. Hypo-
complementemia as a result of immune complex formation is 
seen less frequently in other autoimmune diseases.

SERUM SICKNESS

Serum sickness is the consequence of immune complex forma-
tion in response to the administration of drugs (e.g. penicillin, 
cefaclor and minocycline), foreign proteins (e.g. antithymocyte 
globulin, therapeutic monoclonal antibodies or antivenoms)  
or, in some instances, infections.139,140 Although rash, fever and 
arthralgia/arthritis are the most common clinical findings, 
severe cases may progress to renal involvement.141 Immune 
complexes are present in the circulation early in the process. 
Most cases have significant hypocomplementemia which, when 
it occurs, is characterized by low CH50, C3 and C4 levels.142,143

SEPSIS

Acute bacterial sepsis, specifically Gram-negative sepsis, may be 
associated with transient hypocomplementemia characterized 
by low levels of C3 and C4, as well as low total hemolytic activity 
(CH50).144 The hypocomplementemia is most commonly found 
in patients who have some degree of cardiovascular compro-
mise and is strongly correlated with the severity of the shock 
and morbidity.

CIRRHOSIS

Patients with cirrhosis have decreased serum concentrations of 
C3, C4 and total hemolytic activity due to diminished synthe-
sis.145 There is a correlation between the low levels of C3 and a 
predisposition to spontaneous bacterial peritonitis and mortal-
ity in cirrhosis.146

CARDIOPULMONARY BYPASS, 
EXTRACORPOREAL MEMBRANE  
OXYGENATION AND HEMODIALYSIS

These interventions bring the patient’s blood in contact with 
artificial surfaces or membranes. As a result, there may be acti-
vation of the complement system. As a consequence of the 
activation of the complement system, there also is generation 
of biologically active cleavage products such as C3a and C5a.  
A number of studies have suggested that the generation of  
these anaphylatoxins is responsible for the generalized inflam-
matory response that follows cardiopulmonary bypass (post-
perfusion syndrome) and hemodialysis (pulmonary neutrophil 
sequestration).147

converting enzyme inhibitors.118 All of these are known to pre-
cipitate episodes.

In some instances, patients may require short-term prophy-
laxis for surgery or oral procedures. Attenuated androgens, 
fibrinolytic agents, fresh frozen plasma (FFP) and C1 esterase 
concentrate have all been used successfully for short-term pro-
phylaxis, but most major medical centers now use C1 inhibitor 
concentrate. Recent guidelines can be helpful.118

Acute attacks can be emergencies and patients should have 
an action plan that includes contingencies for airway involve-
ment. C1 esterase inhibitor concentrate is an effective acute 
treatment.96,126 Ecallantide and icatibant are also approved for 
treatment. Ecallantide is a kallikrein inhibitor and icatibant is a 
bradykinin receptor antagonist. The former requires a health-
care worker to administer and monitor for anaphylaxis, an 
uncommon adverse event. Icatibant has a slower onset of action 
but has the advantage of self administration. Epinephrine, anti-
histamines and corticosteroids are of no proven benefit in 
C1-INH deficient patients. FFP has some advocates, however 
there are limited clinical data on its use.127

Management of HUS
As is done for thrombotic thrombocytopenic purpura (TTP), 
most patients with atypical HUS receive apheresis and FFP 
replacement for acute episodes.101,108 Factor H replacement may 
be of benefit, and FFP may be used to replace factor H. In the 
case of MCP deficiency, where the affected protein is membrane 
bound, it is less clear that pheresis and FFP would provide 
benefit, but it could potentially act to clear inciting agents or 
complement activation products. Eculizumab, a C5 inhibitor, 
has been approved as treatment for atypical HUS due to com-
plement deficiencies.128 The appropriate use of eculizumab in 
this setting is still being defined. For patients with factor H or 
factor I deficiency and end-stage renal disease, renal transplan-
tation is not recommended. In contrast, renal disease in MCP 
typically does not recur in the transplanted kidney.

Secondary Complement Deficiencies
Secondary complement deficiencies are relatively common. Any 
pathologic process that results in activation of the complement 
cascade or interferes with the synthesis of complement compo-
nents, such as liver disease, can result in a secondary comple-
ment deficiency.

THE NEWBORN

In full-term infants, the levels of most components of either the 
classical or alternative pathways are 50% to 80% of adult 
levels.129 However, both C8 and C9 seem to be more severely 
depressed, with levels in full-term newborn infants as low as 
28% and 10%, respectively, of maternal levels.130,131 The serum 
levels of individual components of complement in premature 
infants have also been studied. C4, C3, C7, C9, factor B, proper-
din and C1 esterase inhibitor have been detected in fetal serum 
as early as the end of the first trimester or the beginning of the 
second trimester.132,133

NEPHROTIC SYNDROME

Loss of complement proteins in the urine, particularly factor 
B,134 contributes to the increased susceptibility to infection.
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lysing 50% of the sheep cells coated with immunoglobulin (e.g. 
rabbit IgM anti-sheep red blood cell [RBC] antibodies). The 
function of the alternative pathway is measured by RBC lysis in 
the absence of immunoglobulin. With the exception of C9 defi-
ciency, genetic deficiencies of any of the classical initial pathway 
or terminal (C5–C8) cascade components lead to a CH50 of 
zero or near zero. A finding of low levels of CH50 or AH50 
should be repeated and appropriate handling of the serum 
should be ensured. Complement components are consumed 
quickly once blood has been drawn. Other causes of low, but 
not absent, CH50 results are complement consumption due to 
infection or autoimmune disease. Less common, but medically 
more important, are the regulatory protein defects leading to 
consumption of C3 such as factor D, factor H and factor I defi-
ciency. C9 deficiency also leads to a reduction in both the CH50 
and AH50 (Figure 10-3). Nephritic factors (antibodies to com-
plement components) can lead to a chronically low CH50, 
AH50 or both.

Once an abnormal CH50 or AH50 has been confirmed, 
nephelometry is used to define the serum levels of certain  
components (C3 and C4 primarily) and enzyme-linked immu-
nosorbent assays (ELISAs) are available for certain other com-
ponents. Individual component functional assays are not widely 
available but are available through reference laboratories. Once 
the specific diagnosis is established, the management path 
becomes clearer.

Patients with recurrent sinopulmonary infections are infre-
quently found to have complement deficiencies. For patients 
with recurrent sepsis/systemic infection or sepsis on the back-
ground of autoimmune disease (or a family history of autoim-
mune disease), the frequency of identifying a complement 

MALNUTRITION

Malnutrition (both kwashiorkor and marasmus) is associated 
with decreased levels of serum total hemolytic complement 
activity as well as most of the individual components of com-
plement, such as C3 and C5.148,149 The degree of the decrease in 
complement components, such as C3, correlates strongly with 
serum albumin, suggesting that the decrease is the result of poor 
synthetic function in the liver.

PAROXYSMAL NOCTURNAL HEMOGLOBINURIA

Paroxysmal nocturnal hemoglobinuria (PNH) is characterized 
by recurrent episodes of hemoglobinuria due to intravascular 
hemolysis and is associated with acquired somatic mutations of 
PIG-A or PIG-T in a clone of bone marrow progenitor cells.150,151 
The protein product of PIG-A is required for GPI anchored 
proteins. C8 binding protein, DAF and CD59 are GPI anchored 
proteins that protect hematopoietic cells from complement-
mediated lysis. The red cells are the most vulnerable because 
they have no ability to repair membrane damage. PNH can be 
associated with complement dysfunction. Inherited CD59 defi-
ciency has been associated with a PNH-like syndrome.152

Laboratory Assessment  
of Complement
A CH50 assay consists of adding patient serum to antibody-
coated sheep red cells. Complement activation of C1 to C9 leads 
to lysis. A CH50 result reports the dilution of serum capable of 

Figure 10-3  A potential algorithm for the evaluation of patients with suspected complement deficiency. 

SLE Neisseria Atypical HUS Angioedema

Tier 1
studies

Systemic
infections

CH50 CH50
AH50

CH50
AH50, C3

C1 inhibitor

Additional
testsC1, C2, C4

function

CH50
AH50

If Tier 1
abnormal

C1, C2, C4
levels

C1 inhibitor
function

If only CH50 low:
C1, C2, C4

If only AH50 low:
properdin, FD,

FH, FI

Consider secondary
disease or type IIIa

Consider
secondary 

cause 

Mutation testing
FH, FI, MCP,

C3, FB

If both very low:
C3, C5, C6, C7,

C8, C9



 10  Complement Deficiencies 99

complexes, opsonization of bacteria, lysis of bacteria, solubiliz-
ing of immune complexes and elimination of apoptotic cells. 
Complement deficiencies manifest themselves either as suscep-
tibility to recurrent infections or as susceptibility to autoimmune/
immune complex-mediated diseases (Box 10-1). Deficiencies of 
early components of the classical complement cascade (C1, C2, 
C4 and C3) are associated with both autoimmune/immune 
complex diseases and susceptibility to infections. Deficiencies 
of components of the alternate pathway (factor H, factor I, 
factor D and properdin) and of late components of the comple-
ment system C5 to C9 are associated with susceptibility to infec-
tions, primarily to neisserial infections in the case of deficiency 
of C5 through C9. The diagnosis of a complement component 
deficiency must be entertained in all patients with recurrent 
severe bacterial infections, particularly in the face of elevated or 
upper-range levels of serum immunoglobulins and adequate 
antibody titers. The diagnosis of a deficiency in the early com-
ponents of the classical complement cascade must be enter-
tained in cases of SLE with a history of significant infection, and 
defects in regulatory proteins should be sought in cases of atypi-
cal HUS. A diagnosis of C1 esterase inhibitor deficiency must 
be considered in cases of nonpruritic angioedema in the absence 
of urticaria, particularly in the presence of a similar family 
history and in cases precipitated by trauma. Fortunately, treat-
ment and education regarding risk can be life saving.
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defect is probably higher although there are no data to support 
this approach.153 Patients with a single meningococcal infection, 
either meningitis or meningococcemia, probably deserve an 
evaluation in nonendemic areas.154,155 The evaluation would 
include a CH50 and AH50. There is general consensus that 
patients with meningococcal disease with an unusual serotype, 
with meningococcal disease on the background of a positive 
family history or recurrent meningococcal disease, should have 
an evaluation with a CH50 and AH50. In these patient groups, 
the frequency of complement deficiency approaches 50%.155,156 
Chronic meningococcemia appears to be another condition 
with a high frequency of complement deficiency.10

Most Caucasian SLE cohorts have approximately 1% to 2%  
of patients with complement deficiency (generally C2 defi-
ciency).56,138 Given the high rate of infection, it is important to 
identify these patients. Patients with C1 and C4 deficiencies tend 
to have severe disease with early presentations and therefore 
testing pediatric-onset severe SLE might be more revealing of 
complement deficiencies. An additional category where a CH50 
assay might be considered is in the evaluation of patients with 
clinical symptoms suggestive of SLE but with negative ANA and 
anti-dsDNA. While these autoantibodies are often thought of as 
important indicators of SLE, complement-deficient patients 
have them less frequently and it might support the diagnosis of 
SLE to know that the patient had a complement deficiency.

All patients with atypical HUS should have a complement 
evaluation. A CH50, an AH50 and a C3 level should be obtained. 
In many cases, these will be normal and measurement in serum 
and/or mutation analysis of factor H, factor I, MCP, C3 and 
factor B will most often be required. Patients with membrano-
proliferative glomerulonephritis type II should also be evalu-
ated when the clinical suspicion of a complement deficiency or 
nephritic factor exists.

When angioedema occurs in the setting of a known allergic 
response, it is much less likely to be due to C1 inhibitor defi-
ciency. Patients with recurrent angioedema in the absence of 
allergic reactions, patients with a family history of angioedema, 
patients with angioedema preceded by a reticular rash and 
patients with angioedema after trauma should all have an evalu-
ation. Note that HAE is not associated with urticaria. Angio-
edema associated with urticaria is extremely unlikely to 
represent HAE. A simple but rather insensitive screen is to 
measure C4 levels. C4 is typically decreased at baseline but is 
diminished even more during an acute attack owing to con-
sumption. A more specific strategy is to measure C1 inhibitor 
antigen and functional levels.

Conclusions
Complement represents a bridge between innate and adap-
tive immunity. It is important for the phagocytosis of immune 

BOX 10-1 KEY CONCEPTS

Clinical Presentations of Complement Deficiencies

Increased susceptibility to systemic or deep bacterial infection
• Classical complement component deficiencies are associ-

ated with systemic infections with encapsulated 
organisms

• Terminal component deficiencies are associated with sus-
ceptibility to infection with Neisseria

Systemic lupus erythematosus, especially with early components 
of the classical pathway

Hereditary angioedema is due to haploinsufficiency of C1 ester-
ase inhibitor, a regulatory protein

Atypical hemolytic uremic syndrome, predominantly with 
defects of factors H and I and membrane cofactor protein
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KEY POINTS

• White blood cells (lymphoid or myeloid) can suffer from 
quantitative or functional congenital disorders.

• The type of cells or mechanisms that are mainly affected 
will define the spectrum of infectious diseases a particu-
lar patient will suffer.

• The pathophysiology, clinical manifestations and 
approaches to diagnosis of classic innate immunity 
defects (e.g. neutropenias, CGD, LAD and mucocutane-
ous candidiasis among other syndromes) are discussed.

• Recently recognized genetic diseases (e.g. IRF8, ISG15 
and some forms of mucocutaneous candidiasis are 
presented.

This	chapter	focuses	on	neutrophils	and	monocytes,	and	disor-
ders	 that	 arise	 from	 their	 quantitative	 or	 functional	 defects.	
Mature	neutrophils	develop	in	the	bone	marrow	from	a	myeloid	
stem	cell	over	14	days,	during	which	time	proliferation,	differ-
entiation	and	maturation	occur.	Mature	neutrophils,	with	their	
load	of	primary,	 secondary	and	 tertiary	granules,	 are	 released	
into	 the	 bloodstream	 where	 they	 stay	 6	 to	 10	 hours	 before	
exiting	by	 diapedesis.	 In	 tissues,	 these	 cells	 work	 in	 ways	 that	
are	 primarily	 phagocytic,	 bactericidal,	 fungicidal	 or	 in	 the	
removal	of	damaged	tissue.	Neutrophil	disorders	can	be	divided	
into	quantitative	(increase	or	decrease)	and	functional	(failures	
in	specific	metabolic	or	interactive	pathways).	Quantitative	dis-
orders	include	neutrophilia	(>7,000	neutrophils	per	microliter	
in	 adult	 patients)	 and	 neutropenia	 (mild:	<1,500	 neutrophils	
per	microliter,	moderate:	500–1,000	neutrophils	per	microliter,	
severe:	<500	neutrophils	per	microliter).	With	very	few	excep-
tions	(e.g.	chronic	idiopathic	neutrophilia,	leukocyte	adhesion	
deficiencies,	myeloproliferative	diseases)	neutrophilia	is	depen-
dent	on	causes	extrinsic	to	the	neutrophils	(e.g.	acute	or	chronic	
infection,	steroids,	epinephrine).	On	the	other	hand,	the	causes	
of	 neutropenia	 are	 multiple	 and	 can	 be	 intrinsic	 or	 extrinsic		
to	 neutrophils	 or	 their	 progenitors	 (Box	 11-1).	 Neutropenia	
usually	falls	into	categories	of	decreased	production	or	increased	
destruction,	or	a	combination	of	the	two.

Qualitative	 myeloid	 disorders	 include	 defects	 in	 motility	
(adhesion,	 chemotaxis),	 defects	 in	 phagocytosis,	 defects	 of	
granule	 synthesis	 and	 release,	 and	 defects	 in	 killing	 (see	 Box	
11-1).

A	neutrophil	disorder	should	be	suspected	in	patients	with	
recurrent,	severe,	bacterial	or	fungal	infections,	especially	those	
caused	by	unusual	organisms	(e.g.	Chromobacterium violaceum)	

or	in	uncommon	locations	(e.g.	liver	abscess;	Table	11-1).	Viral	
and	parasitic	infections	are	not	increased	in	these	patients.

Initial	 laboratory	 evaluation	 should	 take	 into	 account	 the	
clinical	 presentation	 to	 direct	 where	 the	 defect	 is	 likely	 to	 be.	
Some	assays,	such	as	repeated	white	blood	cell	(WBC)	counts	
with	differentials	or	microscopic	evaluation	of	neutrophils,	are	
relatively	simple	and	can	readily	exclude	neutropenia	or	some	
granule	defects.	Flow	cytometry	requires	a	careful	consideration	
of	which	markers	to	examine.	Functional	assays,	such	as	oxida-
tive	 burst	 testing,	 phagocytosis	 or	 chemotaxis,	 are	 the	 most	
challenging	 because	 few	 laboratories	 perform	 them	 routinely	
(Table	11-2).	We	will	consider	some	of	the	clinical,	diagnostic	
and	 management	 aspects	 of	 a	 few	 of	 the	 best	 characterized	
myeloid	disorders.

Severe Congenital Neutropenia
Severe	 congenital	 neutropenia	 (SCN)	 comprises	 a	 heteroge-
neous	group	of	disorders	that	share	the	common	characteristics	
of	 bone	 marrow	 granulocytic	 maturation	 arrest	 at	 the	 pro-
myelocyte	or	myelocyte	stage,	severe	chronic	neutropenia	(fewer	
than	200	neutrophils	per	microliter)	and	increased	susceptibil-
ity	to	acute	myeloid	leukemia.1,2

In	1956	Kostmann	described	a	Swedish	kindred	with	severe	
congenital	 neutropenia	 inherited	 in	 an	 autosomal	 recessive	
pattern.3	 Klein	 and	 colleagues	 identified	 homozygous	 muta-
tions	 in	 the	 antiapoptotic	 molecule	 HAX1	 in	 patients	 with	
autosomal	recessive	SCN,	which	was	confirmed	to	be	the	cause	
in	the	original	Kostmann	pedigree	as	well.4	Some	patients	with	
HAX1	 deficiency	 also	 suffer	 from	 cognitive	 problems	 and/or	
epilepsy.5

Among	 patients	 with	 SCN,	 single	 allele	 mutations	 in	 the	
G-CSF	 receptor	 (GCSFR,	 1p35-p34.3)	 have	 been	 associated	
with	the	development	of	acute	myeloid	leukemia.6	However,	not	
all	patients	with	SCN	develop	mutations	in	the	G-CSF	receptor,	
indicating	 that	 these	mutations	are	 somatic	mutation	epiphe-
nomena	that	occur	in	the	setting	of	SCN	but	do	not	cause	it.7	
Autosomal	 recessive	 mutations	 in	 the	 glucose-6-phosphatase	
catalytic	subunit	3	(G6PC3)	also	cause	congenital	neutropenia	
along	with	cardiac	and	urogenital	malformations.8

Horwitz	 and	 colleagues9	 and	 Dale	 and	 colleagues10	 found	
that	22	of	25	patients	with	dominant	or	spontaneous	SCN	had	
heterozygous	mutations	in	the	gene	encoding	neutrophil	elas-
tase	 (ELA2).	 Interestingly,	 mutations	 in	 this	 gene	 are	 also	
responsible	for	cyclic	neutropenia.	ELA2	mutations	are	respon-
sible	for	more	than	50%	of	SCN	cases	in	Caucasian	patients.11

The	 clinical	 manifestations	 of	 SCN	 appear	 promptly	 after	
birth:	50%	of	affected	infants	are	symptomatic	within	the	first	
month	of	 life,	and	90%	within	the	first	6	months;	omphalitis,	
upper	and	lower	respiratory	tract	infections,	and	skin	and	liver	
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BOX 11-1 NEUTROPHIL DISORDERS: CAUSES

NEUTROPHILIA

Usually dependent on causes extrinsic to the neutrophils (e.g. acute 
or chronic infection)

NEUTROPENIA

Caused by defects intrinsic to the neutrophils or their progenitors 
(severe congenital neutropenia, cyclic neutropenia, neutropenia 
associated with other well-defined syndromes [e.g. Schwachman 
syndrome, Fanconi’s syndrome, dyskeratosis congenita, Chédiak-
Higashi syndrome, reticular dysgenesis, WHIM syndrome])

Caused by defects extrinsic to the neutrophils or their progeni-
tors (infections, drugs, immune mediated, metabolic diseases, 
nutritional deficiencies, bone marrow infiltration)

MOTILITY DISORDERS

Adhesion: Leukocyte adhesion deficiency 1, 2 or 3
Chemotaxis: Leukocyte adhesion deficiency 1, 2 or rac2; local-

ized juvenile periodontitis, neutrophil β-actin deficiency, secondary 
to extensive burns, secondary to alcohol consumption

PHAGOCYTOSIS DISORDERS

Leukocyte adhesion deficiency 1 (complement-mediated only); sec-
ondary to antibody deficiencies; complement deficiencies; mannose 
binding protein deficiency

DISORDERS OF GRANULE FORMATION AND CONTENT

Chédiak-Higashi syndrome; specific granule deficiency

MICROBICIDAL DISORDERS

Chronic granulomatous disease; myeloperoxidase deficiency; 
glucose-6-phosphate dehydrogenase deficiency, glutathione 
pathway deficiencies

abscesses	are	common.	Subcutaneous	recombinant	granulocyte-
colony	 stimulating	 factor	 (G-CSF;	 5	µg/kg/day)	 has	 dramati-
cally	changed	the	prognosis	of	these	patients.1,2	Since	the	advent	
of	recombinant	G-CSF,	reductions	in	the	number	of	infections	
and	hospitalization	days	and	an	increase	in	life	expectancy	have	
been	described.1,2

Devriendt	 and	 colleagues12	 described	 a	 family	 with	 an	
X-linked	form	of	severe	congenital	neutropenia	(XLN)	caused	
by	mutations	in	the	Wiskott-Aldrich	syndrome	protein	(WASP).	
In	 contrast	 to	 the	 WASP	 mutations	 that	 produce	 classical	
Wiskott-Aldrich	 syndrome	 or	 X-linked	 thrombocytopenia,	
most	 of	 which	 are	 caused	 by	 mutations	 resulting	 in	 reduced	
WASP	transcription	or	translation,	the	mutation	causing	XLN	
(Leu270Pro)	creates	a	constitutively	active	mutant	protein.

Two	families	with	heterozygous	mutations	in	GFI1	and	con-
genital	 neutropenia	 and	 monocytosis	 have	 been	 described.13	
GFI1	mutations	act	in	a	dominant-negative	way,	i.e.	inheritance	
is	 autosomal	 dominant.	 Reticular	 dysgenesis	 is	 an	 autosomal	
recessive	severe	combined	immunodeficiency	characterized	by	
early	 myeloid	 arrest,	 neutropenia,	 lymphopenia	 and	 sensori-
neural	loss	(see	Chapter	9).

Cyclic Neutropenia/ 
Cyclic Hematopoiesis
Cyclic	neutropenia/cyclic	hematopoiesis	is	inherited	as	an	auto-
somal	 dominant	 trait	 and	 characterized	 by	 regular	 cyclic		
fluctuations	 in	 all	 hematopoietic	 lineages.	 However,	 clinical	
manifestations	are	almost	exclusively	associated	with	variations	
in	neutrophils.	Neutrophil	counts	cycle	on	average	every	21	days	

(range	14	to	36	days),	including	periods	of	severe	neutropenia	
(<200/µL)	 that	 last	 from	 3	 to	 10	 days.14,15	 Mutations	 in	 ELA2	
(neutrophil	 elastase	 2,	 19p13.3)	 have	 been	 identified	 in	 all		
pedigrees	 analyzed.10,11	 Most	 patients	 have	 manifestations	 of	
neutropenia	 in	 early	 childhood.	 Oral	 ulcerations,	 gingivitis,	
lymphadenopathy,	 pharyngitis/tonsillitis	 and	 skin	 lesions	 are	
the	most	frequent	findings.	Early	loss	of	permanent	teeth	as	a	
consequence	 of	 chronic	 gingivitis	 and	 periapical	 abscesses	 is	
common.16	Bone	marrow	aspirates	obtained	during	periods	of	
neutropenia	show	maturation	arrest	at	the	myelocyte	stage	or	
bone	marrow	hypoplasia.17

Granulocyte-colony	 stimulating	 factor	 (G-CSF)	 improves	
peripheral	neutrophil	counts	and	decreases	morbidity	in	cyclic	
neutropenia	patients.	Infections	and	hospitalizations	appear	to	
lessen	naturally	with	age.16

Large	granular	lymphocytosis	is	a	cause	of	adult	onset	cyclic	
or	 sustained	 neutropenia.	 This	 disease	 is	 caused	 by	 clonal	
expansion	of	CD8	T	cells	or	NK	cells	with	a	tropism	for	neu-
trophils	and	sometimes	other	marrow	elements.	This	diagnosis	
is	 suspected	 in	 an	 adult	 with	 new	 onset	 neutropenia	 and	 is	
confirmed	 by	 identification	 of	 clonal	 CD8	 T	 cells	 infiltrating	
bone	marrow,	often	in	lymphoid	aggregates.18

Warts, Hypogammaglobulinemia, 
Infections and Myelokathexis  
(WHIM) Syndrome
Myelokathexis	(from	the	Greek,	meaning	‘retained	in	the	bone	
marrow’)	 is	a	congenital	disorder	with	severe	chronic	neutro-
penia.	 Unlike	 other	 forms	 of	 congenital	 neutropenia,	 bone	
marrow	 aspirates	 from	 myelokathexis	 patients	 show	 myeloid	
hypercellularity	with	increased	numbers	of	granulocytes	at	all	
stages	of	differentiation.	A	significant	number	of	patients	with	
myelokathexis	 also	 have	 warts,	 hypogammaglobulinemia	 and	
infections	of	varying	severity.	Most	WHIM	patients	have	het-
erozygous	deletions	affecting	the	chemokine	receptor	CXCR4.19	
Enhanced	CXCR4	activity	delays	release	of	mature	neutrophils	
from	the	bone	marrow,	resulting	in	peripheral	neutropenia.20,21	
Recurrent	 sinopulmonary	 infections	 are	 frequent.	 Memory	 B	
cells	 are	 also	 depressed	 in	 this	 disease,	 in	 part	 accounting	 for	
the	humoral	defects.22	During	episodes	of	infection,	neutrophil	
counts	typically	increase	compared	to	baseline	levels.	Steroids,	
subcutaneous	 epinephrine,	 intravenous	 endotoxin,	 as	 well	 as	
G-CSF	 and	 GM-CSF,	 can	 mobilize	 mature	 neutrophils	 from	
WHIM	 bone	 marrow.	 Sustained	 therapy	 with	 G-CSF	 or	
GM-CSF	increases	the	number	of	neutrophils	in	the	peripheral	
blood	 and	 decreases	 the	 number	 of	 infections.	 Plerixafor	
(Mozobil®),	a	small	molecule	that	binds	and	blocks	CXCR4	and	
is	used	for	hematopoietic	stem	cell	mobilization	for	transplan-
tation,	has	also	been	shown	to	have	a	beneficial	effect	in	WHIM	
patients.23,24

Immune-Mediated Neutropenias
ALLOIMMUNE NEONATAL NEUTROPENIA

Alloimmune	neonatal	neutropenia	(ANN)	is	produced	by	the	
transplacental	transfer	of	maternal	antibodies	against	NA1	and	
NA2,	 two	 isotypes	 of	 the	 immunoglobulin	 receptor	 FcγRIIIb,	
causing	destruction	of	neonatal	neutrophils.25–29	If	the	mother	
does	 not	 express	 FcγRIIIb	 on	 her	 own	 neutrophils,	 she	 may	
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(A) SEVERE INFECTIONS (B) RECURRENT INFECTIONS (C) SPECIFIC INFECTIONS
(D) UNUSUALLY LOCATED 

INFECTIONS

Type of 
Infection

Diagnosis to 
Consider

Site of 
Infection

Diagnosis to 
Consider Microorganism

Diagnosis to 
Consider

Site of 
Infection

Diagnosis to 
Consider

Cellulitis Neutropenia, 
LAD, 
CGD, 
HIES

Cutaneous Neutropenia, 
CGD, LAD, 
HIES

Staphylococcus 
epidermidis

Neutropenia, 
LAD

Umbilical 
cord 
stump

LAD

Colitis Neutropenia, 
CGD

Gums LAD, neutropenia, 
neutrophil 
motility 
disorders

Serratia 
marcescens, 
C. violaceum, 
Nocardia, 
Burkholderia 
cepacia, 
Granulibacter 
bethesdensis

CGD Liver 
abscess

CGD

Osteomyelitis CGD, MSMD 
pathway 
defects

Upper and 
lower 
respiratory 
tract

Neutropenia, 
HIES, functional 
neutrophil 
disorders

Aspergillus Neutropenia, 
CGD, HIES

Gums LAD, neutropenia, 
neutrophil 
motility 
disorders

GI tract CGD, MSMD 
pathway defects 
(salmonella)

Nontuberculous 
mycobacteria, 
BCG

MSMD 
pathway 
defects, 
SCID, CGD

Lymph nodes CGD, MSMD 
pathway defects 
(mycobacteria)

Candida Neutropenia, 
CGD, 
MPO, CMC

Osteomyelitis CGD, MSMD 
pathway defects

CGD – Chronic granulomatous disease, CMC – chronic mucocutaneous candidiasis, HIES – hyper-IgE syndrome, LAD – leukocyte adhesion 
deficiency, MPO – myeloperoxidase deficiency, MSMD – Mendelian susceptibility to mycobacterial diseases, SCID – severe combined 
immunodeficiency.

TABLE 

11-1 
Infections and WBC Defects: Features Highly Suspicious of Phagocyte Disorders. (A) Severe Infections, (B) 
Recurrent Infections, (C) Infections Due to Specific Microorganisms, (D) Unusually Located Infections

Test If Normal, It Excludes…

WBC count and 
differential (repeated)

All forms of neutropenia

Neutrophil morphologic 
evaluation

Specific granule deficiency, Chédiak-
Higashi syndrome

Flow cytometry
 CD18 LAD 1 (complete)
 CD15s (sialyl-LewisX) LAD 2
 Dihydrorhodamine 

(DHR) oxidation
CGD (MPO deficiency, severe G6PD 

deficiencies and glutathione 
pathway deficiencies have abnormal 
DHR oxidation as well)

 STAT-1 
phosphorylation

Complete IFNGR1, IFNGR2 deficiency

 STAT-4 
phosphorylation

Complete IL-12Rβ1 and Tyk2 
deficiency

Bone marrow aspirate
 Neutrophil 

maturation
Severe congenital neutropenia, cyclic 

neutropenia
 Neutrophil retention WHIM syndrome
Nitroblue tetrazolium 

reduction
CGD (severe G6PD deficiencies and 

glutathione pathway deficiencies 
have abnormal NBT reduction as 
well)

*Patients should be evaluated considering their familial history, 
physical examination and associated co-morbid factors.

TABLE 

11-2 
Laboratory Evaluation of Patient with 
Suspected Neutrophil Disorder*

elaborate	 antibodies	 against	 paternally	 encoded	 FcγRIIIb	
expressed	 on	 fetal	 neutrophils.	 These	 complement-activating	
antineutrophil	antibodies	can	be	detected	in	1	in	500	live	births,	
making	 the	 potential	 incidence	 of	 ANN	 high.	 This	 disease	
should	be	considered	in	the	evaluation	of	all	infants	with	neu-
tropenia,	 with	 or	 without	 infection.	 Antibody-coated	 neutro-
phils	 in	 ANN	 are	 phagocytosed	 in	 the	 reticuloendothelial	
system	and	removed	from	the	circulation,	leaving	the	neonate	
neutropenic	and	prone	to	infections.	Omphalitis,	cellulitis	and	
pneumonia	may	be	the	presenting	infections	within	the	first	2	
weeks	 of	 life.	 The	 diagnosis	 can	 be	 made	 by	 detection	 of	
neutrophil-specific	 alloantibodies	 in	 maternal	 serum.	 Paren-
teral	 antibiotics	 (even	 in	 the	absence	of	other	 signs	of	 sepsis)	
and	 G-CSF	 should	 be	 included	 in	 the	 initial	 management	 of	
ANN.	As	expected,	ANN	tends	to	improve	spontaneously	with	
the	 waning	 of	 maternal	 antibody	 levels,	 but	 this	 process	 may	
take	months.29

PRIMARY AND SECONDARY  
AUTOIMMUNE NEUTROPENIA

Autoimmune	neutropenia	 (AIN)	 is	 a	 rare	disorder,	 caused	by	
peripheral	 destruction	 of	 neutrophils	 and/or	 their	 precursors	
by	autoantibodies	present	in	patient	serum	or	mediated	by	large	
granular	lymphocytes	(CD3+/CD8+/CD57+	T	cells)	in	the	bone	
marrow.	 Autoimmune	 neutropenia	 can	 be	 either	 primary	 or	
secondary.	When	the	neutropenia	is	an	isolated	clinical	entity	it	
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regulator	gene,	LYST	or	CHS1.31,32	Patients	show	hypopigmen-
tation	of	the	skin,	iris	and	hair	due	to	giant	and	aberrant	mela-
nosomes	 (macromelanosomes).	 Hair	 color	 is	 usually	 light	
brown	to	blonde,	with	a	characteristic	metallic	silver-gray	sheen.	
Under	light	microscopy,	CHS	hair	shafts	show	pathognomonic	
small,	irregular	aggregates	of	clumped	pigment	spread	through-
out	the	shaft	(Figure	11-1).33–35

Giant	azurophil	granules	formed	from	the	fusion	of	multiple	
primary	granules	are	seen	in	neutrophils,	eosinophils	and	baso-
phils.	 Mild	 neutropenia	 due	 to	 intramedullary	 destruction	 is	
also	common.	Progressive	neuropathy	of	the	legs,	cranial	nerve	
palsies,	seizures,	mental	retardation	and	autonomic	dysfunction	
are	also	common.

The	 accelerated	 phase,	 one	 of	 the	 main	 causes	 of	 death	 in	
CHS,	is	clinically	indistinguishable	from	other	hemophagocytic	
syndromes,	with	fever,	hepatosplenomegaly,	lymphadenopathy,	
cytopenias,	 hypertriglyceridemia,	 hypofibrinogenemia,	 hemo-
phagocytosis	 and	 tissue	 lymphohistiocytic	 infiltration.	Etopo-
side	 (VP16),	 steroids	 and	 intrathecal	 methotrexate	 (when	 the	
CNS	 is	 involved)	 have	 been	 effective	 treatments.	 However,	
without	 successful	 bone	 marrow	 transplantation,	 the	 acceler-
ated	phase	usually	recurs.

NEUTROPHIL-SPECIFIC GRANULE DEFICIENCY

Neutrophil-specific	granule	deficiency	is	a	rare,	heterogeneous,	
autosomal	 recessive	 disease	 characterized	 by	 the	 profound	
reduction	or	absence	of	neutrophil-specific	granules	and	their	
contents.36	 In	 several	 cases	 a	 homozygous,	 recessive	 mutation	
was	found	in	C/EBPε.37,38	However,	not	all	cases	have	mutations	
in	C/EBPε,	suggesting	genetic	heterogeneity.

Bilobed	 neutrophils	 are	 common	 (pseudo-Pelger-Huët	
anomaly),	eosinophils	may	be	unapparent	in	peripheral	smears,	
and	 there	 is	 increased	 susceptibility	 to	 pyogenic	 infections	 of	

is	primary	AIN,	and	when	associated	with	another	disease,	it	is	
secondary	AIN.

Primary Autoimmune Neutropenia
Primary	AIN	is	the	most	common	cause	of	chronic	neutropenia	
(absolute	neutrophil	count	<1500/µL	lasting	at	least	6	months)	
in	 infancy	 and	 childhood.	 There	 is	 a	 slight	 female	 predomi-
nance	and	it	has	been	reported	in	about	1:100,000	live	births,	
ten	 times	 more	 frequently	 than	 SCN.	 Antibodies	 directed	
against	different	neutrophil	antigens	can	be	detected	in	almost	
all	 patients.	 Approximately	 one	 third	 of	 these	 autoantibodies	
are	anti-NA1	and	-NA2	isoforms	of	FcγRIIIb	(the	same	targets	
recognized	in	ANN).	Almost	85%	of	these	antibodies	are	IgG.	
Other	antigens	toward	which	autoantibodies	can	be	found	are	
CD11b/CD18	 (Mac-1),	 CD32	 (FcγRII)	 and	 CD35	 (C3b	 com-
plement	 receptor).	 The	 average	 age	 at	 diagnosis	 for	 primary	
AIN	is	8	months.	The	majority	of	patients	present	with	either	
skin	 or	 upper	 respiratory	 tract	 infections.	 Infrequently,	 some	
patients	may	suffer	from	severe	infections	such	as	pneumonia,	
meningitis	or	sepsis.	The	diagnosis	may	be	incidental,	as	patients	
may	 remain	 asymptomatic	 despite	 low	 neutrophil	 counts.	
Monocytosis	 is	 also	 frequent.	 Neutrophil	 counts	 are	 usually	
below	 1,500/µL,	 but	 the	 majority	 of	 patients	 have	 >500	
neutrophils/µL	at	the	time	of	diagnosis.	The	neutrophil	count	
may	 increase	 2-fold	 to	 3-fold	 during	 severe	 infections	 and	
return	 to	 neutropenic	 levels	 following	 resolution.	 The	 bone	
marrow	 may	 be	 normal	 or	 hypercellular.	 The	 cause	 of	 this	
disease	 remains	 unknown.	 Detection	 of	 granulocyte-specific	
antibodies	 is	 key	 to	 the	 diagnosis	 of	 primary	 AIN	 and	 may	
require	repeated	testing.30

AIN	is	usually	a	self-limited	disease.	The	neutropenia	remits	
spontaneously	within	7	to	24	months	in	95%	of	patients,	pre-
ceded	by	the	disappearance	of	autoantibodies	from	the	circula-
tion.	Symptomatic	 treatment	with	antibiotics	 for	 infections	 is	
usually	 sufficient.	 Treatment	 for	 severe	 infections	 or	 in	 the	
setting	of	emergency	surgery	often	now	includes	G-CSF.30

Secondary Autoimmune Neutropenia
Secondary	AIN	can	be	seen	at	any	age	but	is	more	common	in	
adults	and	has	a	more	variable	clinical	course.	Various	systemic	
and	autoimmune	diseases	such	as	systemic	lupus	erythemato-
sus,	Hodgkin’s	disease,	large	granular	lymphocyte	proliferation	
or	 leukemia,	 Epstein-Barr	 virus	 infection,	 cytomegalovirus	
infection,	 HIV	 infection	 and	 Parvovirus	 B19	 infection	 have	
been	associated	with	secondary	AIN.30	These	patients	are	pre-
disposed	 to	 the	 development	 of	 other	 autoimmune	 problems		
as	 well.	 Antineutrophil	 antibodies	 typically	 have	 pan-FcγRIII	
specificity,	 rather	 than	 specificity	 to	 the	 FcγRIII	 subunits,	
making	the	resulting	neutropenia	more	severe.	Anti-CD18/11b	
antibodies	have	been	detected	in	a	subset	of	patients.	Secondary	
AIN	responds	best	to	therapy	directed	at	the	underlying	cause.30

Defects of Granule Formation  
and Content
CHÉDIAK-HIGASHI SYNDROME

Chédiak-Higashi	syndrome	(CHS)	is	a	rare	and	life-threatening	
autosomal	 recessive	 disease,	 characterized	 by	 oculocutaneous	
albinism,	pyogenic	 infections,	neurologic	 abnormalities	 and	a	
late-onset	 hemophagocytic	 syndrome-like	 ‘accelerated	 phase’.	
The	disease	is	caused	by	mutations	in	the	lysosomal	trafficking	

Figure 11-1 Pigment distribution in hair. Normal hair (A) shows 
opacity typically located in the cortex of the hair shaft. In Chédiak-
Higashi syndrome (B) small aggregates of clumped melanin are hap-
hazardly distributed all along the hair shaft. (20 × magnification). 
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the	 skin,	 ears,	 lungs	 and	 lymph	 nodes.	 Neutrophils	 have	 very	
low	specific	granule	contents	(e.g.	lactoferrin)	and	low	to	absent	
defensins,	 a	primary	granule	product.	Hemostasis	abnormali-
ties,	 caused	 by	 reduced	 levels	 of	 platelet-associated	 high-
molecular-weight	von	Willebrand	factor	and	platelet	fibrinogen	
and	fibronectin,	have	been	reported.39

Aggressive	 diagnosis	 of	 infection,	 prolonged	 and	 intensive	
therapy,	and	early	use	of	surgical	excision	and	debridement	are	
necessary.	 Unrelated	 bone	 marrow	 transplantation	 corrected	
neutrophil-specific	granule	deficiency	(C/EBPε	mutation	nega-
tive)	 in	a	13-month-old	patient	with	 intractable	diarrhea	and	
severe	infections.40

Defects of Oxidative Metabolism
CHRONIC GRANULOMATOUS DISEASE

Chronic	 granulomatous	 disease	 (CGD)	 predisposes	 to	 recur-
rent	life-threatening	infections	caused	by	catalase-positive	bac-
teria	 and	 fungi,	 and	 exuberant	 granuloma	 formation	 due	 to	
defects	in	the	NADPH	oxidase.38	The	NADPH	oxidase	exists	as	
a	 heterodimeric	 membrane-bound	 complex	 embedded	 in	 the	
walls	of	secondary	granules,	and	four	distinct	cytosolic	proteins.	
These	 structural	 components	 are	 referred	 to	 as	 phox	 proteins	
(phagocyte	oxidase).	The	secondary	granule	membrane	complex	
is	also	called	cytochrome	b558,	composed	of	a	91-kDa	glycosyl-
ated	β	chain	(gp91phox)	and	a	22-kDa	non-glycosylated	α	chain	
(p22phox),	 which	 together	 bind	 heme	 and	 flavin.	 The	 cytosol	
contains	the	structural	components	p47phox	and	p67phox,	and	the	
regulatory	components	p40phox	 and	 rac.	On	cellular	activation	
the	 cytosolic	 components	 p47phox	 and	 p67phox	 associate	 with	
p40phox	 and	 rac,	 and	 these	 proteins	 combine	 with	 the	 cyto-
chrome	 complex	 (gp91phox	 and	 p22phox)	 to	 form	 the	 intact	
NADPH	oxidase.	Superoxide	is	formed	and,	in	the	presence	of	
superoxide	 dismutase,	 is	 converted	 to	 hydrogen	 peroxide,	
which,	in	the	presence	of	myeloperoxidase	and	chlorine,	is	con-
verted	 to	 bleach.	 It	 has	 been	 postulated	 that	 production	 of	
reactive	 oxygen	 species	 is	 most	 critical	 for	 microbial	 killing	
through	 the	 activation	 of	 certain	 primary	 granule	 proteins	
inside	the	phagosome.41	This	hypothesis	 for	NADPH	oxidase-
mediated	 microbial	 killing	 suggests	 that	 the	 reactive	 oxidants	
are	most	critical	as	intracellular	signaling	molecules,	leading	to	
activation	of	other	pathways	rather	than	exerting	a	microbicidal	
effect	per	se.

Mutations	 in	 five	 genes	 of	 the	 NADPH	 oxidase	 have	 been	
found	to	cause	CGD.	Mutations	in	the	X-linked	gp91phox	account	
for	 about	 two	 thirds	 of	 cases.	 The	 remainder	 are	 autosomal	
recessive;	there	are	no	autosomal	dominant	cases	of	CGD.38	A	
single	 case	 of	 p40phox	 deficiency	 has	 been	 reported.42	 The	 fre-
quency	of	CGD	in	the	USA	is	higher	than	1:200,000.	Clinically,	
CGD	is	quite	variable	but	the	majority	of	patients	are	diagnosed	
as	toddlers	and	young	children.43	Infections	and	granulomatous	
lesions	are	the	usual	first	manifestations.	The	lung,	skin,	lymph	
nodes	and	liver	are	the	most	frequent	sites	of	infection	(Table	
11-3).	 The	 majority	 of	 infections	 in	 CGD	 in	 North	 America		
are	caused	by	only	five	organisms:	Staphylococcus. aureus, Burk-
holderia cepacia	 complex, Serratia marcescens, Nocardia	 and	
Aspergillus.43	 Trimethoprim-sulfamethoxazole	 prophylaxis	 has	
reduced	 the	 frequency	 of	 bacterial	 infections,	 especially	 with	
staphylococcus.	 On	 prophylaxis,	 staphylococcal	 infections	 are	
essentially	 confined	 to	 the	 liver	 and	 cervical	 lymph	 nodes.43	
Staphylococcal	 liver	abscesses	encountered	 in	CGD	are	dense,	

Type of Infection (Most Frequent 
Microorganisms Isolated)

Total (N = 368)
No. (%)

Pneumonia (Aspergillus spp; Staphylococcus 
spp; Burkholderia cepacia; Nocardia spp; 
Mycobacteria spp)

290 (79%)

Abscess (Staphylococcus spp; Serratia spp; 
Aspergillus spp)

250 (68%)

Suppurative adenitis (Staphylococcus spp; 
Serratia spp; Candida spp)

194 (53%)

Osteomyelitis (Serratia spp; Aspergillus spp; 
Paecilomyces spp; Staphylococcus spp)

90 (25%)

Bacteremia/fungemia (Salmonella spp; 
Burkholderia cepacia; Candida spp; 
Staphylococcus spp; Pseudomonas spp)

65 (18%)

Cellulitis (Chromobacterium violaceum and 
Serratia marcescens were identified in one 
case each)

18 (5%)

Meningitis (Candida spp was identified in 
three cases)

15 (4%)

Other† 112 (30%)

Modified from Winkelstein JA, Marino MC, Johnston RB Jr, et al. 
Medicine (Baltimore) 2000;79:155–69.

*These data include patients on variable prophylactic regimens, if 
any, and are meant to portray the natural history of disease over 
the last 20 years.

†Includes impetigo, sinusitis, otitis media, septic arthritis, urinary tract 
infection/pyelonephritis, gingivitis/periodontitis, chorioretinitis, 
gastroenteritis, paronychia, conjunctivitis, hepatitis, epididymitis, 
empyema, epiglottitis, cardiac empyema, mastoiditis and 
suppurative phlebitis.

TABLE 

11-3 

Prevalence of Infection by Site in  
368 Patients with Chronic  
Granulomatous Disease*

caseous	and	difficult	to	drain,	and	previously	required	surgery	
in	 almost	 all	 cases.44	 More	 recently,	 however,	 focusing	 on	 the	
dysregulated	inflammatory	response	in	CGD,	a	combination	of	
steroid	and	antibiotic	therapy	has	obviated	the	need	for	surgery	
in	almost	all	cases.45

The	 gastrointestinal	 (Figure	 11-2A)	 and	 genitourinary	
(Figure	11-2B)	 tracts	 are	 frequently	 affected	by	 inflammatory	
and	granulomatous	manifestations	in	CGD	patients.	Gastroin-
testinal	 inflammatory	 manifestations	 occur	 in	 up	 to	 43%	 of	
X-linked	and	11%	of	autosomal	recessive	cases.46	Recent	analy-
sis	of	older	p47phox	deficient	patients	suggests	that	even	in	that	
group	the	rate	of	inflammatory	bowel	disease	is	almost	40%	by	
later	adulthood	(SMH,	personal	observation).	Abdominal	pain	
is	the	most	common	gastrointestinal	symptom;	diarrhea,	nausea	
and	vomiting	also	occur.	Colonic	granulomatous	lesions	mim-
icking	 Crohn’s-like	 inflammatory	 bowel	 disease	 (IBD),	 oral	
ulcers,	 esophagitis,	 gastric	 outlet	 obstruction,	 villous	 atrophy,	
intestinal	strictures,	fistulae	and	perirectal	abscesses	also	occur.	
The	 extraintestinal	 manifestations	 of	 Crohn’s	 (pyoderma,	
arthritis)	are	typically	absent.

Most	CGD-associated	IBD	manifestations	are	responsive	to	
steroids.	Prednisone	(1	mg/kg/day	for	several	weeks	followed	by	
progressive	tapering)	usually	resolves	the	symptoms.	Unfortu-
nately,	 relapses	 occur	 in	 nearly	 70%	 of	 patients.45	 Low-dose	
maintenance	 prednisone	 may	 control	 symptoms	 without	 an	
apparent	 increase	 in	 serious	 infections.	 Sulfasalazine,	 mesala-
zine,	 6-mercaptopurine,	 azathioprine	 and	 cyclosporine	 are	
effective	 second-line	 treatment	 options.	 The	 use	 of	 TNF-α	
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blocking	 antibodies	 in	 severe	 cases	 of	 IBD	 in	 CGD	 patients		
have	been	associated	with	symptom	control	in	anecdotal	reports	
but	there	were	also	severe	infections	with	typical	CGD	patho-
gens.47	 Therefore,	 intensified	 prophylaxis	 and	 vigilance	 for	
intercurrent	infections	are	needed	in	the	setting	of	these	potent	
immunosuppressives.

Genitourinary	strictures	and	granulomas	occur	in	up	to	18%	
of	 CGD	 patients,	 mostly	 in	 the	 cytochrome	 b558-mutated	
patients.48	Steroid	therapy	similar	to	that	used	for	gastrointes-
tinal	manifestations	usually	controls	these	complications.49,50

Inflammatory	retinal	involvement	is	found	in	up	to	24%	of	
X-linked	CGD	patients.	Interestingly,	this	has	also	been	detected	
in	three	X-linked	CGD	female	carriers.	These	lesions	are	typi-
cally	 nonprogressive	 and	 asymptomatic	 and	 need	 no	 specific	
treatment.	However,	two	CGD	patients	needed	enucleation	for	
painful	retinal	detachments.51,52	These	retinal	lesions	have	been	
found	to	have	bacterial	DNA	within	them,	but	the	importance	of	
this	finding	is	unclear	since	they	rarely	change	after	discovery.53

Autoimmune	 disorders	 such	 as	 idiopathic	 thrombocyto-
penic	 purpura	 and	 juvenile	 rheumatoid	 arthritis	 are	 more	
common	in	CGD	than	in	the	general	population.46,54,55	Discoid	
and	systemic	lupus	erythematosus	occur	in	CGD	patients	and	
in	X-linked	CGD	female	carriers.

The	 X-linked	 carriers	 of	 gp91phox	 have	 one	 population	 of	
phagocytes	 that	 produces	 superoxide	 and	 one	 that	 does	 not,	
giving	 carriers	 a	 characteristic	 mosaic	 pattern	 on	 oxidative	
testing.	Infections	are	not	usually	seen	in	these	female	carriers	
unless	 the	 normal	 neutrophils	 are	 below	 10%,	 in	 which	 case	
these	carriers	are	at	risk	for	CGD	type	infections.43,56

The	 diagnosis	 of	 CGD	 is	 usually	 made	 by	 direct	 measure-
ment	 of	 superoxide	 production,	 ferricytochrome	 c	 reduction,	
chemiluminescence,	nitroblue	tetrazolium	(NBT)	reduction	or	
dihydrorhodamine	 oxidation	 (DHR).	 The	 DHR	 assay	 is	 pre-
ferred	because	of	its	relative	ease	of	use,	its	ability	to	distinguish	
X-linked	from	autosomal	patterns	of	CGD	on	flow	cytometry,	
and	its	sensitivity	to	even	very	low	numbers	of	functional	neu-
trophils.57,58	Of	note,	several	other	conditions,	such	as	glucose-

Figure 11-2 Gastrointestinal and genitourinary obstructive lesions in chronic granulomatous disease. (A) High-grade obstruction of the gastric 
outlet in a 17-year-old boy with gp91phox deficient CGD (arrows). He had early satiety, weight loss and intermittent vomiting for several weeks. He 
improved rapidly on steroid therapy. (B) Extensive bladder granuloma formation in the superior aspect of the bladder in a 3-year-old boy with 
gp91phox deficient CGD (arrows). Note the mildly dilated ureter on the obstructed side. This child presented with dysuria and right hydronephrosis 
that responded promptly to steroids. 
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6-phosphate	 dehydrogenase	 deficiency,	 myeloperoxidase	
deficiency,	 and	 synovitis,	 acne,	 pustulosis,	 hyperostosis	 and	
osteitis	(SAPHO)	can	also	affect	the	respiratory	burst.54,55

Male	 sex,	earlier	age	at	presentation	and	 increased	severity	
of	disease	suggest	X-linked	disease,	but	the	precise	gene	defect	
should	be	determined	 in	all	 cases	 for	 the	purposes	of	 genetic	
counseling	and	prognosis.	Autosomal	recessive	forms	of	CGD	
(mostly	p47phox	deficient)	have	a	 significantly	better	prognosis	
than	X-linked	disease.59

Prophylactic	 trimethoprim-sulfamethoxazole	 (5	mg/kg/day	
based	on	trimethoprim	in	two	doses)	reduces	the	frequency	of	
major	infections	from	about	once	every	year	to	once	every	3.5	
years.60	 It	 reduces	 staphylococcal	 and	 skin	 infections	 without	
increasing	the	frequency	of	serious	fungal	infections	in	CGD.60	
Itraconazole	 prophylaxis	 prevents	 fungal	 infection	 in	 CGD	
(100	mg	daily	for	patients	<13	years	or	<50	kg;	200	mg	daily	for	
those	≥13	 years	 or	≥50	kg).61	 IFN-γ	 also	 reduces	 the	 number	
and	severity	of	infections	in	CGD	by	70%	compared	to	placebo,	
regardless	 of	 the	 inheritance	 pattern	 of	 CGD,	 sex	 or	 use	 of	
prophylactic	antibiotics.62	Therefore,	our	current	recommenda-
tion	is	to	use	prophylaxis	with	trimethoprim-sulfamethoxazole,	
itraconazole	 and	 IFN-γ	 (50	µg/m2)	 in	 CGD.	 Because	 the	 dif-
ferential	diagnosis	for	a	given	process	in	these	patients	includes	
bacteria,	 fungi	 and	 granulomatous	 processes,	 a	 microbiologic	
diagnosis	 is	critical.	Leukocyte	 transfusions	are	often	used	 for	
severe	infections,	but	their	efficacy	is	anecdotal.

Winkelstein	 and	 colleagues	 reported	 that	 mortality	 in	 the	
USA	from	the	1970s	through	1990s	was	around	5%	per	year	for	
the	X-linked	form	of	the	disease	and	2%	per	year	for	the	auto-
somal	recessive	varieties.43	The	accumulated	European	experi-
ence	 from	1954	 to	2003	 found	 that	 autosomal	 recessive	CGD	
patients	 had	 an	 average	 life	 expectancy	 of	 50	 years,	 while	
X-linked	CGD	patients	had	an	average	life	expectancy	of	close	
to	 38	 years.63	 Mortality	 in	 CGD	 correlates	 with	 noncirrhotic	
portal	 hypertension	 and	 progressive	 damage	 of	 the	 hepatic	
microvasculature.	 Local	 or	 systemic	 infections,	 in	 addition	 to	
drug-induced	 liver	 injury,	 may	 be	 underlying	 conditions.	 A	
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(ITGB2,	 21q22.3;	 Table	 11-4).75	 Each	 of	 the	β2	 integrins	 is	 a	
heterodimer	composed	of	an	α	chain	(CD11a,	CD11b	or	CD11c),	
noncovalently	 linked	 to	 the	 common	 β2	 subunit	 (CD18).	
The	α-β	heterodimers	of	the	β2	integrin	family	include	CD11a/
CD18	 (lymphocyte-function-associated	 antigen-1,	 LFA-1),	
CD11b/CD18	 (macrophage	 antigen-1,	 Mac-1	 or	 complement	
receptor-3,	 CR3)	 and	 CD11c/CD18	 (p150,95	 or	 complement	
receptor-4,	 CR4).	 CD18	 is	 required	 for	 normal	 expression	 of		
the	 α-β	 heterodimers.	 Therefore,	 mutations	 resulting	 in	
failure	 to	produce	a	 functional	β2	 subunit	 lead	 to	either	very	
low	or	no	expression	of	CD11a,	CD11b	and/or	CD11c,	causing	
LAD1.75

The	severe	phenotype	of	LAD1	is	caused	by	<	1%	of	normal	
expression	 of	 CD18	 on	 neutrophils	 whereas	 the	 moderate		
phenotype	 shows	 from	 1%	 to	 30%	 of	 normal	 expression.76	
However,	 patients	 with	 normal	 β2	 integrin	 expression	 but	
without	functional	activity	have	also	been	described.	Therefore,	
expression	of	CD18	alone	is	not	sufficient	to	exclude	the	diag-
nosis	 of	 LAD1;	 functional	 assays	 must	 be	 performed	 if	 the	
clinical	suspicion	is	high.76,77

Patients	 with	 the	 severe	 phenotype	 of	 LAD1	 characteristi-
cally	have	delayed	umbilical	stump	separation	and	omphalitis,	
persistent	 leukocytosis	 (>15,000/µL)	 even	 in	 the	 absence	 of	
infection,	 and	 severe,	 destructive	 gingivitis	 and	 periodontitis	
with	associated	loss	of	dentition	and	alveolar	bone.	Recurrent	
infections	 of	 the	 skin,	 upper	 and	 lower	 airways,	 bowel	 and	
perirectal	area	are	common	and	usually	caused	by	S. aureus	or	
Gram-negative	bacilli,	but	not	by	 fungi.	 Infections	 tend	 to	be	
necrotizing	and	may	progress	to	ulceration	(Figure	11-3).	Typi-
cally,	no	pus	is	seen	in	these	lesions	and	there	is	almost	complete	
absence	 of	 neutrophil	 invasion.	 Aggressive	 medical	 manage-
ment	with	antibiotics	and	neutrophil	transfusions,	and	prompt	
surgery,	 when	 indicated,	 are	 required.	 Impaired	 healing	 of	
infectious,	traumatic	or	surgical	wounds	is	also	characteristic	of	
LAD1.	 Scars	 tend	 to	 acquire	 a	 dystrophic	 ‘cigarette	 paper’	
appearance.	Patients	with	the	moderate	phenotype	tend	to	be	
diagnosed	later	in	life,	have	normal	umbilical	cord	separation,	
have	fewer	life-threatening	infections	and	live	longer.	However,	
leukocytosis,	 periodontal	 disease	 and	 delayed	 wound	 healing	
are	still	common.76

Flow	 cytometry	 of	 LAD1	 blood	 samples	 shows	 reduction	
(moderate	phenotype)	or	near	absence	(severe	phenotype)	of	
CD18	and	its	associated	molecules	CD11a,	CD11b	and	CD11c	
on	 neutrophils	 and	 other	 leukocytes.	 LAD1	 patients	 show	

history	 of	 liver	 abscess,	 alkaline	 phosphatase	 elevations	 and	
platelet	 decrease	 over	 time	 were	 individually	 associated	 with	
mortality	in	CGD	patients.64

Successful	hematopoietic	stem	cell	transplantation	(HSCT)	
provides	a	cure	 for	CGD.	Gungor	and	colleagues	 reported	on	
56	 pediatric	 and	 adult	 European	 CGD	 patients	 transplanted	
with	 stem	 cells	 from	 matched	 siblings	 or	 matched	 unrelated	
donors,	 even	 in	 the	 setting	 of	 active	 inflammatory	 and	 infec-
tious	 complications.	 They	 had	 an	 overall	 success	 rate	 of	 93%	
with	modest	toxicity.65

Vectors	 providing	 normal	 phox	 genes	 can	 reconstitute	
NADPH	 oxidase	 activity	 in	 deficient	 cells,	 establishing	 the	
proof-of-principle	 for	 gene	 therapy	 in	 CGD.	 Several	 gene	
therapy	 protocols	 have	 been	 attempted,	 but	 they	 have	 been	
hampered	 by	 either	 retroviral-mediated	 myeloproliferative	
disease	 or	 poor	 persistence	 of	 transduced	 cells.66,67	 However,	
there	 are	 examples	 of	 at	 least	 transient	 benefit	 from	 gene	
therapy.68	Newer	protocols	are	using	lentiviral	vectors	to	avoid	
leukemogenesis	and	mild	bone	marrow	ablation	to	permit	more	
definitive	engraftment.69

MYELOPEROXIDASE DEFICIENCY

Myeloperoxidase	 (MPO)	 deficiency	 is	 the	 most	 common	
primary	phagocyte	disorder.	It	is	an	autosomal	recessive	disease	
with	 variable	 expressivity:	 1:4,000	 individuals	 have	 complete	
MPO	deficiency,	and	1:2,000	have	a	partial	defect.70	Myeloper-
oxidase	catalyzes	the	conversion	of	H2O2	to	hypohalous	acid.	In	
those	 MPO-deficient	 patients	 who	 have	 had	 clinical	 findings,	
infections	 caused	 by	 different	 Candida	 strains	 were	 the	 most	
common:	 mucocutaneous,	 meningeal	 and	 bone	 infections,	 as	
well	as	sepsis,	have	been	described.71–74	Diabetes	mellitus	appears	
to	be	a	critical	co-factor	for	Candida	 infections	in	the	context	
of	 MPO	 deficiency.	 A	 definitive	 diagnosis	 is	 established	 by	
sequencing	of	the	MPO	gene,	neutrophil/monocyte	peroxidase	
histochemical	staining	or	specific	protein	detection.	There	is	no	
specific	 treatment	 for	 MPO	 deficiency;	 diabetes	 should	 be	
sought	and	controlled,	and	infections	should	be	treated.

LEUKOCYTE ADHESION DEFICIENCY  
TYPE 1 (LAD1)

LAD1	is	an	autosomal	recessive	disorder	produced	by	mutations	
in	 the	 common	 β2	 chain	 (CD18)	 of	 the	 β2	 integrin	 family	

Leukocyte Adhesion 
Deficiency (LAD) Type 1 (LAD1) Type 2 (LAD2 or CDG-IIc) Type 3 (LAD3) Rac2 Deficiency

OMIM 116920 266265 612840 602049
Inheritance pattern Autosomal recessive Autosomal recessive Autosomal recessive Autosomal dominant
Affected protein(s) Integrin β2 common chain 

(CD18)
Fucosylated proteins (e.g. 

sialyl-Lewisx, CD15s)
Kindlin 3 Rac2

Neutrophil function 
affected

Chemotaxis, tight adherence Rolling, tethering Chemotaxis, adhesion Chemotaxis, superoxide 
production

Delayed umbilical cord 
separation

Yes (severe phenotype only) Yes Yes Yes

Leukocytosis/ 
neutrophilia

Yes Yes Yes Yes

OMIM – Online Mendelian inheritance in man.

TABLE 

11-4 Leukocyte Adhesion Deficiency Syndromes
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RAC2 DEFICIENCY

Ambruso	 and	 colleagues88	 and	 Williams	 and	 colleagues89	
reported	a	male	patient	with	an	autosomal	dominant	mutation	
in	 the	 Rho	 GTPase	 RAC2	 gene	 (RAC2,	 see	 Table	 11-4).	 This	
molecule	 is	critical	 to	 the	regulation	of	 the	actin	cytoskeleton	
and	superoxide	production.	The	patient	had	delayed	umbilical	
cord	 separation,	 perirectal	 abscesses,	 failure	 to	 heal	 surgical	
wounds	and	absent	pus	in	infected	areas,	despite	neutrophilia.	
Chemotaxis	and	superoxide	production	were	impaired.	In	addi-
tion,	 the	 patient’s	 neutrophils	 showed	 defective	 azurophilic	
granule	 release	 and	 impaired	 phagocytosis.	 He	 was	 cured	 by	
bone	 marrow	 transplantation.	 A	 second	 case	 was	 identified	
through	newborn	screening	for	T	cell	excision	circles	(TRECs),	
although	 it	 is	 still	 unclear	 why	 TRECs	 are	 low	 in	 RAC2	
deficiency.90

SYNDROMES WITH SUSCEPTIBILITY TO 
ENVIRONMENTAL MYCOBACTERIA

The	 mononuclear	 phagocyte	 is	 crucial	 for	 protection	 against	
intracellular	 infections,	 for	antigen	presentation,	and	for	 lym-
phocyte	 stimulation,	 lymphocyte	 proliferation,	 cytokine	 pro-
duction	 and	 response.	 Transcription	 factors	 binding	 to	 the	
GATA	sequence	are	critical	for	early	hematopoiesis	of	myeloid	
and	lymphoid	cells	as	well	as	for	normal	vessel	development.91	
Mycobacteria	infect	macrophages	leading	to	the	production	of	
IL-12p70,	a	heterodimer	of	IL-12p40	and	IL-12p35.	IL-12	stim-
ulates	 T	 cells	 and	 NK	 cells	 through	 its	 cognate	 receptor	 (IL-
12Rβ1	 and	 IL-12Rβ2)	 to	 phosphorylate	 STAT4	 and	 produce	
IFN-γ.	IFN-γ	acts	through	its	heterodimeric	receptor	(IFNγR1/
IFNγR2)	 to	 phosphorylate	 STAT1	 and	 turn	 on	 interferon-
responsive	 genes	 such	 as	 interferon	 response	 factor	 8	 (IRF8)	
and	interferon	stimulated	gene	15	(ISG15)	(Figure	11-4).92,93	In	
response	to	diverse	signals,	NF-κB	essential	modulator	(NEMO)	
mediates	 the	 activation	 of	 the	 central	 transcription	 factor	
NF-κB.	 This	 transcription	 factor	 is	 therefore	 central	 to	 both	
immune	and	somatic	pathways.94

Patients	 with	 defects	 in	 GATA2,	 IL12B,	 IFNGR1,	 IFNGR2,	
IL12RB1,	STAT1,	NEMO,	IRF8	and	ISG15	have	been	identified	
through	 their	 susceptibility	 to	 mycobacteria,	 as	 well	 as	 other	
intracellular	 infections	 including	 Salmonella.92,93,95,96	 There	 is	
also	 a	 role	 for	 superoxide	 in	 the	 killing	 of	 mycobacteria,	 as	
reflected	in	the	higher	rates	of	 tuberculosis	 in	CGD	and	BCG	
infection	in	two	families	with	unusual	mutations	in	the	CYBB	
gene.97

Haploinsufficiency	 for	 the	 transcription	 factor	 GATA2		
leads	 to	 a	 late-onset	 immunodeficiency	 characterized	 by		
disseminated	 mycobacterial	 and	 viral	 (HPV,	 herpesviruses)	
infections	 often	 associated	 with	 diminished	 monocytes,	 B		
cells	 and	 NK	 cells	 in	 peripheral	 blood	 accompanied	 by	
myelodysplasia.98

Patients	with	autosomal	recessive	mutations	leading	to	abo-
lition	 of	 IFNγR1,	 IFNγR2	 or	 STAT1	 expression	 or	 function	
present	early	in	life,	especially	if	they	receive	BCG	vaccination.	
In	contrast,	patients	with	an	autosomal	dominant	mutation	in	
IFNGR1	 as	 a	 result	 of	 a	 recurrent	 4	 base	 deletion	 (named	
818del4)	 have	 only	 partial	 inhibition	 of	 receptor	 function.	
Patients	with	dominant	IFNGR1	mutations	may	present	before	
the	 age	 of	 7	 with	 pulmonary	 nontuberculous	 mycobacterial	
infection	but	then	characteristically	go	on	to	develop	recurrent	
nontuberculous	osteomyelitis.

diminished	 neutrophil	 migration	 in	 vivo	 and	 in	 vitro.71	
Complement-mediated	 phagocytosis	 is	 severely	 impaired	
because	 of	 the	 absence	 of	 the	 complement	 receptor	 CD18/
CD11b	(CR3/Mac-1).

Somatic	 reversion	 of	 the	 mutation	 has	 been	 reported	 in	
LAD1	 involving	 cytotoxic	 T	 lymphocytes.78	 However,	 bone	
marrow	 transplantation	 is	 the	 only	 definitive	 treatment.79	
Results	on	laboratory	and	animal	gene	therapy	studies	in	LAD1	
are	provocative,	but	not	yet	available	as	a	clinical	indication.80

LEUKOCYTE ADHESION DEFICIENCY TYPE 2 
(LAD2) OR CONGENITAL DISORDER OF 
GLYCOSYLATION TYPE IIC (CDG-IIC)

LAD2,	or	CDG-IIc,	is	a	very	rare	autosomal	recessive	inherited	
disease	in	which	fucose	metabolism	is	primarily	affected	because	
of	 mutations	 in	 the	 GDP-fucose	 transporter	 gene,	 FUCT181,82	
(see	Table	11-4).83,84	Lack	of	the	GDP-fucose	transporter	leads	
to	 a	 lack	 of	 expression	 of	 sialyl-Lewisx	 and	 other	 fucosylated	
proteins,	impairing	leukocyte	rolling	and	adhesion.	The	pheno-
type	is	characterized	by	infections	of	the	skin,	lung	and	gums,	
leukocytosis	 and	 poor	 pus	 formation,	 as	 well	 as	 cognitive	
impairment,	 short	 stature,	 distinctive	 facies	 and	 the	 Bombay	
(hh)	blood	phenotype.	The	frequency	and	severity	of	infections	
tend	 to	 decline	 with	 time.85	 Fucose	 supplementation	 has	 had	
variable	results.86,87

LEUKOCYTE ADHESION DEFICIENCY  
TYPE 3 (LAD3)

LAD3	deficiency	 (previously	known	as	LAD1	variant)	 resem-
bles	LAD1	on	the	one	hand,	but	is	associated	with	a	syndrome	
similar	 to	Glanzmann’s	 thrombasthenia	(a	β3	 integrin-related	
bleeding	 disorder)	 on	 the	 other.	 These	 patients	 present	 in	
infancy	with	severe	bleeding	and	infections.	Mortality	 is	high,	
even	with	stem	cell	transplantation.	LAD3	is	due	to	mutations	
in	FERMT3,	 the	gene	encoding	kindlin-3,	a	molecule	 respon-
sible	 for	β1,	β2	 and	β3	 integrin	 activation	 in	 leukocytes	 and	
platelets.83,84

Figure 11-3 Ulcerative perirectal lesion in an 18-year-old boy with 
LAD1. No pus was seen and there was poor inflammation in the sur-
rounding tissues. 
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Figure 11-4 Schematic representation of the IFN-γ/IL-12 pathway. Ingested pathogens such as acid-fast bacilli (AFB) or salmonella (Salm.) stimulate 
IL-12 production by macrophages (MΦ). Acting through its cognate IL-12 receptor, composed of the IL-12 receptor β1 chain (IL-12Rβ1) and the IL-12 
receptor β2 chain (IL12Rβ2), IL-12 stimulates T and NK cells to produce IFN-γ and IL-2. Homodimeric IFN-γ binds to the interferon γ receptor complex 
(IFN-γR). IFN-γ receptor 1 (IFN-γR1) is the binding chain whereas IFN-γ receptor 2 (IFN-γR2) is necessary to transmit the signal intracellularly through 
the signal transduction and activator of transcription 1 (STAT1). The mechanisms by which IFN-γ stimulates intracellular microorganism killing are not 
fully understood, but are likely to be numerous (e.g. upregulation of MHC expression and IL-12 production, enhancing of antigen processing and 
reactive oxygen species production, reducing the phagosomal pH). IFN-γ also stimulates TNF-α production. TNF-α, acting through the TNF-α recep-
tor (TNF-αR), also shows effects against intracellular infections. Patients with mutations in the NF-κB essential modulator (NEMO), a protein critical in 
the TNF-α signaling pathway, have enhanced susceptibility to mycobacterial disease as well as other infections. IL-12 is not the only cytokine that 
stimulates IFN-γ production: IL-15, IL-18, and probably other factors have the same effect. The lack of mycobacterium-induced ISG15 secretion by 
leukocytes – granulocytes in particular – reduces the production of IFN-γ by lymphocytes, including natural killer cells, probably accounting for the 
enhanced susceptibility to mycobacterial disease. IRF8 is critical for the development of monocytes and dendritic cells and for antimycobacterial 
immunity. Lipopolysaccharide (LPS) stimulation through the CD14/Toll-like receptor 2 (TLR2) complex can also stimulate IL-12 production. 
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Patients	with	mutations	in	IL-12p40	or	IL-12Rβ1	and	those	
with	 dominant	 negative	 STAT1	 mutations	 usually	 have	 less	
severe	phenotypes.	In	IL-12Rβ1	deficiency	the	risk	for	nontu-
berculous	 mycobacterial	 infection	 wanes	 after	 age	 12.99	 IRF8	
defects	are	quite	rare.	One	homozygous	child	had	severe	BCG	
infection	with	myeloproliferation,	while	two	others	with	domi-
nant	 negative	 IRF8	 mutations	 developed	 mild	 but	 recurrent	
disseminated	 BCG.92	 The	 three	 patients	 reported	 with	 ISG15	
defects	 had	 disseminated	 BCG	 shortly	 after	 vaccination	 but	
were	eventually	responsive	to	therapy.93

NEMO	is	encoded	by	a	gene	(IKBKG)	on	the	X	chromosome,	
and	hypomorphic	NEMO	mutations	cause	disease	in	hemizy-
gous	males	(hypomorphic	mutations	are	mostly	asymptomatic	
in	females).	Hemizygous	males	may	have	a	complex	phenotype	
including	 hypohidrotic	 ectodermal	 dysplasia,	 immune	 defi-
ciency	and,	rarely,	lymphedema	with	osteopetrosis.	Almost	40%	
of	 males	 with	 hypomorphic	 mutations	 in	 NEMO	 develop	
mycobacterial	 infections,	 mostly	 with	 environmental	 organ-
isms.100	 In	heterozygous	 females,	 amorphic	NEMO	mutations	
are	associated	with	incontinentia	pigmenti.101

Flow	 cytometry	 is	 very	 efficient	 in	 detection	 of	 IFNGR1	
defects,	as	this	protein	is	expressed	on	all	nucleated	cells	all	the	
time.	 In	 the	 case	 of	 autosomal	 dominant	 IFNGR1	 deficiency,	
the	 protein	 is	 overabundant	 on	 the	 cell	 surface	 and	 therefore	
very	 easy	 to	 detect.102	 In	 contrast,	 detection	 of	 IFNγR2	 and	
IL-12Rβ1	 often	 requires	 cell	 culture	 and	 proliferation.	 Detec-
tion	of	intracellular	phosphorylated	STAT1	after	IFN-γ	stimula-
tion,	 or	 phosphorylated	 STAT4	 after	 IL-12	 stimulation,	 is	 an	
indirect	 means	 of	 demonstrating	 functional	 integrity	 of	 the	
IFN-γ	and	IL-12	receptors,	respectively.103,104	Direct	detection	of	
IL-12p40	or	IL-12p70	can	be	used	for	the	diagnosis	of	patients	
who	are	deficient	in	IL-12p40.	Demonstrating	defects	in	STAT1	
requires	research	techniques.

Treatment	 of	 infection	 in	 these	 patients	 poses	 special		
problems.	 IFN-γ	 is	 of	 no	 help	 for	 the	 patients	 with	com-
plete	 IFNγR	 defects.	 However,	 in	 patients	 with	 autosomal	
dominant	 IFNγR1	 deficiency,	 IL-12	 defects	 or	 IL-12R	 defects,	
IFN-γ	 is	 usually	 effective.	 However,	 about	 30%	 of	 those	 with	
IL-12Rβ1	 deficiency	 die,	 suggesting	 complex	 modifying	
factors.105	Bone	marrow	transplantation	for	IFNγR	defects	has	
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Scoliosis,	osteopenia,	minimal	trauma	fractures,	hyperexten-
sibility,	degenerative	joint	disease,	craniosynostosis	and	Chiari	
1	malformations	also	occur	frequently	but	seldom	need	surgical	
correction.110	The	general	mechanism	underlying	bone	abnor-
malities	is	unknown	and	the	role	of	bisphosphonates	in	treating	
the	 osteoporosis	 and	 minimal	 trauma	 fractures	 in	 HIES	 is	
undefined.

In	childhood	and	adolescence,	most	Job’s	or	HIES	patients	
develop	characteristic	 facial	 features	 including	facial	asymme-
try,	broad	nose	and	deep-set	eyes	with	a	prominent	 forehead.	
Most	patients	retain	some,	if	not	all,	of	their	primary	teeth	past	
the	age	of	normal	primary	dental	exfoliation;	at	times,	layers	of	
both	 primary	 and	 secondary	 teeth	 co-exist.106,110	 Vascular	
abnormalities	 are	 common	 in	 Job’s	 including	coronary	artery	
aneurysms,111	dilatations	and	tortuosities,	carotid	artery	berry	
aneurysms	and	early-onset	MRI	T2-weighted	hyperintensities	
(unidentified	bright	objects	or	UBOs).112	As	reported	in	other	
primary	 immunodeficiency	 diseases	 affecting	 lymphocytes,	
both	Hodgkin’s	and	non-Hodgkin	lymphomas	are	significantly	
increased	in	Job’s	syndrome.113

DOCK8	 deficiency	 is	 an	 autosomal	 recessive	 syndrome		
with	 IgE	 elevation,	 severe	 eczema	 and	 recurrent	 skin	 and		
lung	 infections.	 However,	 in	 distinction	 to	 Job’s	 syndrome,	
DOCK8	 deficiency	 is	 characterized	 by	 cutaneous	 viral	 infec-
tions	 (molluscum	 contagiosum,	 herpes	 simplex,	 HPV)	 and	
severe	 allergic	 diathesis.114–116	 Severe	 eczematoid	 rashes	 start	
early	 in	 life,	 although	 not	 necessarily	 in	 the	 newborn	 period.	
Unlike	Job’s	syndrome,	pneumonias	due	to	S. aureus, H. influ-
enzae, Proteus mirabilis, Pseudomonas aeruginosa,	 and	Crypto-
coccus	typically	heal	without	pneumatocele	formation.	DOCK8	
deficiency	lacks	the	somatic	features	of	Job’s	syndrome.

Tyk2	 deficiency	 is	 another	 autosomal	 recessive	 syndrome	
with	IgE	elevation	and	susceptibility	to	infection.	The	few	cases	
identified	suggest	that	this	may	present	either	as	an	IgE	eleva-
tion	syndrome	or	one	of	mycobacterial	susceptibility.117,118

Mucocutaneous Candidiasis
Candida	 species	 are	 commonly	 found	 on	 mucosal	 surfaces,	
where	 they	 are	 commensal.	 The	 innate	 response	 to	 Candida	
appears	to	depend	heavily	on	the	production	of	IL-17	by	dedi-
cated	 Th17	 lymphocytes.	 Accordingly,	 those	 mutations	 that	
affect	 IL-17-producing	 T	 cells	 are	 strongly	 associated	 with	
mucocutaneous	 candidiasis.119	 Candida	 sensing	 at	 the	 cellular	
level	seems	to	depend	on	the	surface	receptor	dectin-1	and	its	
signal	transduction	pathway	including	CARD9.120	Mutations	in	
dectin-1	 have	 also	 been	 identified	 but	 their	 etiologic	 role	 in	
severe	mucocutaneous	candidiasis	is	hard	to	assign	because	of	
the	common	occurrence	of	some	of	these	mutations.121	Domi-
nant	 negative	 mutations	 in	 STAT3	 (Job’s	 syndrome)	 lead	 to	
impaired	 Th17	 production	 and	 mucocutaneous	 candidia-
sis.107,108	More	surprising	 is	 the	discovery	 that	dominant	gain-
of-function	 mutations	 in	 STAT1	 also	 lead	 to	 Th17	 deficiency	
and	severe	mucocutaneous	candidiasis,	apparently	through	the	
oversignaling	 of	 IFN-γ.122,123	 These	 syndromes	 are	 critical	 to	
consider,	 as	 homozygous	 recessive	 CARD9	 deficiency	 can	 be	
associated	with	severe	dermatophyte	infections	as	well	as	fungal	
brain	 infections.124	 Dominant	 heterozygous	 gain-of-function	
STAT1	mutations	can	be	associated	with	disseminated	coccidi-
oidomycosis,	disseminated	histoplasmosis	and	progressive	mul-
tifocal	leukoencephalopathy.125

been	 disappointing	 overall,	 for	 reasons	 that	 are	 still	 unclear.	
Long-term	 prophylaxis	 against	 environmental	 mycobacterial	
infections	with	a	macrolide	such	as	azithromycin	or	clarithro-
mycin	seems	advisable.

HYPER-IgE SYNDROME (HIES; 
JOB’S SYNDROME)

Hyper-IgE	 (HIES	 or	 Job’s)	 syndrome	 is	 due	 to	 heterozygous	
(autosomal	 dominant	 inheritance)	 mutations	 in	 STAT3	 and	
characterized	 by	 elevated	 serum	 immunoglobulin	 E	 (IgE),	
eczema,	 recurrent	 skin	 and	 lung	 infections,	 and	 somatic	 fea-
tures	including	characteristic	facies,	scoliosis	and	fractures106–108	
(Table	11-5).	Human	mutations	found	thus	far	allow	the	pro-
duction	 of	 full-length	 mutant	 STAT3	 protein,	 which	 exerts	
dominant	negative	effects.

A	 newborn	 rash	 is	 usually	 the	 first	 manifestation	 of	 Job’s	
syndrome.	 About	 one	 fifth	 have	 the	 rash	 at	 birth,	 and	 one	
quarter	develop	it	in	the	first	week	of	life.	Mucocutaneous	can-
didiasis	is	common,	typically	as	oral	thrush,	vaginal	candidiasis	
or	onychomycosis;	systemic	Candida	infections	are	very	rare.106	
Cutaneous	‘cold’	abscesses	are	common	and	caused	by	S. aureus	
infections.	Antistaphylococcal	antibiotics	or	topical	antiseptics,	
such	as	bleach	baths,	are	effective.

Recurrent	 pneumonias	 caused	 by	 S. aureus, Streptococcus 
pneumoniae	and	Haemophilus influenzae	typically	start	in	child-
hood,	with	a	paucity	of	 symptoms.	Pneumatoceles	and	bron-
chiectasis	 form	during	 the	healing	process	and	usually	persist	
once	 the	 infection	 has	 cleared.	 These	 anatomic	 abnormalities	
predispose	 the	 patient	 to	 Gram-negative	 bacterial	 (typically	
Pseudomonas)	and	fungal	(typically	Aspergillus	or	Scedosporium	
species)	 infections.	 The	 large	 cysts	 often	 become	 secondarily	
infected	and	may	bleed,	sometimes	fatally.	On	the	other	hand,	
thoracic	 surgery	 can	 be	 complicated	 by	 poor	 healing	 of	 the	
remaining	lung,	often	resulting	in	persistent	air	leak.109	Antimi-
crobial	prophylaxis	to	prevent	S. aureus	skin	and	lung	infection	
(e.g.	 trimethoprim-sulfamethoxazole)	 may	 be	 broadened	 if	
Gram-negative	 lung	 infections	 occur.	 Antifungal	 prophylaxis		
to	 prevent	 pulmonary	 aspergillosis	 remains	 attractive	 but	
unproven,	but	 it	 is	highly	 effective	 in	 treating	and	preventing	
mucocutaneous	candidiasis.

Clinical Findings in HIES

Eczema 100%

Peak IgE > 2,000 IU/mL 97%

Eosinophilia 93%
Recurrent pneumonias 87%
Characteristic face 83%
Mucocutaneous candidiasis 83%
Pneumatoceles 77%
Retained primary teeth 72%
Pathologic fractures 71%
Focal brain hyperintensities 70%

Scoliosis (>16 years, >10°) 63%

TABLE 

11-5 
Clinical Characteristics of Hyper-IgE 
Syndrome with STAT3 Mutations
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BOX 11-2 KEY CONCEPTS

White Blood Cell Defects: Evaluation and Management

Patients with white cell defects usually present early in life with 
recurrent bacterial or fungal infections.

Certain infections, such as B. cepacia, Nocardia, or environmen-
tal mycobacteria should always prompt an inquiry into the possibil-
ity of an underlying immune defect.

Specific infection locations, such as omphalitis or osteomyelitis, 
should raise the suspicion of immune abnormalities.

Abnormal aspects of host response, such as lack of fever, local 
inflammation or pus, should immediately alert the clinician to the 
possibility of a white cell defect.

It is better to perform the right test once than the entire battery 
of immune defect tests several times. Careful consideration of the 
clinical and microbiologic presentation usually indicates the right 
path to pursue.

There is no substitute for the right drug, and that requires 
knowing the pathogen. Because the spectrum of infection in these 
diseases may range over several microbiologic kingdoms, empiric 
therapy is to be discouraged in favor of firm diagnoses.

Prophylactic antibiotics, antifungal agents and cytokines are 
highly successful in treating chronic granulomatous disease, and 
appear to be useful in some other immunodeficiencies as well.

A molecular diagnosis should be sought whenever possible. The 
expanding knowledge of genotype-phenotype relationships sug-
gests that not all defects, even those within the same gene, are 
created equal.

BOX 11-3 THERAPEUTIC PRINCIPLES

• In general, attenuated or inactivated viral vaccines are not 
contraindicated in individuals with primary phagocyte disor-
ders, because antiviral cell-mediated immunity is intact.

• BCG vaccination should be avoided in individuals with CGD 
or MSMD pathway defects, as well as in their newborn close 
relatives, until the defect is ruled out.

• Mulching and gardening should be avoided by individuals 
with increased susceptibility to Aspergillus infections, such as 
patients with CGD, HIES or neutropenia.

• Patients with white blood cell defects often fail to mount a 
normal inflammatory response, so clinicians and parents must 
keep a high index of suspicion for asymptomatic or hypo-
symptomatic infection.

• Standard recommendations for duration of therapy of infec-
tions are based on experience in normal people. In the patient 
with a white cell defect, the host contribution to resolution of 
infection may be relatively small, resulting in a need for longer 
or more intensive antibiotic or antifungal therapy.

• When infections are necrotizing or poorly responsive to anti-
biotic therapy, surgery may be needed, even in situations in 
which it would not be needed in unaffected individuals (e.g. 
lymphadenitis in CGD often needs operative removal).

• Obtain experienced expert advice whenever possible.

Conclusions
Various	defects	of	phagocytes	have	been	elucidated	over	the	last	
several	 decades.	 Despite	 the	 fact	 that	 profound	 neutropenia	
predisposes	 patients	 to	 most	 members	 of	 the	 bacterial	 and	
fungal	kingdoms,	metabolic	defects	in	neutrophils	and	mono-
cytes	have	relatively	narrow	spectra	of	infection.	Some	of	these	
disorders	 have	 almost	 pathognomonic	 infection	 profiles	 (e.g.	
CGD,	IFN-γ/IL-12	pathway	defects).	We	have	now	put	genetic	
faces	 to	 some	 of	 the	 names	 of	 these	 puzzling	 diseases.	 The	
simple	recognition	of	genes	and	pathways	should	not	be	con-
fused	with	careful	and	complete	understanding	of	mechanism.	
The	 latter,	 despite	 all	 the	 complex	 diagrams,	 remains	 elusive	
(Boxes	11-2	and	11-3).	Although	we	have	been	very	successful	

at	identifying	rare	and	flagrant	defects	affecting	white	cells	that	
lead	 to	 severe	 infections,	 the	 more	 subtle	 defects	 that	 cause	
recurrent	staphylococcal	infections,	hydradenitis	and	infections	
in	 diabetes,	 to	 name	 only	 a	 few	 of	 the	 vexing	 problems	 that	
frequently	 confront	 the	 clinical	 immunologist,	 remain	 to	 be	
determined.	 Careful	 study	 of	 the	 known	 pathways,	 assiduous	
following	of	the	ramifications	of	those	pathways	to	the	points	
where	they	merge	with	new	pathways,	and	conscientious	char-
acterization	of	clinical	phenotypes	will	lead	to	the	discovery	of	
these	 remaining	 immune	 defects.	 In	 the	 process	 we	 will	 gain	
new	insights	into	exactly	how	we	remain	so	remarkably	healthy	
in	the	face	of	so	many	daily	microbial	challenges.

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.
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KEY POINTS

• Rheumatologic disorders are perpetuated by ongoing 
immune activation resulting from failure to clear trig-
gering antigens combined with aberrant control 
mechanisms.

• The resulting chronic inflammation leads to local granu-
loma formation, scarring and fibrosis, as well as systemic 
symptoms such as fever, malaise, disrupted growth and 
elevated acute-phase reactants.

• Rheumatologic diseases are monitored by physical and 
laboratory examination of specific and nonspecific 
effects on involved organ systems.

• Early, aggressive therapy is aimed at preventing irre-
versible tissue damage and minimizing immunologic 
evasion of medication efficacy through epitope spread-
ing and antibody affinity maturation.

• Therapy is seldom curative, so chronic treatment must 
be guided by optimizing medication benefits and  
minimizing their risks, especially those related to 
immunosuppression.

• The expanding therapeutic armamentarium against 
rheumatologic diseases is improving outcomes by tar-
geting of pathogenic cells and cytokines using biologic 
response modifiers and small molecule inhibitors.

• Specific approaches to the most common pediatric 
rheumatologic disorders – juvenile arthritis, systemic 
lupus erythematosus and dermatomyositis – include 
agents providing symptomatic relief as well as more 
potent antiinflammatory and immunosuppressive 
disease modifying agents.

‘Rheumatology’ derives from the Greek word rheuma, meaning 
‘river’ or ‘flow’. It reflects the ancient belief that articular pain 
is caused by the settling of bad humors in the joints. In the 
almost two millennia since Galen introduced this term, under-
standing of how arthritis and related maladies develop has 
changed dramatically. What has not changed, however, is the 
broad spectrum of conditions falling within the purview of 
rheumatology.

Rheumatologic disorders are often equated with autoim-
munity. In fact, while the former term is overly general and 
imprecise, the latter implies that we know more about the 
pathogenesis of these conditions than we really do. Most chronic 
inflammatory disorders are indeed marked by ongoing immune 
activation, but it is not clear that the process is either initiated 
or perpetuated by autoreactivity. Even where this may be the 

case, such as diseases marked by self-reacting lymphocytes or 
autoantibodies, an autoantigen is seldom identified. At the very 
least, exogenous factors such as infection or injury are often 
central to disease development. Accordingly, this chapter will 
focus on the most common pediatric inflammatory diseases, 
but it will stress the inflammatory and immunologic factors 
relevant to their diagnosis and treatment, rather than theoreti-
cal aspects of tolerance and self-recognition. The newest family 
of inflammatory disorders, autoinflammatory diseases, is 
addressed in Chapter 14, and connective tissue diseases and 
pain syndromes are not addressed because their care is driven 
more by empirical clinical experience than by immunologic 
principles.

Inflammation
Inflammation is the way the body reacts to infection, injury or 
irritation.1 Although its cardinal signs – dolor, calor, rubor and 
tumor – are stereotypical and recognizable, the process itself is 
complex and protean. Further, the inflammatory response must 
operate within very tight constraints. It must have a rapid onset 
of action, lest an invading organism proliferate overwhelmingly 
before control is achieved. It must be restricted physically in 
order to minimize damage to distant, uninvolved tissues. And 
it must be limited temporally so that ongoing tissue destruction 
does not progress after the inciting trigger resolves. In view of 
the difficulty of achieving such tight regulation, it is not surpris-
ing that harmful pathology is a not-infrequent side-effect of 
inflammation.

Inflammation associated with rheumatologic diseases typi-
cally involves both the innate and the adaptive immune systems. 
Initially, cells at the point of contact with foreign antigens or 
disrupted tissue are activated when they recognize pathogen-
associated molecular patterns (PAMPs) that are generally not 
present on normal host cells. Pattern recognition receptors on 
macrophages and dendritic cells lead to cellular activation and 
release of intercellular mediators, resulting in the manifesta-
tions of inflammation. Thus, complement breakdown products 
and bradykinin augment regional blood flow by dilating local 
vessels, leading to warmth and redness. These and other chemi-
cals also cause pain and swelling and increase vascular perme-
ability, allowing proteins to exude into local tissues. These 
substances, in turn, attract phagocytes and stimulate degranula-
tion, releasing additional inflammatory mediators including 
chemokines and cytokines, attracting and activating lympho-
cytes and recruiting components of the adaptive immune 
system.

Among the cytokines most important to the inflamma-
tory response are IL-1, IL-6 and TNF-α, which together are 
responsible for many of the characteristic systemic signs and 
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response to fade and for damage to be repaired through healing, 
fibrosis and scarring.

Rheumatologic disorders are typically chronic conditions in 
which the usual control mechanisms fail to stem the inflamma-
tory response. Many factors may lead to such ongoing inflam-
mation. For example, the stimulus triggering inflammation may 
be recurrent or impossible to eliminate (i.e. uric acid crystals in 
gout or a modified self-antigen in diabetes). In the majority of 
rheumatologic diseases, however, the cause is not clear, with 
neither the triggering stimulus nor potential aberrations in 
control mechanisms fully understood. In such cases, persistent 
inflammation may result in granuloma formation, scarring 
and/or fibrosis locally, as well as malaise, fever, anorexia, weight 
loss and elevation of acute-phase reactants systemically. While 
the specific manifestations of various rheumatologic conditions 
vary, these hallmarks are typical of all forms of systemic 
inflammation.

Assessing Systemic Inflammation
As noted, cytokines and other mediators released by immune 
cells account for the clinical picture of systemic inflammation. 
Another clinical manifestation of inflammation is stunting of 
growth, apparently as a result of interference with normal ana-
bolic hormones even in the setting of adequate dietary intake. 
The onset of a chronic inflammatory disease often can be pin-
pointed by careful review of the growth chart.

symptoms including fever, anorexia and malaise. These cyto-
kines also elicit the hepatic acute-phase response, down-
regulating so-called ‘housekeeping proteins’ such as albumin 
and up-regulating synthesis of mediators of ‘fight and flight’ 
such as C-reactive protein (CRP, an opsonin for certain organ-
isms), fibrinogen (facilitator of blood clotting) and ferritin 
(which deprives bacteria of free iron) (Figure 12-1).

Another important class of inflammatory mediators is  
the arachidonic acid metabolites, including leukotrienes  
and prostaglandins. Released by inflammatory cells, these  
mediators contribute to acute erythema and swelling by induc-
ing vasodilation and capillary leak. Prostaglandin E2 is of par-
ticular importance because it also sensitizes local nerve endings 
to pain and, with IL-1, mediates fever via effects on the 
hypothalamus.

As important as the initiation and augmentation of the 
inflammatory response may be, its timely disengagement and 
resolution are at least as essential for good health.2 Much of this 
restoration of normal homeostasis is passive, a consequence of 
the short half-life of most inflammatory mediators. In addition, 
active controls are involved, such as antiinflammatory cytokines 
(e.g. IL-10) and antiinflammatory molecules (e.g. soluble TNF 
receptor, IL-1 receptor antagonist and resolvins). Finally, the 
disappearance of perpetuating mediators starves activated cells 
of essential growth factors, leading to programmed death 
(apoptosis) of accumulated inflammatory cells. In most situa-
tions, these controls are sufficient to allow the inflammatory 

Figure 12-1  Hepatic acute-phase response (http://www.nature.com/nrn/journal/v4/n2/fig_tab/nrn1032_F2.html). 
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and they must be balanced against the benefits of controlling 
inflammation when deciding upon therapy. Practical aspects of 
these considerations generally follow several basic principles:

1. The least toxic medications should be used for the briefest 
period of time. Unfortunately, most rheumatologic disor-
ders are managed without expectation of cure. For 
unknown reasons, varying percentages of different condi-
tions will remit over time, but rarely can such remissions 
be ascribed to the effects of treatment. At best, conditions 
may be stabilized as inflammation is controlled, ulti-
mately minimizing the need for continuous immunosup-
pression. Thus, with antiinflammatory therapy likely to 
be needed indefinitely, minimizing the amount and 
intensity of antiinflammatory treatments is essential for 
avoiding complications due to effects on tumor surveil-
lance and resistance to infections. While such risks are 
increased by combination immunosuppression, particu-
larly the addition of steroids to other agents, in many 
cases disease activity also contributes to a patient’s risk of 
developing opportunistic infections and malignancies. 
Thus, managing rheumatologic diseases remains very 
much an art rather than a science.

The blood tests most often used to assess the degree of sys-
temic inflammation are the erythrocyte sedimentation rate 
(ESR) and the CRP.3 CRP is a product of the hepatic acute-
phase response and rises within 48 hours of an inflammatory 
stimulus (Figure 12-2).4 An elevated ESR is a rapidly quantifi-
able physical manifestation of elevation of a variety of acute-
phase reactants, especially fibrinogen. This and other positively 
charged proteins tend to intercalate between negatively charged 
erythrocytes, facilitating the formation of red blood cell stacks 
(rouleaux) that sediment more rapidly than free-floating cells. 
Since the levels of these proteins take days to weeks to respond 
to an inflammatory stimulus, the ESR rises more slowly than 
the CRP in acute inflammation and remains elevated longer 
after the inflammation resolves. Nevertheless, ready availability 
and extensive experience with the ESR make it a useful, if non-
specific, clinical tool.

Humoral mediators are responsible for many other manifes-
tations of acute inflammation such as leukocytosis, appearance 
of immature (‘band’) forms of white blood cells, and thrombo-
cytosis. In additional, prolonged inflammation typically causes 
normocytic anemia (the anemia of chronic disease) and, in 
response to some inflammatory stimuli, elevated levels of serum 
immunoglobulins from B cell stimulation.

Principles of Antiinflammatory 
Therapy (Box 12-1)
Ideal therapy would target only aberrant manifestations of the 
inflammatory response while preserving basic regulatory and 
effector functions of immunity. Unfortunately, the aberration 
in the immune system responsible for specific inflammatory 
diseases is generally unknown, available agents do not distin-
guish between harmful and beneficial immune activity, and 
many drugs also have nonimmunologic side-effects. The result 
is that the risks of immune suppression are often considerable, 

Figure 12-2  Time course of the acute-phase response. 
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BOX 12-1 PRINCIPLES OF ANTIINFLAMMATORY 
THERAPY

1. The least toxic medications should be used for the briefest 
period of time.

2. Early, aggressive therapy offers the greatest chance of 
achieving a good outcome:
a. Irreversible damage, which occurs early in the disease 

course, is avoided
b. Evolution of the immune response increases resistance to 

therapy over time.
3. The uniqueness of the individual immune response necessi-

tates a ‘treat to target’ approach.
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the initial use of corticosteroids almost 60 years ago, clinicians 
could offer little more than broad immunosuppression plus 
supportive care (e.g. physical therapy for rheumatoid arthritis) 
to mitigate end-organ damage. More recently, rapid advances 
in molecular immunology have brought us tantalizingly near to 
the Holy Grail of immunomodulation – the possibility of tar-
geting only disease-mediating cells, leaving other facets of 
immunity unaffected. Although this possibility remains largely 
theoretical, new targeted approaches for reducing long-term 
disability and total exposure to immunosuppressive therapy are 
improving quality of life and long-term outcomes faster than 
ever before.8

SYSTEMIC IMMUNOSUPPRESSION

The mainstay of treatment for systemic rheumatologic diseases 
remains immunosuppressive medications. These ameliorate the 
clinical and serologic effects of disease activity by targeting 
effectors of the immune response. Adverse effects of immuno-
suppression result from interference with protective immunity 
as well as pathologic autoimmunity and include the ongoing 
risk of infection and the cumulative potential for developing a 
malignancy due to diminished immune surveillance.

Corticosteroids, perhaps the least discriminating tool in the 
armamentarium, are used in doses ranging from daily low-dose 
oral regimens to ‘pulsed’ high-dose intravenous therapy. Tradi-
tional disease-modifying antirheumatic drugs (DMARDs) such 
as methotrexate, leflunomide, hydroxychloroquine and sul-
fasalazine are mildly immunosuppressive and cause minimally 
increased risks of infection. Their benefits are likely mediated 
through antiinflammatory and immunomodulatory effects 
rather than through immunosuppression per se. More potent 
immunosuppressive agents such as azathioprine, cyclosporin A, 
mycophenolate mofetil and cyclophosphamide are often neces-
sary for treating more severe conditions such as vasculitis and 
systemic lupus erythematosus (SLE).

Plasmapheresis is an important treatment utilized to remove 
pathogenic antibodies and other humoral factors from the 

2. Early, aggressive therapy offers the greatest chance of achiev-
ing a good outcome:
a. Rheumatologic disorders not only cause inflammation 

and the signs and symptoms with which it is associ-
ated, but over time they tend to cause irreversible 
tissue damage as well. While such damage occurs at 
varying rates in different conditions and different indi-
viduals, achieving disease control rapidly enough to 
avoid such damage is generally the best way to avoid 
chronic ill-effects of rheumatologic disorders. Often 
such damage occurs early in the disease course – for 
example, up to 50% of people with rheumatoid arthri-
tis develop erosive changes within two years of disease 
onset.5 As a result, earlier ideas of gradual intensifica-
tion of therapy (the so-called ‘reverse pyramid’) have 
fallen out of favor. Instead, early initiation of optimally 
effective treatment, with subsequent tapering once 
disease control is achieved, is now preferred.

b. The centrality of involvement of the immune system 
in the pathogenesis of rheumatologic disorders means 
that disease activity is not static. Rather, as long as a 
tissue is being targeted, the immune system is evolving 
to optimize the inflammatory attack. Affinity and 
avidity of antibodies increase over time (affinity matu-
ration), and target epitopes are honed and extended 
(epitope spreading) to minimize immune evasion due 
to antigenic variation. Thus, there may be a ‘window 
of opportunity’ early in the course of inflammatory 
disorders during which autoimmunity may be con-
trolled.6 Over time, however, with broadening of the 
inflammatory response, such restoration of regulation 
may become increasingly difficult and require progres-
sively more intense immunosuppression.

3. The complexity and unpredictability of the immune process 
driving inflammation in rheumatologic disorders necessi-
tates an individualized approach to therapy. The many 
factors involved in the initiation and perpetuation of rheu-
matologic conditions – including host genetic and epigen-
etic factors, co-morbid medical conditions, variations in 
triggering events, and pharmacogenetic idiosyncrasies 
affecting response to medications – do not lend themselves 
to standardized protocols of treatment. Rather, the con-
cept of ‘treat to target’ is now the preferred paradigm: 
therapeutic response is measured on an ongoing basis, and 
types and doses of medications are adjusted based on a 
patient’s response rather than being continued for an arbi-
trary period of time before changes are made. No single 
approach is universally effective in all patients, and not all 
therapeutic regimens are equally beneficial. Thus careful 
monitoring as well as thorough familiarity with both  
theoretical and experimental effects of treatments are  
necessary to optimally treat rheumatologic conditions.

With these principles as a background, a general overview of 
the current panoply of antiinflammatory agents is offered 
below.7 Following that is a discussion of the most common 
pediatric rheumatologic conditions, including specific informa-
tion on their diagnosis and natural history, and empirical 
approaches to treatment.

Therapeutic Strategies (Box 12-2)
Inadequate understanding of fundamental disease mechanisms 
has limited treatment options for rheumatologic diseases. Since 

BOX 12-2 ANTIINFLAMMATORY AGENTS 
(IN APPROXIMATE ORDER OF 
INCREASING POTENCY)

1. Inhibitors of arachidonic acid metabolism
a. Nonsteroidal antiinflammatory drugs (NSAIDs)
b. Cyclooxygenase (COX)-2 inhibitors

2. Immunomodulators
a. Disease-modifying antirheumatic drugs (DMARDs)
b. Calcineurin inhibitors

3. Targeted molecular therapies
a. Monoclonal antibodies

i. Cytokines
ii. Costimulatory molecules

b. Receptor antagonists
c. Small molecules

i. Protease inhibitors
ii. Interfering RNA

4. Immunosuppressants
a. Antimetabolites
b. Cytoxic agents
c. Corticosteroids

5. Immune reconstitution
a. Stem cell transplant
b. Bone marrow transplant
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a proteasome inhibitor approved for the treatment of multiple 
myeloma, inhibits degradation of pro-apoptotic factors, per-
mitting activation of programmed cell death in rapidly dividing 
cells. This leads to depletion of short- and long-lived plasma 
cells and reduces autoantibody production, a possible explana-
tion for the ability of bortezomib to protect lupus-prone mouse 
strains from the development of nephritis.17 Hydroxychloro-
quine, a drug used to treat malaria for more than half a century, 
also blocks acidification of phagolysosomes. It is known  
to prolong remissions in SLE and may exert beneficial effects  
in other autoimmune diseases by modulating autophagy-
mediated antigen presentation.18 Future work may lead to 
therapies that capitalize on immune cell requirements for cel-
lular recycling and unfolded protein response pathways in order 
to inhibit autoreactive responses without causing significant 
immunosuppression.

The ultimate approach to therapy of intractable immune 
activation or immune dysregulation is ‘resetting’ of the immune 
system in an attempt to restore normal regulatory controls.19 
Treatment of severe autoimmunity with stem cell transplanta-
tion remains experimental, largely because of the significant 
morbidity and mortality that still accompany this approach. 
Nonetheless, this approach has been used in cases of severe 
systemic juvenile rheumatoid arthritis (JRA), SSc, and SLE 
resistant to conventional therapy. For example, a recent report 
documented sustained clinical remission in seven patients with 
severe refractory SLE treated with immunoablation and autolo-
gous hematopoietic stem cell transplantation. Further, after 
transplantation, the patients demonstrated evidence of normal-
ization of naïve lymphocyte populations and generation of 
thymic derived regulatory T cells.20 Safer methods for reconsti-
tuting the bone marrow compartment, such as autologous stem 
cell reconstitution protocols, could provide a therapeutic alter-
native for the most difficult to treat patients.

Approaches to Specific Conditions
The final section of this chapter addresses specific therapeutic 
approaches to the three most common pediatric rheumatologic 
disorders. This represents a snapshot of a rapidly evolving dis-
cipline. Each new biologic agent or small molecule inhibitor has 
the potential to disrupt the existing paradigm by introducing 
dramatic improvements in the therapeutic risk-benefit ratio. 
The rapidity of such changes cannot be overstated. For example, 
within the past 15 years identification of the genetic basis of 
familial Mediterranean fever led to the description of an entire 
new class of disorders, the autoinflammatory conditions. In 
short order, this was followed by the introduction of biologic 
therapy as an almost miraculous, specific approach to condi-
tions that had previously been untreatable, debilitating and 
often fatal. In view of this unprecedented rate of change, clini-
cians caring for children with rheumatologic conditions require 
guidelines to help navigate the rapidly expanding and increas-
ingly complex rheumatologic armamentarium. These are 
offered below.

JUVENILE IDIOPATHIC ARTHRITIS (JIA)

Juvenile arthritis is the most common rheumatologic disorder 
of childhood, affecting as many as one in 1,000 children under 
the age of 16 years. From the first published case of arthritis 
developing in a child in 1864, descriptions have tended to 

circulation.9 It is employed when urgent measures are needed 
to stabilize a patient before longer-term interventions take 
effect, for example cases of acute hemorrhage from the 
pulmonary-renal syndromes, granulomatosis with polyangiitis 
(Wegener’s granulomatosis) and Goodpasture syndrome. Intra-
venous immunoglobulin (IVIG) has immunomodulatory 
properties without the risks of immunosuppression, particu-
larly useful in patients whose inflammatory condition is a result 
of an immunodeficiency (e.g. granulomatous common variable 
immunodeficiency).10 Inexplicably, IVIG is superior to any 
other therapy in arresting acute inflammation and preventing 
target-organ damage in cases of Kawasaki disease, an inflam-
matory vasculitis of childhood.11 While IVIG can also remove 
activated complement fragments that mediate inflammation in 
dermatomyositis, its role in other inflammatory disorders is far 
less prominent.

TARGETED MOLECULAR THERAPIES

During the past decade, a new generation of drugs targeting 
cytokines and lymphocyte receptors has dramatically altered 
the therapeutic landscape of rheumatology.12 These so-called 
‘biologic response modifiers’ (BRMs) are recombinant mono-
clonal antibodies and receptor antagonists that inhibit specific 
targets.13 The impact of BRMs is perhaps most clearly evidenced 
by the fact that, as of 2007, eight of the 20 best-selling biotech-
nology drugs in the USA were therapeutic monoclonal antibod-
ies.14 Biologic drugs are discussed further in Chapter 17.

NOVEL THERAPEUTIC TARGETS

Novel targeted therapies for autoimmune diseases will broaden 
attempts to exploit cytokines and lymphocyte cell surface mol-
ecules involved in mediating inflammation and lymphocyte 
activation. Not only monoclonal antibodies but small molecule 
inhibitors and interfering RNA are being investigated.15 The 
first such agent approved for a rheumatologic indication was 
tofacitinib, a Janus kinase (JAK) inhibitor, which was approved 
for treatment of rheumatoid arthritis in 2012. Protein kinase 
inhibitors interfere with phosphorylation of serine, threonine 
or tyrosine residues in proteins. This step is needed for prolif-
eration or activation, so inhibitors of protein kinases may have 
therapeutic effects in rheumatologic and malignant disorders. 
Such agents are immunosuppressive and so risk of infections 
remains a serious concern, as with biologic agents. Their major 
advantage at present is the fact that they are not digested by 
enzymes of the gastrointestinal tract so they may be taken orally, 
unlike monoclonal antibodies.

Small molecule protein kinase inhibitors developed for the 
treatment of malignancies may have utility in autoimmune dis-
eases. For example, patients with systemic sclerosis (SSc) dem-
onstrate increased activity of the platelet derived growth factor 
receptor (PDGFR), possibly due to stimulatory autoantibodies. 
Studies have focused attention on imatinib (Gleevec®), a drug 
that inhibits multiple tyrosine kinases including PGDFR, as a 
possible therapy for SSc.16 This kinase inhibitor has already had 
dramatic effects on the treatment of chronic myelogenous leu-
kemia and gastrointestinal stromal tumors.

Proteasome inhibition and pharmacologic regulation of 
autophagy, a cellular recycling pathway in which cellular  
targets are delivered to lysosomes for degradation, represent 
additional autoimmune disease targets of interest. Bortezomib, 
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perform both a thorough history and a careful physical exam to 
distinguish arthritis from arthralgias. The more joints involved, 
the more likely the child is to have systemic features of disease, 
including malaise, fatigue and laboratory abnormalities.

About 10% of children with polyarthritis test positive for 
rheumatoid factor. This subtype of juvenile arthritis most 
closely resembles adult rheumatoid arthritis. In long-term 
follow-up studies, the presence of rheumatoid factors in serum 
correlates with more aggressive disease and a greater possibility 
of joint damage and disability. So-called ‘seropositive’ arthritis 
is also marked by antibodies to cyclic citrullinated peptide 
(CCP), another predictor of more aggressive and destructive 
arthritis.

Some cases of arthritis include prominent inflammation of 
the entheses (insertion sites of tendons and ligaments into bone), 
most often the Achilles tendon at the heel or the patellar tendon 
at the tibial tuberosity. Furthermore, the history frequently 
reveals other members of the family with ankylosing spondylitis, 
psoriasis, inflammatory bowel disease (IBD) or Reiter’s disease. 
These individuals, in particular those with a strong family 
history, may be HLA-B27 positive. Neck, back and hip involve-
ment is common in these so-called ‘spondyloarthropathies’, 
though sacroiliitis (often manifesting as lumbosacral pain) may 
not be present at disease onset.24 Such axial involvement typi-
cally becomes symptomatic by mid-adolescence.

Systemic Onset Juvenile Idiopathic Arthritis
The third type of JIA, systemic-onset JIA or Still’s disease 
(SoJIA), is the least common form.25 Systemic complaints, par-
ticularly fever, often precede development of arthritis, so pedia-
tricians are most likely to consider this diagnosis in children 
with a fever of unknown origin (FUO). SoJIA fevers are typi-
cally prolonged, minimally responsive to antipyretics, and 
hectic. Temperatures may reach 104° to 105° F once or twice a 
day, often at the same hour of the day, while dipping below 
normal between fevers, especially just before sunrise. Patients 
may experience chills and toxicity with the fevers, while such 
symptoms tend to improve during afebrile intervals. Appetite is 
frequently decreased, often accompanied by weight loss. Family 
history as well as a thorough review of systems and physical 
exam should focus on constitutional symptoms, delayed growth, 
poor weight gain, rashes, nail pits, oral lesions, nailbed capillary 
changes, clubbing, weakness and intestinal symptoms.

A diagnostic rash occurs in 90% of patients with systemic-
onset JIA (Figure 12-3). The rash consists of evanescent 3- to 
5-mm erythematous macular or barely papular lesions occur-
ring most commonly on the trunk and proximal extremities. It 
may be asymptomatic or occasionally pruritic and is typically 
most prominent during fever elevations. Uncommonly, the rash 
can involve the face and hands and feet, but fixed lesions persist-
ing for more than 24 hours in a location should stimulate a 
search for an alternative diagnosis. The rash is more likely to be 
atypical for the first several weeks of illness before evolving into 
the classic salmon pink exanthem. Similarly, early in the course 
of the illness a child may complain of joint pain, with frank 
arthritis not becoming evident for weeks or months. Less spe-
cific findings may include lymphadenopathy, hepatospleno-
megaly or serositis with pericardial effusions.

Laboratory Assessment
The laboratory assessment of JIA should include a complete 
blood cell count (CBC), sedimentation rate and ANA, as well as 

include a variety of patterns that likely represent numerous dif-
ferent subtypes of juvenile arthritis.21

Unfortunately, with the pathogenesis of juvenile arthritis 
poorly understood, most classification schemes have catego-
rized patients based on the number and pattern of joints 
involved, the populations being studied and the interests of the 
committee members categorizing them. Not surprisingly, 
genetic and immunologic data demonstrate significant overlap 
and imprecision when classification is based solely on such 
phenotypic patterns. Current classifications thus leave much 
room for improvement.22 Nonetheless, whether a child is said 
to have psoriatic arthritis (based on the 1977 criteria of the 
International Leagues of Associations for Rheumatology), pau-
ciarticular juvenile rheumatoid arthritis (based on the 1986 
American College of Rheumatology criteria) or enthesitis-
related arthritis (according to the 1993 International League of 
Associations for Rheumatology proposed classification of the 
idiopathic arthritides of childhood), management and therapy 
are largely similar across classification systems and disease 
subtypes.

Pauciarthritis
Arthritis involving fewer than five joints, known as oligoarticu-
lar or pauciarticular arthritis, is the most common form. The 
knee is most often affected, followed by the ankle, wrist and 
elbow. There are two peaks of onset: one between the ages of 1 
and 5 years and the other between 12 and 16 years. Most patients 
present with a gradual onset of stiffness, swelling and dimin-
ished mobility, most prominent early in the day or after pro-
longed inactivity.

The extent to which children complain of pain varies, with 
younger children often limping but denying discomfort.

The degree of debility caused by arthritis is generally pro-
portional to the number of joints involved. Pauciarthritis 
usually does not cause systemic symptoms such as fatigue, 
malaise, fevers or significant elevation of acute-phase reactants. 
Involved joints may grow more rapidly, however, due to 
increased blood flow and nutrient delivery to inflamed tissues, 
so asymmetric involvement persisting for more than a few 
months may lead to limb-length discrepancies and significant 
muscle atrophy.

In addition, pauciarthritis is associated with a significantly 
increased risk of developing chronic, asymptomatic anterior 
uveitis.23 This occurs in up to 30% of children with pauciarthri-
tis who are antinuclear antibody (ANA) positive, with up to one 
third of children diagnosed with anterior chamber inflamma-
tion before arthritis develops. About 50% of children with 
uveitis develop it roughly coincident with the onset of arthritis; 
onset more than 7 years after the diagnosis of arthritis is very 
rare. Early detection of the uveitis is important in preventing 
sequelae; 20% or more of those in whom diagnosis is delayed 
develop decreased visual acuity or even blindness. Unfortu-
nately, chronic anterior uveitis is usually asymptomatic, so chil-
dren with pauciarticular JIA should have slit lamp examinations 
by a pediatric ophthalmologist on a regular basis so that unde-
tected inflammation does not cause irreversible ocular changes.

Polyarthritis
Polyarthritis affects five or more joints, both large and small, 
though typically in a symmetric pattern. Diagnosis requires clear 
evidence of joint inflammation (decreased function, swelling, 
stiffness and/or warmth), not merely pain. It is thus important to 
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Treatment

Treatment of juvenile arthritis is directed at two discrete but 
related aspects of the condition, symptoms and joint damage. 
Nonsteroidal antiinflammatory drugs (NSAIDs) provide anal-
gesia and some relief of inflammation. For younger children 
who require liquid medications, naproxen (≤10 mg/kg twice 
daily), ibuprofen (10 mg/kg up to three or four times daily) or 
meloxicam (0.25 mg/kg divided twice daily) are available, with 
a preference for medications with a longer half-life that require 
less frequent dosing. For older children, numerous NSAIDs 
formulated as tablets are available, including naproxen 250 to 
375 mg twice daily, diclofenac 50 to 75 mg twice daily, tolmetin 
(30 mg/kg/day) and meloxicam 15 mg once a day, all approved 
for pediatric use. The COX2 inhibitor, celecoxib, has been 
approved for children over the age of 2 years. Celecoxib pro-
duces less gastric irritation than routine NSAIDs, and it does 
not affect platelet function. In severely symptomatic or debili-
tating cases of polyarthritis, a brief course of systemic steroids 
(usually at doses <1 mg/kg/day) may serve as a bridge until 
disease modifying agents become effective. Conversely, an intra-
articular injection with triamcinolone hexacetonide or other 
steroid agents may be effective for a mono- or pauciarthritis.

Second-line therapy of JIA begins with low-dose methotrex-
ate administered on a weekly basis.27 Newer agents, including 
TNF inhibitors (e.g. etanercept and infliximab), are available for 
patients in whom methotrexate therapy fails. The newest bio-
logic agents approved for the treatment of JIA are adalimumab 
and abatacept. Systemic-onset JIA is best treated with early 
initiation of anti-IL-1 agents such as anakinra (an IL-1 receptor 
antagonist) or canakinumab (anti-IL-1 monoclonal antibody), 
or the anti-IL-6 agent tocilizumab.28

In patients with axial involvement of the neck, lumbosacral 
spine, hips or sacroiliac joints, as well as prominent enthesitis, 
diligent physical therapy is essential for maintaining range of 
motion. In such cases of axial involvement, vertebral fusion may 
occur over time. Traditional DMARDs are significantly less 
effective than NSAIDs and TNF inhibitors, though the extent 
to which these can prevent ankylosis remains unclear.29

Prognosis
Overall, the prognosis for patients with JIA is markedly better 
than it was even 10 years ago. The expectation should be that 
any case of arthritis can be fully or largely controlled with 
aggressive treatment, and disability or chronic joint damage 
should be a rare outcome. Optimal results are more dependent 
upon state-of-the-art care in certain subtypes of juvenile arthri-
tis, including systemic-onset JIA, pauciarticular JIA associated 
with chronic anterior uveitis, and rheumatoid factor-positive 
polyarticular JIA. Regardless, treatment with second-line agents 
has drastically reduced disability and the need for total joint 
replacement; up to 90% of children should have a favorable 
course and be able to maintain a normal lifestyle.

SYSTEMIC LUPUS ERYTHEMATOSUS

SLE is the prototype of autoantibody-mediated diseases, dem-
onstrating diverse manifestations depending upon the specific 
organs targeted in a particular case.30 In fact, diagnosis depends 
upon meeting a checklist of signs and symptoms: someone with 
seizures, a photosensitive skin rash and oral ulcers and someone 
else with renal failure and thrombocytopenia might both fulfill 

a rheumatoid factor and anti-CCP antibodies in children with 
symmetric polyarthritis. The white blood cell count is frequently 
elevated to 30,000/mm3 or more in systemic JIA, with a marked 
left shift. If blood counts are unexpectedly low, evidence of 
myelophthisis or increased cellular turnover due to leukemia 
may be manifested by elevated lactic acid dehydrogenase (LDH) 
and/or uric acid levels. Acute-phase reactants including  
ESR, CRP and platelets are also strikingly elevated unless a com-
plication leads to a consumptive process such as macrophage 
activation syndrome (MAS) or disseminated intravascular coag-
ulopathy (DIC). Hematocrit and levels of housekeeping proteins 
such as albumin are decreased commensurate with the level of 
inflammation.26 In cases of arthritis in which other systemic ill-
nesses are suspected (e.g. SLE, myositis or IBD), additional 
studies may be necessary to assess kidney, gastrointestinal and 
muscle function.

In boys with onset at an older age and with axial or primarily 
lower-extremity joint involvement, a human leukocyte antigen 
(HLA-B27) test may be positive in support of the diagnosis of 
spondyloarthritis. Close follow-up of the axial joints is particu-
larly important in such patients, though widespread screening 
is not indicated as approximately 9% of all Caucasians are 
HLA-B27 positive, only a minority of whom have spondyloar-
thritis. Conversely, some populations such as native Africans 
almost never carry this gene, yet they may develop ankylosing 
spondylitis and other forms of spondyloarthritis.

Early in the course of arthritis, radiographs of involved  
joints show little more than soft tissue swelling and periarticular 
osteopenia. Bone scans in perplexing patients usually show 
tracer uptake on both sides of the joint, which is consistent  
with arthritis and not indicative of osteomyelitis. Magnetic 
resonance imaging (MRI) or ultrasound scanning may be 
helpful in visualizing intra-articular effusions and synovitis in 
involved joints.

Figure 12-3  Skin eruption in systemic juvenile idiopathic arthritis. 
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well as guidance for more definitive exclusion of other 
conditions.

Musculoskeletal symptoms are the most common manifes-
tation of SLE. Painful but nonerosive arthritis, typically involv-
ing the small joints of the hands, develops at presentation  
or during the disease course in more than 90% of patients.33 
Three different types of rashes are characteristic of SLE and  
are included in the ACR classification criteria. A malar rash 
across the cheeks and over the bridge of the nose (thought to 
be reminiscent of a wolf bite and thus giving rise to the name 
‘lupus’) is present in up to 50% of patients. The rash is more 
violaceous or bright pink than other erythematous facial rashes, 
and it is also marked by scaling and follicular plugging. The rash 
worsens and may blister with sun exposure, as do other photo-
sensitive eruptions associated with SLE (Figure 12-4). Addition-
ally, sunlight may trigger a systemic flare of SLE by damaging 
cutaneous tissue and releasing nuclear antigens, which are tar-
geted by autoantibodies to form immune complexes. Thus,  
all children with lupus should protect their skin from ultraviolet 
exposure. The final rash characteristic of SLE, discoid lesions, 
may lead to significant scarring and altered pigmentation. It  
is one of the few rashes that typically affects the auricles of  
the ears, but it is far less common in children than in adults 
with lupus.

Involvement of the kidneys and the central nervous system 
are the most morbid manifestation of lupus, and the extent and 
severity of lupus nephritis and neuropsychiatric lupus largely 
determine the patient’s prognosis. Initially, lupus nephritis may 
be asymptomatic or cause only mild nocturia due to tubular 
involvement affecting urinary concentration. Microscopic 
hematuria, proteinuria and cellular casts are indications of glo-
merular involvement. Hypertension is generally indicative of 
more severe renal involvement, and high blood pressure syner-
gistically accelerates renal injury due to glomerulonephritis. 
Thus, it is important that this be carefully controlled, especially 
when corticosteroids are being used to treat systemic manifesta-
tions of SLE.

criteria for SLE despite having no characteristics in common. 
Several different mouse models mimic the human disease, and 
each one is caused by immunologic aberrations involving dif-
ferent regulatory mechanisms. Thus, SLE appears to be a final 
common pathway for a variety of immunoregulatory abnor-
malities, such as a lowered threshold for B cell activation, spon-
taneous T cell activation, and disruption of normal FAS-induced 
apoptosis.31

In humans, genetic factors are clearly important, with rela-
tives of patients with SLE having a 30-fold increased risk of 
developing lupus. Nonetheless, concordance between identical 
twins is only about 25%, and environmental triggers (particu-
larly viruses such as Epstein-Barr virus and certain medica-
tions), hormonal factors (with women of childbearing age 
having a 9-fold increased risk of developing SLE) and epigenetic 
changes (such as DNA methylation) all play important roles in 
the development of SLE. Overall, environmental and develop-
mental factors appear to be central to the development of SLE, 
as only 10% of SLE cases occur before adulthood.

SLE is not a common disease. Estimates from several differ-
ent series suggest that the annual incidence is approximately 
0.36 cases per 100,000 children under the age of 16 years. More 
cases occur in African-American and Asian populations, but 
development under the age of 6 years is extremely rare in all 
ethnic groups. The female-to-male ratio among children is 
about 5 : 1, and it gradually increases after puberty.32 Interest-
ingly, this gender bias affects primarily mild cases of lupus; the 
likelihood of developing severe SLE is much more closely 
matched in boys and girls.

Diagnosis
Diagnosis of SLE is usually based upon demonstrating at least 
four of 11 criteria as developed by the American College of 
Rheumatology (Box 12-3). In fact, technically these are classifi-
cation criteria, validated in adults and intended to ensure 
homogeneous populations for clinical trials. Nonetheless, they 
provide a useful basis for evaluating the possibility of lupus, as 

Figure 12-4  Rash in systemic lupus erythematosus. 
From Hochberg MC. Arthritis Rheum 1997;40:1725.

BOX 12-3 AMERICAN COLLEGE OF 
RHEUMATOLOGY 1997 CRITERIA FOR 
SYSTEMIC LUPUS ERYTHEMATOSUS

Malar (butterfly) rash
Discoid-lupus rash
Photosensitivity
Oral or nasal mucocutaneous ulceration
Nonerosive arthritis
Nephritis

Proteinuria 0.5 g/day
Cellular casts

Encephalopathy
Seizures
Psychosis

Pleuritis or pericarditis
Cytopenias
Positive immunoserology

Antibodies to dsDNA
Antibodies to Smith nuclear antigen
Positive tests for antiphospholipid antibodies (lupus antico-

agulant or anticardiolipin antibodies)
Positive antinuclear antibody
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1,000/mm3 is a particularly helpful marker of possible SLE 
because it is seen in only a handful of other conditions includ-
ing viral syndromes, immunodeficiencies, sarcoidosis and 
hematologic malignancies.

The sedimentation rate is elevated in 90% of patients with 
SLE. Although this is not a specific finding, in SLE the elevated 
ESR is generally caused by polyclonal hypergammaglobu-
linemia rather than elevated acute-phase reactants. As such, it 
is not a useful marker of disease activity or intercurrent infec-
tion. Because the ANA test is positive in almost 100% of chil-
dren with SLE, a negative ANA dramatically decreases concern 
for the diagnosis. In SLE the titer of ANA is usually high 
(>1 : 160), but it may be diffuse, speckled or nucleolar, and thus 
the reported fluorescent pattern is seldom helpful in pinpoint-
ing the diagnosis.

False-positive ANAs are seen in 2% to 5% of children at any 
time, and in more than 20% at some point during childhood.35 
These are typically of lower titer (<1 : 320) than are pathologic 
ANAs in rheumatologic disorders, and they are most commonly 
caused by viral syndromes. Other causes include a ‘familial 
ANA’, as is seen in 15% of first-degree relatives of a person with 
SLE or mixed connective tissue disease. Less than one third of 
such people subsequently develop a systemic rheumatologic 
disorder. Repeat testing of children with low-titer positive ANAs 
is generally not necessary unless the clinical course suggests that 
an autoimmune process may be evolving.

In patients with a high-titer positive ANA, an ANA profile 
may provide increased disease specificity. Table 12-1 lists the 
elements of the ANA profile and their disease associations. Only 
60% of patients fulfilling the diagnostic criteria for SLE will 
have specific identifiable autoantibodies on the ANA profile. 
Anti-dsDNA antibodies are a marker for worsening renal and 
cutaneous involvement, while other antibodies do not necessar-
ily correlate with disease course.

In patients with lupus nephritis, routine urinalysis is the 
most sensitive indicator of both disease activity and response 
to therapy. Hematuria is usually microscopic. Cellular casts are 
helpful but depend on the freshness of the specimen. Protein-
uria can be quantitated and followed with a spot protein-to-
creatinine ratio. Values less than 0.2 are normal, and values 
greater than 2.0 are indicative of nephrotic levels of proteinuria. 
Timed collections of urine to quantify proteinuria are both 
tedious and frequently inaccurate. Similarly, serum creatinine 
levels provide accurate information, but the glomerular filtra-
tion rate must be below 50% of normal before it is reflected in 
an elevated serum creatinine. In case of doubt, timed creatinine 
clearances can provide additional information.

Chest pain may suggest lung or heart involvement in SLE. It 
may be caused by pleuritis, in which case shortness of breath 
and pain upon inspiration are the most typical symptoms. 
Physical examination may reveal diminished breath sounds 
indicating a pleural effusion, which can be documented by a 
chest x-ray. Pulmonary hemorrhage, a rare but potentially lethal 
manifestation of SLE, should be suspected in patients with 
cough, hypoxia and a rapid fall in hemoglobin. Hemoptysis may 
not be present. Costochondritis may mimic pleuritic chest pain, 
but on physical examination it is distinguished by the presence 
of discrete tender areas at the costochondral junctions along the 
sternum.

Pericarditis is the most common cardiac manifestation of 
SLE. Patients complain of precordial chest pain that is worse 
when leaning forward or lying in the recumbent position. A 
chest x-ray may show cardiomegaly, and an echocardiogram 
can confirm the presence of pericardial fluid. Electrocardio-
grams may show diminished voltages, but in general this is a 
less sensitive means of diagnosing pericarditis. Rarely a nonin-
fectious endocarditis (Libman-Sacks endocarditis) may cause 
inflammation of the leaflets of the cardiac valves. If not treated 
aggressively, it can lead to acute valvular rupture and heart 
failure.

Neuropsychiatric involvement in SLE is rarely a presenting 
symptom, though headaches occur in 80% of patients during 
the course of the disease. Seizures, strokes, chorea and neuropa-
thies may be caused by direct CNS involvement, but they may 
also be a complication of sepsis, uremia, thrombosis or hyper-
tension. Differentiating the potential causes of neurologic and 
psychiatric manifestations of SLE is often very difficult, despite 
MR and CT imaging, neuropsychiatric testing and laboratory 
analysis of cerebrospinal fluid.34

Gastrointestinal involvement in SLE is uncommon, though 
acute pancreatitis with severe left upper quadrant pain pene-
trating to the back can be an emergent situation. Liver involve-
ment may produce mild elevation of hepatocellular enzymes 
but rarely causes symptoms. Patients with longstanding, poorly 
controlled SLE, particularly those with neurologic involvement, 
may develop gastrointestinal hemorrhage due to intestinal vas-
culitis. This requires urgent and expert management: gastritis 
and other causes of gastrointestinal hemorrhage must be rapidly 
excluded in order to improve upon the reported 50% mortality 
rate.

Constitutional symptoms, though not specific for lupus, may 
significantly compromise quality of life by causing fever, weight 
loss and fatigue. The organic fatigue of SLE tends to occur in 
the afternoon and evening, Somnolence is generally responsive 
to treatment with steroids, but it may recur as therapy is tapered 
despite use of steroid-sparing agents.

Laboratory Assessment
Laboratory abnormalities, particularly cytopenias, are typically 
a prominent component of SLE. Up to 20% of adults presenting 
with thrombocytopenia eventually develop SLE, and adoles-
cents presenting with new-onset idiopathic thrombocytopenic 
purpura, or with two or more cell lines down (Evans syndrome) 
should be screened with at least an ANA. A CBC will frequently 
show anemia, leukopenia or thrombocytopenia. Anemia is 
Coombs’ positive in 15% of patients but more commonly it is 
simply a manifestation of chronic disease. Leukopenia may 
affect overall white cell numbers, but it most often dispropor-
tionately affects lymphocyte counts. Thus, lymphopenia below 

Test Disease Association

Anti-DNA Systemic lupus erythematosus (SLE) 
with nephritis

Anti-SM (Smith) SLE
Anti-SSA/anti-SSB SLE with photosensitivity

Sjögren’s syndrome
Neonatal SLE

Antiribonuclear protein SLE and mixed connective tissue 
disease

Anticentromere or 
anti-SCL70

Scleroderma

TABLE 

12-1 Antinuclear Antibody Profile
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With control of symptoms and improvement in laboratory 
results (i.e. normal lymphocyte count, improved C3 levels and 
clearing of urinary sediment), the dose of prednisone is reduced 
and condensed to a single daily dose. The legion of steroid side-
effects mandates a dose reduction to the lowest level that will 
keep the patient well. This is particularly important in children, 
who are prone to growth suppression and osteopenia with even 
very low steroid doses. In any case, ongoing treatment with an 
agent capable of maintaining remission is essential if toxic doses 
of steroids are to be avoided.

Many biologic agents are currently under study to modify 
aspects of the immune response in patients with SLE. Ritux-
imab, a monoclonal antibody that depletes B lymphocytes, did 
not meet its endpoints in a pivotal trial for use in lupus nephri-
tis despite initial optimism in patients with autoantibody-
mediated diseases.38 A newer nondepleting anti-B cell molecule, 
belimumab, did receive approval in 2013 as the first agent 
approved by the US Food and Drug Administration for treat-
ment of SLE in 56 years.39 It is an antibody targeting B cell 
activating factor (BAFF), also known as B lymphocyte stimula-
tor (BLyS), a cytokine central to B cell survival, immunoglobu-
lin class switching, and germinal center formation). A variety 
of novel treatments for SLE are in the pipeline.40

Prognosis
SLE often fluctuates in severity. The first year after diagnosis  
is typically the most difficult as evolving organ system involve-
ment necessitates close monitoring and frequent medication 
adjustments. By the end of the second year, most patients  
will have defined individual disease manifestations and organ 
system involvement. For instance, new onset of renal disease  
or central nervous system disease is unusual after the first  
2 years.

The prognosis for survival with SLE has improved markedly 
since the 1980s. Most series have shown a 10-year survival of 
85% to 90%. Over this same interval, the causes of death in SLE 
patients have changed. End-stage renal disease was previously 
the major cause of death, but renal deaths are now rare with 
modern management including dialysis and kidney transplant. 
Serious systemic infections now account for most of the mortal-
ity in lupus. These infections result both from immune dysregu-
lation resulting from the underlying disease and from 
immunosuppressive effects of medications necessary for disease 
control. In order to ameliorate these risks, immunization against 
pneumococcus and meningococcus is indicated in all patients. 
Additionally, pneumocystis prophylaxis should be considered 
in patients on high-dose steroid and immunosuppressant 
therapy. A second peak in mortality, typically beginning in the 
fourth decade of life, is caused by accelerated arteriosclerosis 
resulting from dyslipoproteinemia over decades of illness.

JUVENILE DERMATOMYOSITIS

Juvenile dermatomyositis (JDMS) is a rare idiopathic disease of 
childhood characterized by a pathognomonic rash and proxi-
mal muscle weakness.41 It is distinguished from adult dermato-
myositis by the absence of an association with malignancies, a 
unique vascular pathology and a more consistent response to 
therapy. The disease has a worldwide incidence of approxi-
mately 0.4 cases per 100,000 children under the age of 16 years; 
girls are more often affected than boys. The rash frequently 
begins before the child becomes noticeably weak.

The serum C3 level is useful both for supporting the diagno-
sis of SLE and monitoring disease activity, though hypocomple-
mentemia is not a criterion for classification. Antiphospholipid 
antibodies, on the other hand, are included among the criteria 
for SLE, as are false-positive serologic tests for syphilis, which 
measure the same phenomenon. These antibodies are clinically 
significant as well, as they contribute to an increased risk of 
venous and arterial thromboses. In vitro, however, they lead to a 
prolonged partial tissue prothrombin time that does not correct 
when samples are mixed with fresh plasma.

Treatment
Essentially all patients with SLE should be treated with an anti-
malarial agent, which is beneficial for cutaneous manifestations, 
joint symptoms and fatigue. More importantly, however, 
hydroxychloroquine and quinacrine decrease autoantigen pre-
sentation and serve to greatly increase the duration and resil-
ience of disease remissions.36 A prolonged trial, up to 6 months 
or more, may be required before the benefits of hydroxychloro-
quine are recognized. Hydroxychloroquine should be used at a 
dose of <7 mg/kg/day; above this level there is an increased risk 
of potentially irreversible retinal toxicity. Additional potential 
side-effects include nausea, abdominal pain, reversible palsy of 
ocular muscles and persistent skin graying (especially in sun-
exposed areas). Quinacrine is used less commonly, primarily 
because it often causes yellowing of the skin. It is a useful alter-
native in patients who develop ocular toxicity from hydroxy-
chloroquine, though it is not available in North America.

More severe manifestations of SLE, particularly nephritis 
and cerebritis, are generally treated with corticosteroids and 
immunosuppression.37 For seriously ill children, more rapid 
control of symptoms can be achieved with intravenous 
methylprednisolone (30 mg/kg with a maximum dose of 
1,000 mg) given once a day for 3 days. This is transitioned to 
high-dose prednisone, 2 mg/kg/day, divided once or twice daily.

While other agents do not provide the short-term efficacy 
and safety of steroids, reduction or discontinuation of steroids 
is essential to avoid serious side-effects during long-term treat-
ment. A variety of agents, including azathioprine (AZA, 
Imuran®), mycophenolate mofetil (MMF, CellCept®) and cyclo-
phosphamide (CTX, Cytoxan®), are effective steroid-sparing 
agents. Choice among these depends upon the extent of extra-
renal involvement (for which MMF appears to be less effective) 
and severity (both the intensity of immunosuppression and the 
potential toxicity of CTX are generally greater than with the 
other agents). As in malignant conditions, a more potent medi-
cation may be used for 3 to 6 months to induce remission, and 
then be replaced by a safer agent for maintenance therapy. Aza-
thioprine is most often the initial immunosuppressant at a dose 
of 2 to 3 mg/kg/day. Side-effects include bone marrow suppres-
sion, opportunistic infections, nausea and liver function abnor-
malities. MMF inhibits the enzyme inosine monophosphate 
dehydrogenase, leading to reduced synthesis of guanosine 
nucleosides. The dose is 600 to 800 mg/m2 with a maximum of 
1 to 1.5 g twice a day. Side-effects include bone marrow sup-
pression, opportunistic infections and diarrhea. Methotrexate 
administered once a week may be beneficial for the arthritic 
manifestations of SLE, but it is seldom effective for treating 
major organ involvement such as kidney disease. Patients who 
fail management with azathioprine or MMF are candidates for 
treatment with cyclophosphamide, generally given as a monthly 
or biweekly intravenous pulse.
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diagnosis is established using modified Bohan and Peter’s cri-
teria including demonstration of proximal muscle weakness, 
myositis and a characteristic rash.44 Originally, these require-
ments were fulfilled by documenting elevated muscle enzymes, 
an abnormal electromyogram and, at times, a distinctive muscle 
biopsy. In children with characteristic cutaneous findings, evi-
dence of muscle inflammation on MRI as well as elevation of 
muscle enzymes (CK, AST, ALT, LDH and/or aldolase) is now 
generally sufficient for a presumptive diagnosis of JDMS. In 
addition, the microangiopathic findings may be reflected in 
elevated levels of the von Willebrand factor antigen. Autoanti-
bodies are often present, including a positive ANA in at least 
10% of cases, myositis-specific antibodies in up to 63% of chil-
dren, and myositis-associated antibodies in 10% of cases.45 
These markers may allow classification of children with inflam-
matory myopathies into groups more likely to respond to spe-
cific therapeutic agents.

Differential Diagnosis
The differential diagnosis of JDMS includes other rheumatic 
diseases such as SLE and mixed connective tissue disease as well 
as polyarteritis nodosa, which may preferentially affect muscles 
early in the disease course. Muscle enzymes may be as high 
during the acute phase of viral myositis as in JDMS, but gener-
ally such infections cause more muscle pain. Neuropathic causes 
of weakness generally have more prominent distal involvement, 
while muscular dystrophies do not manifest the rash or angi-
opathy of JDMS.

Therapy
Early case series of JDMS were marked by mortality rates as 
high as 35%, generally due to gastrointestinal catastrophes, 
aspiration, respiratory failure or arrhythmias (due to involve-
ment of the cardiac conducting system). With the introduction 
of pulsed-dose steroids for rapid control of muscle inflamma-
tion, followed by early substitution of steroid-sparing agents to 
minimize steroid side-effects, cures are now reported in up to 
90% of children. Case reports document efficacy of a wide 
variety of immunosuppressive therapy in at least some cases, 
though most centers preferentially use methotrexate, calcineu-
rin inhibitors (cyclosporine, tacrolimus) and/or IVIG. It is 
essential to control myositis fully to prevent development of 
calcinosis, so muscle enzymes and, if necessary, MRI changes in 
the proximal leg muscles are followed closely to detect residual 
muscle inflammation.

Skin involvement often is not synchronous with myositis, 
and agents effective in controlling muscle involvement are not 
necessary beneficial for the rash of JDMS. Hydroxychloroquine 
and topical tacrolimus are helpful, and in resistant cases IVIG 
or rituximab may be useful. Sunscreens are useful for minimiz-
ing photodamage, which can lead to chronic skin changes 
including thinning and dyspigmentation. Physical therapy is 
necessary to avoid or reverse contractures, but strengthening 
exercises should be avoided as long as muscle inflammation 
persists as they may exacerbate the myositis. Once all signs of 
active inflammation are controlled, resistive exercises are pre-
ferred to aid in muscle strength recovery.

Conclusions
This is a particularly exciting time to take care of children  
with inflammatory conditions. The rheumatologic illnesses 

Diagnosis

Muscle disease in JDMS most often presents as the subacute 
onset of proximal muscle weakness. Neck, pelvis and core 
muscles are most affected. Children may first note decreased 
stamina when playing sports or walking in a mall. This pro-
gresses to increasing difficulty climbing stairs or rising from a 
chair. Shoulder girdle manifestations may include difficulty 
combing one’s hair or reaching for items over the head. 
Untreated, the weakness tends to progress until children have 
difficulty getting off the floor or stabilizing their head while 
riding in a car. The weakness is usually out of proportion to 
soreness or tenderness of affected muscles. The distal muscles 
of the hands and feet are spared until very late in the course of 
the disease. Deep tendon reflexes and other aspects of the neu-
rologic examination are typically normal until weakness is so 
severe that reflexes are difficult to elicit.

The rash in JDMS reflects the microangiopathy that medi-
ates the disease. It is photosensitive, slightly pink or violaceous, 
and most commonly affects the extensor surfaces of the hands, 
elbows and knees. Many patients also develop a purplish discol-
oration of the upper eyelids known as a ‘heliotrope’ rash (named 
after the purple flower). Another characteristic cutaneous man-
ifestation is a scaling, erythematous eruption of the knuckles 
known as Gottron’s papules (Figure 12-5). The vascular nature 
of the condition is reflected in abnormalities of the nail bed 
capillaries, reflective of small vessel angiopathy seen only in 
SLE, scleroderma, dermatomyositis and mixed connective tissue 
disease.

In severe or poorly controlled cases of JDMS, patients may 
develop involvement of the muscles and vessels of the digestive 
tract. This is manifested as dysphagia (difficulty swallowing), 
dysphonia (a nasal quality to the voice) and dysmotility, leading 
to malabsorption, abdominal pain and diarrhea. Patients are at 
risk for aspiration and visceral perforation, and they require 
aggressive treatment to avoid severe sequelae. Children with 
persistent active muscle inflammation due to JDMS are also at 
risk of developing calcinosis. It may be limited to small, local-
ized deposits or lead to extensive, debilitating subcutaneous 
calcifications involving much of the body. This is prevented by 
early, aggressive therapy to control the myositis;42 calcinosis is 
very difficult to treat once established.

The cause of JDMS is unknown. Familial cases are rare, but 
some genes are over-represented among patients with inflam-
matory myopathies, especially certain HLA haplotypes.43 The 

Figure 12-5  Rash in juvenile dermatomyositis. 
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inflammatory disorders are further elucidated, we may soon 
look back on rheumatology clinics much as we view sanatori-
ums and leper colonies.

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

account for a major proportion of chronic diseases of child-
hood, but for the first time, it is often possible to suppress 
symptoms safely and allow children to enjoy normal growth 
and development into adulthood. Further, the expectation is 
that within the not-too-distant future, everything from juvenile 
arthritis to systemic lupus erythematosus will be curable. As the 
genetic, environmental and epigenetic factors affecting 
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KEY POINTS

• Monogenic defects have been identified that interfere 
with self tolerance.

• Human defects of self tolerance can affect both central 
and peripheral tolerance.

• Linking specific genetic defects to resulting autoimmu-
nity patterns reveals specific self tolerance pathways.

• Additional genetic/environmental factors appear to 
impact monogenic autoimmune processes.

• It is likely that additional genetic defects resulting in 
autoimmunity will be identified.

Down-regulation of the immune response has become a subject 
of increased focus with this area of investigation complement-
ing extensive work done to characterize the differentiation and 
activation of immune cells. Recently described prototypic 
human disorders that affect various immunoregulatory path-
ways have provided important insights into mechanisms 
required for tolerance and the control of immune responses. In 
this chapter we will discuss congenital disorders that impact 
central deletion of autoreactive T cells in the thymus as well as 
those that impact other mechanisms involved in the mainte-
nance of tolerance in the periphery. In all of these disorders the 
clinical phenotype includes autoimmunity together with other 
manifestations.

Autoimmune Polyendocrinopathy, 
Candidiasis, Ectodermal  
Dystrophy (APECED)
APECED (OMIM #240300) is the prototypic disorder of defec-
tive central immune tolerance. It is an autosomal recessive dis-
order characterized by systemic autoimmunity that primarily 
affects endocrine organs, particularly the parathyroid and 
adrenal glands.1,2 Hypoparathyroidism, adrenal insufficiency 
and chronic mucocutaneous candidiasis typically characterize 
the syndrome but patients may also have type 1 diabetes, 
gonadal failure, pernicious anemia, autoimmune hepatitis and 
cutaneous manifestations (Box 13-1).1,2

GENETICS AND IMMUNOPATHOGENESIS

APECED is caused by mutations in the gene encoding the auto-
immune regulator (AIRE), a transcription factor that plays a 
role in ectopic expression of tissue-specific antigens by thymic 

medullary epithelial cells (mTEC). In mice, AIRE-mediated 
self-antigen expression in the thymus has been shown to play a 
significant role in negative selection of autoreactive T cell 
clones.3,4 The mechanism by which AIRE causes expression of 
tissue-specific gene products may be by regulating large-scale 
access to chromatin.

Because naturally arising T regulatory (TREG) cells are also 
thymically derived, AIRE may also play a role in generation of 
TREG cells. This is supported by a transgenic mouse model with 
a monospecific T cell receptor: autoimmunity seen in Aire−/− 
mice results from a combination of defective negative selection 
and defective generation of antigen-specific TREG cells.5 The role 
of AIRE in generation and function of TREG cells has also been 
investigated in APECED where a decreased percentage of 
CD4+CD25high T cells was found. In addition, CD4+CD25high T 
cells expressed less FOXP3 than control cells.6 Furthermore, 
isolated TREG cells from APECED patients had a decreased 
ability to suppress proliferation of effector T cells in vitro.6 
These data suggest that AIRE plays a significant role in the 
generation of functional TREG cells in humans.

In addition to the recognized effector and regulatory T cell 
abnormalities observed in APECED, patients have a propensity 
to develop a broad range of pathogenic, tissue-specific autoan-
tibodies including those directed at the parathyroids, adrenals, 
ovaries, lungs, gut and others.7–9 In addition, neutralizing auto-
antibodies against type I interferons (α and ω), interleukin-17 
(IL-17), and interleukin-22 (IL-22) have been identified in 
many APECED patients and are associated with chronic muco-
cutaneous candidiasis.10–12

DIAGNOSIS AND TREATMENT

APECED is typically suspected in patients who have two of the 
three basic symptoms: hypoparathyroidism (usually manifested 
by hypocalcemia), adrenal insufficiency and mucocutaneous 
candidiasis. Suspicion is raised further by the presence of other 
autoimmune manifestations and a definitive diagnosis can be 
made by sequencing of the AIRE gene.

Despite the impressive autoimmune phenotype, most of the 
therapy for APECED has focused on symptomatic treatment 
including calcium supplementation, steroid replacement and 
the management of diabetes and other endocrinopathies. Par-
ticularly problematic is the mucocutaneous candidiasis, which 
causes significant morbidity and increases the risk of oral 
malignancies. In many patients, the candidal species develop 
reduced sensitivity to azole antifungals over time.13

Immunosuppressants are not routinely used in APECED 
unless patients develop autoimmune hepatitis or renal disease, 
in which azathioprine and cyclosporin A (cyclosporine)  
have shown benefit.2 Recent studies in Aire−/− mice have 
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BOX 13-1 KEY CONCEPTS

IMMUNOPATHOGENESIS OF APECED SYNDROME

• Endocrinopathy: hypocalcemia and adrenal insufficiency 
caused by autoimmunity to parathyroids and adrenals

• Chronic mucocutaneous candidiasis (CMC): caused by neu-
tralizing autoantibodies to IL-17, IL-22 and other cytokines

• Autoimmunity: thymic selection defect prevents appropriate 
elimination of autoreactive T cells and generation of regula-
tory T cells

BOX 13-2 KEY CONCEPTS

IMMUNOPATHOGENESIS OF IPEX SYNDROME

• Enteropathy: severe watery diarrhea caused by autoimmune 
enteropathy

• Endocrinopathy: type I diabetes and thyroiditis caused by 
autoimmunity to pancreas and thyroid

• Autoimmunity: absence of functional regulatory T cells

demonstrated a significant role for B cells and autoantibodies 
in pathogenesis, and one recent case report demonstrated effi-
cacy of B cell depletion therapy in an APECED patient with 
autoimmune lung disease.14,15

Immune Dysregulation, 
Polyendocrinopathy, Enteropathy, 
X-Linked (IPEX)

IPEX syndrome (OMIM #304930) is the prototype of defective 
peripheral immune tolerance. The basic clinical triad of IPEX 
includes autoimmune enteropathy, early onset endocrinopathy 
and dermatitis (Box 13-2).16–18 The enteropathy typically pres-
ents early in life as watery diarrhea, frequently resulting in mal-
nutrition and failure to thrive. Type 1 diabetes is the most 
common endocrinopathy but clinical and/or laboratory evi-
dence of thyroiditis is also common. Eczema is the most 
common dermatitis in IPEX but erythroderma, psoriasiform 
dermatitis and pemphigus nodularis have also been observed.19–21

In addition to the ‘IPEX triad’, most patients with IPEX also 
have other associated autoimmune disorders including autoim-
mune cytopenias, nephropathy or hepatic disease (Torgerson & 
Ochs, unpublished data). These conditions contribute substan-
tially to the morbidity of patients with IPEX and increase the 
risk of death from disease. Patients with the classical form of 
the disease typically die secondary to malnutrition, electrolyte 
imbalance or infection before the age of 2 if not treated with 
aggressive immunosuppression.21

GENETICS AND IMMUNOPATHOGENESIS

IPEX is caused by mutations in the forkhead DNA-binding 
protein FOXP3, which is expressed by CD4+CD25high regulatory 
T cells and is required for TREG cells to develop suppressor 
function.22–26 This has been shown most elegantly in two sepa-
rate knock-in mouse models with CD4+ T cells unable to express 
functional Foxp3. Despite this, the cells still acquired the 
expected cell surface phenotype of a TREG (CD25highCTLA-
4highGITRhigh) but had no suppressive function and developed a 
gene expression profile suggestive of an effector/cytotoxic T cell 
resulting in systemic autoimmunity similar to Foxp3−/−mice.26

Under quiescent conditions, FOXP3 expression is restricted 
primarily to TREG cells, however it can also be inducibly expressed 
in a large percentage of human T cells upon activation.27–30 
Originally shown to be a transcriptional repressor acting on key 
cytokine genes,31–33 recent genome-wide screening approaches 
suggest that FOXP3 functions more commonly as a transcrip-
tional enhancer.34,35

Most pathologic mutations in FOXP3 cluster in three impor-
tant functional domains of the protein: the C-terminal forkhead 
DNA-binding domain, the leucine zipper and the N-terminal 
repression domain.36 Recent studies suggest that FOXP3 physi-
cally and functionally interacts with other transcription factors 
including NFAT, NF-κB, AML-1/RUNX1 and the retinoic acid 
receptor related orphan receptors RORα and RORγt to modulate 
gene transcription at key cytokine promoters.31,32,37

DIAGNOSIS AND TREATMENT

IPEX is generally suspected in any patient who demonstrates at 
least two of the three basic clinical features of IPEX including 
enteropathy, endocrinopathy (type 1 diabetes mellitus or thy-
roiditis) and dermatitis. Flow cytometry using intracellular 
staining for FOXP3 protein to identify FOXP3+ TREG cells is a 
valuable tool to rapidly screen for the absence of TREG. Approxi-
mately 5–7% of the CD4+ T cell population is positive for 
FOXP3 expression in healthy controls and a marked decrease 
suggests a diagnosis of IPEX that may be confirmed by sequenc-
ing of the FOXP3 gene (Figure 13-1). Definitive diagnosis 
involves identification of a mutation in FOXP3 (Torgerson, 
unpublished data).

From a clinical laboratory standpoint, the most consistent 
abnormality among IPEX patients is markedly elevated IgE 
while IgA is also modestly elevated in more than 50% of patients 
(Torgerson, unpublished data). There are no consistent abnor-
malities in absolute lymphocyte numbers and T cells usually 
proliferate normally in vitro.

Adoptive transfer studies in mice have demonstrated that  
the CD4+ T cells from an affected Foxp3−/− male are capable of 
recapitulating the disease phenotype in a lymphopenic recipi-
ent.38 Treatment of IPEX has therefore focused primarily on 
suppression of unregulated, auto-aggressive T cells using cyclo-
sporin A, tacrolimus (FK506) or sirolimus (rapamycin).15,16,39,40 
These are often combined with steroids and/or other immuno-
modulatory agents including methotrexate or azathioprine.40,41 
In cases where there is evidence for pathogenic autoantibodies, 
rituximab (anti-CD20) has proven effective.19 Immunosuppres-
sion is often effective initially and there is one report of a patient 
with IPEX being maintained for a prolonged period; however, 
most patients ultimately fail therapy.42 Currently, bone marrow 
transplantation holds the only hope for a long-term cure43–45 
and reduced intensity regimens seem to be associated with 
better survival.44,45 Rapid diagnosis and transplantation early in 
the course of disease, before the pancreatic islet cells are 
destroyed, should be the goal.

STAT1 Gain of Function  
(STAT1-GOF) Mutations
The signal transducer and activator of transcription (STAT) 
family of DNA-binding proteins are critical mediators of cyto-
kine and growth factor signaling in cells. STAT1 is the primary 
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numbers and appear to have normal function based on a limited 
number of evaluated patients.48

DIAGNOSIS AND TREATMENT

Hyperphosphorylation and delayed dephosphorylation of the 
critical tyrosine residue at position 701 (pY701) has been 
observed in cytokine-stimulated cells from many patients with 
STAT1-GOF mutations and can be measured by flow cytome-
try.47 Unfortunately, the utility of this assay as a screening test 
to identify patients with STAT1-GOF mutations is not yet clear, 
as it is not known whether the phosphorylation defect is con-
sistent. As a result, sequencing of the STAT1 gene remains the 
gold standard for diagnosis.

Treatment of CMC in this disorder typically requires chronic 
or intermittent antifungal therapy, with mixed success. Treat-
ment of the IPEX-like autoimmunity requires aggressive immu-
nosuppression although there has not been a regimen or class 
of agents that has shown consistent efficacy. Steroids, B cell 
depletion therapy, and T cell directed immunosuppression 
(tacrolimus, cyclosporine, etc.) have all been utilized with 
varying results. Bone marrow transplantation (BMT) using a 
matched sibling donor and a reduced intensity conditioning 
regimen has been reported in one Peruvian patient, with tran-
sient clinical improvement, but the patient ultimately died of a 

transcription factor activated by interferons so it plays a major 
role in normal immune responses, particularly to viral, myco-
bacterial and fungal pathogens. Recently described autosomal 
dominant mutations that lead to a gain of STAT1 function 
(STAT1-GOF; OMIM #614162) typically present with CMC but 
may also have disseminated infections with dimorphic yeast or 
mycobacteria and variable forms of autoimmunity.46,47 Recently, 
STAT1-GOF mutations were identified in a cohort of patients 
with IPEX-like autoimmunity (severe early-onset enteropathy, 
dermatitis, thyroiditis and type 1 diabetes).48 All but one of the 
identified patients also had a history of CMC, although in some 
cases the CMC was mild or only occurred after treatment with 
antibiotics.

In addition to IPEX-like autoimmunity and CMC, patients 
had recurrent respiratory infections and bronchiectasis, herpes-
viral infections (HSV and VZV), short stature with growth-
hormone insufficiency, and arterial aneurysms (cardiac and 
CNS) (Box 13-3).48 Unlike IPEX, patients with STAT1-GOF 
mutations had more evidence of humoral immune dysfunction 
including poor vaccine responses, with more than half of  
the patients requiring treatment with immunoglobulin  
replacement therapy, and normal (or mildly elevated) serum 
IgE levels.

GENETICS AND IMMUNOPATHOGENESIS

Inheritance is autosomal dominant, caused by heterozygous 
missense mutations in the STAT1 gene. All of the identified 
mutations that cause a gain of STAT1 function lie within the 
coiled-coil or DNA-binding domains of the STAT1 protein and 
many are associated with increased phosphorylation and 
delayed dephosphorylation of STAT1.47 In most patients, the 
percentage of IL-17 secreting Th17 cells in the CD4+ T cell 
population is markedly reduced but not absent, likely contrib-
uting to the susceptibility to CMC. The mechanism of suscep-
tibility to autoimmunity in this disorder is, however, less clear. 
Regulatory T cells are present in normal to near-normal 

Figure 13-1  Absence of FOXP3+ regulatory T cells in IPEX. Peripheral blood mononuclear cells (PBMCs) from a normal individual and a patient 
with  IPEX  were  fixed,  permeabilized  and  stained  for  the  presence  of  CD4,  CD25  and  FOXP3.  After  gating  on  the  CD4+  T  cell  population,  two-
dimensional analysis demonstrates the absence of CD25+ FOXP3+ regulatory T cells in the PBMCs of a patient with IPEX syndrome due to a mutation 
in the polyadenylation site of the FOXP3 gene. 

Normal IPEX

F
O

X
P

3

CD25

2.6 4.2

90.7 2.5 88.4 8.5

2.5 0.6104

103

102

101

100

104

103

102

101

100
104103101 102100 104103101 102100

BOX 13-3 KEY CONCEPTS

IMMUNOPATHOGENESIS OF STAT1 GAIN-OF-FUNCTION 
SYNDROME

• Chronic mucocutaneous candidiasis (CMC): abnormal genera-
tion of functional Th17 cells

• Immunodeficiency: some patients make insufficient antibody 
responses to vaccination

• Autoimmunity: IPEX-like enteropathy and endocrinopathies, 
may be related to hyperactivation of STAT1 in response to 
interferons
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type 1 diabetes and thyroiditis and two developed significant 
skin disease including eczema, pemphigus nodularis and pso-
riasiform dermatitis.50–52 All three patients developed autoanti-
bodies, hepatosplenomegaly, lymphadenopathy and lymphocytic 
infiltrates in various organs indicative of ongoing immune 
dysregulation.50–54 Unlike IPEX patients, serum IgE levels were 
either mildly elevated or normal.51,52

In addition to autoimmune features, all three CD25-deficient 
patients had infectious complications suggestive of a more 
extensive defect in cellular immunity (Box 13-4). Early-onset, 
recurrent CMV infections occurred in all patients although per-
sistent thrush, candidal esophagitis, chronic gastroenteritis, 
Pseudomonas, staphylococcal and EBV infections were also 
seen.50–53 One patient even failed to reject an allogeneic skin 
graft.55

Genetics and Immunopathogenesis
Inheritance is autosomal recessive leading to a complete lack of 
CD25 protein expression on activated T cells. Mutations 
included a homozygous four base pair deletion in the coding 
region of CD25, a homozygous mutation resulting in a single 
amino-acid substitution (p.S166N) and a compound heterozy-
gous mutation.50–54

Recent studies in Cd25−/− mice have demonstrated that TREG 
cell development is normal. These cells have normal suppressive 
function in vitro but survival, maintenance and competitive 
fitness of the mature TREG cells is abnormal resulting in immune 
dysregulation.55–57 Future efforts to assess TREG cells in CD25-
deficient patients should help to determine whether a similar 
mechanism is at play in humans.

Diagnosis and Treatment
All patients described to date lacked CD25 expression on T cells, 
suggesting that flow cytometry is an effective screening tool. 
Sequencing of the CD25 gene is, however, recommended to 
confirm the diagnosis.

Because of the ‘SCID-like’ features of this syndrome, one 
patient underwent a successful bone marrow transplant from a 
matched sibling donor and has done well.53,54 It is possible, 
however, that patients may respond to IL-2 therapy via the 
remaining low-affinity IL-2 receptor since the T cell prolifera-
tive defect was corrected in one patient ex vivo with high dose 
IL-2 or IL-15.

STAT5B DEFICIENCY

Deficiency of the STAT5B transcription factor (OMIM #245590) 
causes a rare autosomal recessive disorder reported in only  
a handful of patients.58–60 STAT5B mediates signaling from 
the human growth factor receptors such that clinical  
features include dwarfism, prominent forehead, saddle nose and 

presumed respiratory infection following graft rejection.49 At 
least three other patients with STAT1-GOF mutations have 
undergone successful BMT but are not yet reported suggesting 
BMT may be a viable approach in patients with severe disease.

Defects in IL-2 Signaling
Since the realization that mice lacking CD25 (the α-chain of 
the IL-2 receptor) have a phenotype similar to Foxp3−/− mice, 
there has been a suspicion that defects that blunt IL-2 signaling 
in T cells might lead to an IPEX-like presentation in humans 
(Figure 13-2).

CD25 DEFICIENCY

Three unrelated patients with CD25 deficiency (OMIM 
#606367) have now been described. Similar to IPEX, all three 
patients developed severe, chronic diarrhea and villous atrophy 
in infancy (1 month, 6 weeks and 8 months of age).50–52 Two of 
the patients developed endocrinopathies including early-onset 

Figure 13-2  The  role  of  CD25  and  STAT5b  in  the  IL-2  signaling 
pathway. The  illustration demonstrates  the  relative positions of CD25 
and STAT5 (marked by *) in the IL-2 signaling pathway. Binding of IL-2 
to the IL-2 receptor (made up of an α-chain [CD25], a β-chain and a γ-
chain [γc]) causes cross-phosphorylation of receptor chains on tyrosine 
by  receptor-associated  JAK1  and  JAK3  kinases.  Unphosphorylated 
STAT5  binds  to  phosphotyrosine  residues  on  the  activated  receptor 
using its SH2 domain (1). STAT5 is then phosphorylated on tyrosine by 
the  JAK  kinases  and  released  from  the  receptor  where  it  dimerizes 
through binding of the SH2 domain on one subunit to the phosphoty-
rosine  residue  on  the  adjacent  subunit  and  vice  versa  (2).  Dimerized 
STAT5  accumulates  in  the  nucleus  where  it  directly  binds  to  specific 
sites in the FOXP3 and CD25 promoters causing sustained expression 
of these two proteins in regulatory T cells (3). In contrast to deficiency 
in CD25 and STAT5b which causes an IPEX-like phenotype, mutations 
in the IL-2 receptor gamma chain or in JAK3 (both marked with #) cause 
a phenotype of severe combined immunodeficiency (SCID). 
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BOX 13-4 KEY CONCEPTS

IMMUNOPATHOGENESIS OF CD25 DEFICIENCY

• Autoimmunity: IPEX-like enteropathy and endocrinopathies, 
a result of regulatory T cell dysfunction

• Immunodeficiency: mild to moderate T cell lymphopenia and 
poor T cell proliferative responses in vitro associated with 
recurrent/chronic viral infections



128 SECTION B Immunologic Diseases

IL-2 induced expression of other effector molecules, such as 
perforin, remained intact in STAT5B-deficient T cells.65

Diagnosis and Treatment
Diagnosis of STAT5B deficiency is suspected in patients with 
the overt physical features of dwarfism combined with a signifi-
cant immunodeficiency. Patients typically have normal serum 
growth hormone levels but very low insulin-like growth factor 
1 (IGF-1) levels.63,64 Immunologically, patients generally have 
low NK cell numbers and modest T cell lymphopenia.59,65 
Sequencing of the STAT5B gene should be done to confirm the 
diagnosis.

Treatment of patients with STAT5B deficiency is generally 
focused on symptomatic therapy and prophylaxis against infec-
tions. There are no published reports of bone marrow trans-
plantation (BMT) for STAT5B deficiency although murine 
studies demonstrate that BMT is curative in mice lacking 
Stat5a/5b. suggesting that this would correct the immune defi-
ciency and dysregulation but not the growth abnormalities.66

Autoimmune Lymphoproliferative 
Syndrome
Initial reports of patients presenting with lymphadenopathy 
and hepatosplenomegaly associated with autoimmune cytope-
nias and increased gammaglobulins were followed 25 years later 
by a report that identified similar patients also noted to have a 
marked increase in circulating α/β-TCR+CD3+CD4−CD8− T 
cells. These α/β double negative T (DNT) cells normally con-
stitute less than 1.5% of peripheral blood lymphocytes in adults 
(Figure 13-3).67,68 The combination of findings led to the sug-
gestion that this could represent the human equivalent to the 
lpr and gld murine models of autoimmunity.68

Following the discovery that mutations in the genes encod-
ing FAS and FAS ligand caused disease in the murine auto-
immunity models, two studies identified heterozygous FAS 
(TNFRSF6) mutations in these patients, yielding the term auto-
immune lymphoproliferative syndrome (ALPS) to describe this 
disorder.69,70 An increasing number of patients with mutations 

a high-pitched voice. Since STAT5B is also the primary tran-
scription factor that mediates IL-2 stimulated gene transcrip-
tion in T cells, most patients also have a marked immunodeficiency, 
with recurrent varicella virus, herpes virus and Pneumocystis 
jiroveci infections (Figure 13-2).59–61

In addition to immunodeficiency, most patients also have 
symptoms suggestive of immune dysregulation including 
chronic, early-onset diarrhea, eczema and lymphocytic intersti-
tial pneumonitis (Box 13-5).58–60 Mice lacking Stat5b have a 
significant reduction in the number of Foxp3+ TREG cells in 
thymus and spleen, resulting in splenomegaly and a marked 
increase of activated T cells in the periphery.62–64

Genetics and Immunopathogenesis
Two patients have been studied for the effect of STAT5B defi-
ciency on TREG cells. One had a homozygous missense mutation 
(A630P) and the second had a homozygous nonsense mutation 
(R152X). Both mutations resulted in markedly reduced or absent 
STAT5B expression.63,65 These patients had significantly fewer 
CD4+CD25high cells than normal controls, FOXP3 expression was 
decreased and the cells had no in vitro suppressive activity.59,65 In 
addition, decreased CD25 expression (~20% of normal) was 
observed following T cell activation and is thought to synergize 
with the underlying STAT5B mutation to effectively abrogate 
IL-2 signals required for the maintenance of FOXP3 expression 
and TREG function. Interestingly, signaling pathways required for 

BOX 13-5 KEY CONCEPTS

IMMUNOPATHOGENESIS OF STAT5B DEFICIENCY

• Growth abnormalities: dwarfism due to growth hormone 
insensitivity (growth hormone levels normal but insulin-like 
growth factor 1 levels very low)

• Autoimmunity: IPEX-like enteropathy plus other autoimmu-
nity (particularly pulmonary) as a result of low regulatory T cell 
numbers

• Immunodeficiency: mild to moderate T and NK cell deficiency 
associated with recurrent/chronic viral and fungal infections

Figure 13-3  Double negative T cells in ALPS. Flow cytometric evaluation of peripheral blood from a control patient (A) and an ALPS patient (B) 
demonstrating the increase of mature lymphocytes expressing the T cell receptor αβ (X axis), that lack CD4 and CD8 co-receptor expression (Y axis) 
in ALPS. 
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autoimmune hemolytic anemia either alone or together with 
autoimmune thrombocytopenia. Some ALPS patients may also 
develop neutropenia that is either immunologically mediated 
or secondary to hypersplenism. Dermatologic findings seen in 
ALPS most commonly include urticarial rashes. Infrequent 
autoimmune disorders include glomerulonephritis, polyneu-
ropathy, autoimmune hepatitis and Guillain-Barré syndrome. 
A life-threatening ALPS manifestation is the dramatically 
increased incidence of lymphoma with germline FAS muta-
tions. The increased relative risk is 149 for Hodgkin’s disease 
and 61 for non-Hodgkin’s lymphomas (Box 13-6).81

The laboratory findings in ALPS are summarized in Box 
13-7. Immunophenotyping reveals expansion of α/β DNT cells, 
often together with lymphocytosis. Other frequent abnormali-
ties include an expansion of HLA-DR+ and a decrease in the 
CD25+ T cells plus very low numbers of CD20+CD27+ (memory) 
B cells.82 A polyclonal increase in serum immunoglobulins is 
often observed, usually involving IgG and/or IgA. Autoantibod-
ies directed against platelets and neutrophils not linked to the 
degree of cytopenias, as well as anti-phospholipid antibodies, 
are present in 70–80% of the patients.83 IL-10 is markedly ele-
vated in the serum of ALPS patients; that is at least in part from 
the α/β DNT cells and circulating monocytes.84 More recently, 
elevated serum IL-18, soluble FASLG and vitamin B12 levels have 
been found. In the presence of elevated α/β DNT cells, these 
biomarkers strongly correlate with the presence of FAS muta-
tions.85,86 Histologically, the enlarged lymph nodes in ALPS 
show follicular hyperplasia and marked paracortical expansion 
with infiltrating α/β-DNT cells, immunoblasts and plasma 
cells.87

in FAS have been identified, including some patients originally 
described by Canale and Smith.71 However, patients with fea-
tures of ALPS have been found without germline FAS mutations 
in whom defects in FAS ligand (FASLG) or the intracellular 
apoptotic protein, caspase 10 (CASP10), were identified.72,73 
Additionally, somatic mutations primarily in α/β DNT cells 
have been found in patients who presented with clinical ALPS 
without germline FAS mutations.74,75 Additional patients who 
present with some ALPS features but additional distinctive fea-
tures have been characterized with somatic defects in the NRAS 
and KRAS genes, a disorder associated with defective intrinsic, 
mitochondria-mediated lymphocyte apoptosis.76,77 A small 
group of ALPS-like patients also have been identified with 
mutations in the gene encoding caspase 8 associated with fea-
tures of immunodeficiency and now referred to as caspase eight 
deficiency state (CEDS).78 Finally, there remain patients with an 
ALPS-like phenotype who have none of the defined genetic 
defects.

The typical clinical course in ALPS (OMIM #601859) begins 
within the first 5 years of life with nonmalignant, noninfectious 
peripheral lymphadenopathy.79–81 This is often associated with 
splenomegaly and hypersplenism (Figure 13-4) that has been 
treated with splenectomy (no longer recommended due to the 
unusually high risk for S. pneumoniae related systemic infec-
tion).81 Clinically apparent autoimmunity is seen in about 50% 
of the patients, most commonly presenting as Coombs positive 

Figure 13-4  Lymphoid  accumulation  in  ALPS.  Positron  emission 
tomography  demonstrating  increasing  fluorodeoxyglucose  uptake  on 
cervical, axillary and inguinal lymph nodes as well as an enlarged spleen 
in ALPS. 

BOX 13-6 KEY CONCEPTS

IMMUNOPATHOGENESIS OF AUTOIMMUNE 
LYMPHOPROLIFERATIVE SYNDROME

• Lymphadenopathy: persistence of lymphocytes that normally 
would die

• Autoimmunity: failure to eliminate autoreactive lymphocytes
• Lymphoma: inability to eliminate lymphocyte oncogenic 

mutations

BOX 13-7 LABORATORY FINDINGS IN 
AUTOIMMUNE LYMPHOPROLIFERATIVE 
SYNDROME

IMMUNOLOGIC

Lymphocytes
Increase: α/β double negative T cells, CD8 T cells, B cells
Decrease: CD4/CD25 T cells, CD27+ B cells

Immunoglobulins: increased IgG, IgA, and IgE
Cytokines: increased levels of serum IL-10, IL-18
Increased soluble FAS ligand
Autoantibodies: directed at blood cells

HEMATOLOGIC

Lymphocytosis
Anemia
Thrombocytopenia
Neutropenia
Eosinophilia

CHEMISTRY

Increased vitamin B12 level
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• ALPS-sFAS: somatic mutation in the gene encoding FAS 
(TNFRSF6)

• ALPS-FASLG: mutation in the gene encoding FAS ligand 
(TNFSF6)

• ALPS-CASP: mutation in the gene encoding caspase 10 
(CASP10)

• ALPS-U: unknown, no known mutation.

DIAGNOSIS AND TREATMENT

The initial presentation of lymphadenopathy often raises the 
issue of malignancy that generally requires a biopsy to differen-
tiate. The initial findings can also be suggestive of a chronic viral 
infection such as Epstein-Barr virus (Box 13-8), although there 
is no evidence to support a role for EBV. The autoimmunity 
seen in ALPS patients is most commonly directed against eryth-
rocytes and platelets. The laboratory findings associated with 
the autoimmunity do not distinguish ALPS patients from those 
who do not have this disorder.

The diagnostic triad for ALPS is nonmalignant, noninfec-
tious lymphoaccumulation, defective in vitro FAS-mediated 
lymphocyte apoptosis, and increased levels of α/β DNT cells 
(Box 13-9). Flow cytometric evaluation of peripheral blood 
lymphocytes is necessary to evaluate for increased levels of α/β 
DNT cells (Box 13-7). The assessment of FAS-mediated lym-
phocyte apoptosis or identification of a FAS mutation (or other 
ALPS associated genetic defect) is required to establish this 
diagnosis. Mutation analysis should begin with FAS as the most 
common finding but if these studies are unrevealing, the next 
step when biomarkers are positive is purification of α/β DNT 
cells for FAS sequencing to exclude somatic mutations. If these 
studies also are negative, the genes encoding FASLG and caspase 
10 should be sequenced. As previously noted, there remain 
patients who meet the criteria for diagnosis of ALPS without 
defined genetic abnormalities (ALPS-U).

The lymphoid expansion typically diminishes with age, thus 
therapy directed at this is generally not necessary. Splenomegaly 
is often associated with hypersplenism, but splenectomy should 

GENETICS AND IMMUNOPATHOGENESIS

The majority of ALPS patients have germline heterozygous FAS 
mutations with the majority affecting the intracellular domains 
of the gene (~73%) while a smaller number impact the trans-
membrane domains (~6%) and the extracellular domains 
(~21%).79,81,88 The site of the mutation has a direct impact on 
the development of disease manifestation with mutations in the 
intracellular FAS domains correlating with higher penetrance 
and more severe clinical manifestations.89 The intracellular 
mutations typically act in a dominant negative manner while 
extracellular mutations not affecting the pre-ligand assembly 
domain usually result in haploinsufficiency.90,91

Recently, somatic FAS mutations, detected primarily in α/β 
DNT cells, have been described in a number of patients with 
sporadic ALPS.74,75 A minority of ALPS patients do not have 
germline or somatic FAS mutations. Evaluation of the gene 
encoding FASLG identified two patients with typical findings of 
ALPS associated with heterozygous mutations while homozy-
gous FASLG mutations have been found in a limited number of 
patients with a severe ALPS phenotype.76,92,93 Likewise, a small 
number of patients have been demonstrated to have a defect in 
the intracellular apoptotic protein, caspase 10 (Figure 13-5).72 
Recent work has identified somatic NRAS and KRAS mutations 
in patients with some ALPS features that are associated with an 
intrinsic pathway apoptotic abnormality. This group of patients 
is now classified separately as RAS-associated autoimmune leu-
koproliferative disease (RALD).76,77,94 The current classification 
scheme for ALPS is:94

• ALPS-FAS: germline mutation in the gene encoding FAS 
(TNFRSF6)

Figure 13-5  Lymphocyte apoptosis pathways. Lymphocytes have two 
main pathways of apoptosis,  regulated either by  surface  receptors of 
the TNF superfamily (extrinsic pathway) or proteins of the BCL-2 family 
(intrinsic pathway). The majority of ALPS patients have a defect  in the 
extrinsic pathway involving FAS but some ALPS patients also have been 
reported with a defect in the intrinsic pathway. 
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BOX 13-8 KEY CONCEPTS

AUTOIMMUNE LYMPHOPROLIFERATIVE SYNDROME 
DIFFERENTIAL DIAGNOSIS

• Lymphoid malignancy
• Chronic viral infection
• Primary autoimmune hemolytic anemia
• Primary idiopathic thrombocytopenic purpura

BOX 13-9 KEY CONCEPTS

DIAGNOSTIC CRITERIA FOR AUTOIMMUNE 
LYMPHOPROLIFERATIVE SYNDROME

Required

• Nonmalignant lymphadenopathy
• Increased percentage and/or numbers of α/β T cell receptor 

double negative T cells
• Defective in vitro lymphocyte apoptosis

Supportive

• Autoimmune disease
• Family history
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for hematological malignancy although there is one case report 
of a RALD patient developing juvenile myelomonocytic 
leukemia.99

All 12 patients with RALD in the NIH cohort harbor somatic, 
gain-of-function mutations in KRAS or NRAS, which are 
present only in blood cells. These mutations diminish RAS 
GTPase activity by over 300-fold and lock the molecule in an 
‘on’ position.100 This permanent activation state increases cell 
signaling through the RAS-ERK pathway, inducing apoptotic 
defects and increased cell proliferation.76,77,98

Protein Kinase C Delta Deficiency
An ALPS-like patient with lymphadenopathy, splenomegaly, 
multiple autoantibodies and elevated IgG was found to have a 
homozygous loss of function mutation in the gene encoding 
protein kinase C delta (PKCδ).101 The mutation resulted in ex 
vivo B cell hyperproliferation and the lymph node histology of 
intense follicular hyperplasia and progressive transformation of 
germinal centers. Both of these findings mirror the PKCδ knock-
out mouse model. The defect also altered NK cell function, 
causing chronic EBV infection. Flow cytometry demonstrated 
expansion of CD5+CD20+ B cells and mild elevation of α/β DNT 
cells that were not present in the lymph nodes. This patient 
responded to rapamycin therapy with marked decrease in sple-
nomegaly and hyperglobulinemia. An additional report identi-
fied a second patient with a homozygous loss of function PKCδ 
mutation who presented with a somewhat different clinical phe-
notype.102 Additionally, three children from one consanguine-
ous family have been reported with homozygous loss of function 
PKCδ mutations linked to mendelian systemic lupus erythema-
tosus.103 Taken together, these findings suggest that PKCδ plays a 
central role in B cell tolerance and prevention of self reactivity.

Conclusions
In recent years, identification of the genetic defects linked to 
patients with congenital systemic autoimmunity has led to the 
definition of a new class of PIDD (primary immunodeficiency 
disease) in which the defect impacts the regulatory compart-
ment of the immune system. Lessons learned from these dis-
orders have clarified aspects of thymic selection, TREG function, 
FAS mediated apoptosis and intrinsic apoptosis mediated via 
RAS proteins. There are a number of unresolved issues that 
include defining other contributing genetic and/or environ-
mental factors and clarifying the basis for the specific patterns 
of autoimmunity seen in these disorders. Studying these experi-
ments of nature will continue to be a fertile field of investiga-
tion over the coming years as we strive to uncover the basic 
mechanisms of immune tolerance.

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

be discouraged owing to the significant risk of infections post 
splenectomy.81 The autoimmune cytopenias typically respond 
to corticosteroids, which also decrease lymphadenopathy 
(rapidly reappears after discontinuing therapy). Exacerbations 
are not uncommon in some patients who may become resistant 
to conventional therapy. Mycophenolate mofetil can be useful 
in thrombocytopenic patients unresponsive to conventional 
therapy95,96 and rituximab has proven useful when mycopheno-
late mofetil is ineffective.96 Finally, rapamycin has been used 
experimentally with improvement in lymphadenopathy as well 
as control of autoimmunity.97 Importantly, the increased risk 
for the development of lymphoma appears to be lifelong and 
careful vigilance is required to monitor all individuals with 
germline FAS mutations.

RAS Associated Autoimmunity 
Lymphoproliferative Disorder
From a clinical standpoint, there exist a number of patients with 
some ALPS features but without defects in the FAS pathway. 
The genetic basis in some of these patients was established with 
the description of a patient whose disorder was caused by a 
somatic NRAS mutation.76 The patient had persistent spleno-
megaly, minimally increased α/β DNTs, autoantibodies and a 
history of lymphoma. He also had unique features including a 
history of significant leukocytosis early in life, persistent mono-
cytosis and lymph node histology without α/β DNT cell infil-
tration. Later, similar patients were found to have heterozygous 
mutations in KRAS.77 The disease was named RAS associated 
autoimmune leukoproliferative disorder (RALD).94

The age at diagnosis can vary between 1 and 47 years of life. 
RALD presents with a generally mild degree of peripheral 
lymphadenopathy, significant splenomegaly and autoimmune 
cytopenias. In some patients, a history of recurrent mild upper 
and lower respiratory tract infections can be elicited.76,77,98 
Unlike ALPS, patients with RALD have transient or persistent 
elevation in granulocytes and monocytes. Some RALD patients 
have a clinical and laboratory phenotype early in life similar to 
juvenile myelomonocytic leukemia (JMML). However, unlike 
patients with JMML, the clinical course is chronic and benign. 
Immunophenotyping reveals mild to no elevation in α/β DNTs 
and an expansion of B cells with normal or modestly decreased 
total lymphocyte numbers. Autoantibodies are typically detected 
including anti-nuclear antibodies, rheumatoid factor, anti-
phospholipid, anti-cardiolipin, anti-platelet, anti-neutrophil 
and/or anti-red cell antibodies.76,77,98 ALPS biomarkers are 
normal, as is in vitro FAS-induced apoptosis. In contrast, RALD 
patients demonstrate ex vivo T cell resistance to IL-2 withdrawal-
induced cell death, pointing to a fundamentally different apop-
totic defect.76,77 The histopathologic findings include nonspecific 
polyclonal plasmacytosis with reactive secondary follicles, but 
without the typical paracortical expansion with α/β DNT cells 
in ALPS. It is not known if these patients are at increased risk 
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KEY POINTS

• In the majority of the autoinflammatory diseases innate 
immune system dysregulation is the cause of the 
inflammation.

• Most of these conditions have a monogenic cause.

• Discovery of these genes leads to better understanding 
of the inflammatory pathways and the mechanisms of 
inflammation.

• These disorders both share common features such as 
fever, rash, serositis and musculoskeletal findings and 
also have disease-specific, unique features such as the 
type of rash, duration of fever and involved organ 
systems.

• Better understanding of the mechanisms of these condi-
tions and the discovery of the genes have led to early 
recognition and better, more effective treatments with 
a subsequent decrease in morbidity and mortality and 
greatly improved outcomes and quality of life.

The	 finding	 of	 the	 ‘familial	 Mediterranean	 fever’	 gene	 in		
1997	 triggered	 the	 discovery	 of	 additional	 genes	 and	 new	
inflammatory	 pathways,	 improving	 our	 understanding	 of	
inflammation	and	making	possible	more	effective	treatments	in	
patients	 with	 these	 conditions.	 Periodic	 fever	 syndromes	 are	
now	 grouped	 under	 the	 term	 ‘autoinflammatory	 disorders’	
(AD),	a	field	which	is	a	prime	example	of	translational	research	
and	innovation.1–4	Despite	the	achievement	of	significant	mile-
stones	in	this	field,	many	questions	remain	unanswered,	either	
due	 to	 complex	 and/or	 controversial	 genetic	 inheritance	 pat-
terns	(such	as	single	mutation	in	a	recessive	disorder)	or	due	to	
yet	undiscovered	pathways.

Unlike	autoimmune	conditions,	autoantibodies	or	antigen-
specific	 T	 cells	 are	 lacking,	 and	 monocytes	 and	 neutrophils		
are	 the	 major	 effector	 cells	 rather	 than	 lymphocytes.	 These		
syndromes	 are	 now	 considered	 inborn	 errors	 of	 innate	
immunity.5

Most	of	the	known	mutations	found	in	AD	involve	proteins	
that	 modulate	 inflammation	 and	 apoptosis.	 Improved	 under-
standing	 of	 inflammatory	 pathways	 has	 led	 to	 the	 concept	 of	
autoinflammation,	which	now	includes	not	only	the	monogenic	
conditions,	 such	 as	 familial	 Mediterranean	 fever	 (FMF),	 TNF	
receptor-associated	periodic	fever	syndrome	(TRAPS),	familial	
cold	 autoinflammatory	 syndrome	 (FCAS)	 and	 mevalonate	
kinase	 deficiency	 (MKD	 –	 formerly	 known	 as	 hyper	 IgD	
syndrome-HIDS),2,6	but	also	several	polygenic	and	multifacto-
rial	conditions	such	as	Crohn’s	disease	and	systemic	onset	juve-
nile	 idiopathic	 arthritis	 (SoJIA).	 The	 boundary	 between	 the	
autoimmune	 (adaptive	 immunity)	 and	 the	 autoinflammatory	

(innate	 immunity)	diseases	has	become	more	obscure.7	While	
immunodeficiencies	 with	 ‘immune	 dysregulation’	 have	 been	
linked	to	AD,	new	autoinflammatory	syndromes	with	features	
of	immunodeficiency	have	also	been	described.2,6,8

Numerous	attempts	 to	group	or	classify	autoinflammatory	
disorders	 have	 been	 made.3,9–11	 However,	 until	 we	 understand	
the	inheritance	patterns	as	well	as	the	influence	of	the	environ-
ment,	 epigenetic	 factors	 and	 their	 interactions,	 any	 classifica-
tion	 modality	 will	 remain	 arbitrary	 or	 artificial.	 This	 chapter	
gives	an	overview	of	autoinflammatory	disorders	with	a	focus	
on	the	monogenic	types.

Common Features
Periodicity	and	fever	are	the	cardinal	features	of	many	AD,	but	
some	 may	 have	 a	 more	 chronic	 and/or	 afebrile	 course.	 The	
inflammatory	response	is	typically	localized	to	serosa,	skin,	eyes,	
lymph	 nodes	 and	 the	 musculoskeletal,	 gastrointestinal	 and	
nervous	 systems.	 The	 majority	 of	 AD	 present	 with	 recurrent	
episodes	 of	 inflammatory	 states,	 typically	 with	 fever	 and	 ele-
vated	inflammatory	markers	(C-reactive	protein	[CRP],	eryth-
rocyte	 sedimentation	 rate	 [ESR],	 serum	 amyloid	 A	 proteins	
[SAA]).	Tables	14-1	and	14-2	summarize	the	typical	features	of	
these	disorders.	In	addition,	blood	count	abnormalities	(leuko-
cytosis,	thrombocytosis,	anemia)	and	elevated	immunoglobulin	
levels	 are	 commonly	 seen.	 Patients	 are	 usually	 asymptomatic	
between	the	attacks,	though	in	the	severe	forms	longer	duration	
of	symptoms	may	occur.12,13	Variability	of	features	is	seen	within	
each	 syndrome,	 even	within	 the	 same	 family.	There	may	be	a	
prodromal	period	with	nonspecific	features,	such	as	fatigue	and	
headaches.

When	a	patient	presents	with	recurrent	fevers,	the	differen-
tial	remains	broad	and	includes	infectious,	rheumatologic	and	
oncologic/lymphoproliferative	 causes,	 as	well	 as	 immunodefi-
ciencies.	 The	 longer	 the	 period	 of	 repeated,	 stereotypical	 epi-
sodes,	especially	with	fevers	and	systemic	features	affecting	skin,	
mucosa,	 eyes,	 musculoskeletal,	 gastrointestinal	 and	 nervous	
systems,	 the	 greater	 the	 likelihood	 of	 an	AD.	 Since	 the	 pene-
trance	 of	 the	 mutations	 is	 not	 100%	 and	 de	 novo	 mutations	
may	occur,	a	negative	family	history	does	not	exclude	a	particu-
lar	 diagnosis.	 A	 family	 history	 of	 amyloidosis,	 chronic	 renal	
disease	and	deafness	would	strengthen	the	possibility.

When	 AD	 are	 considered,	 genetic	 testing	 may	 be	 helpful		
in	 confirming	 the	 diagnosis.	 However,	 up	 to	 60%	 or	 more	
patients	may	have	negative	genetic	 testing,	despite	classic	 fea-
tures	consistent	with	a	particular	syndrome,13	which	could	be	a	
result	 of	 unknown	 genetic	 defects	 in	 the	 same	 inflammatory	
pathway,	epigenetic	 factors,	 somatic	mosaicism	or	phenotypic	
variability.

Genotype	 databases	 and	 other	 collaborative	 registries	 (e.g.	
Infevers:	http://fmf.igh.cnrs.fr/infevers;	Eurofever,	EuroTRAPS)	
have	been	established	and	more	 than	1,000	 sequence	variants	

http://fmf.igh.cnrs.fr/infevers
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E148Q,	are	also	described.	The	allele	frequency	of	E148Q	is	10%	
to	20%	in	Asians	and	1%	to	2%	in	Caucasians.27,28

FMF	 episodes	 may	 be	 triggered	 by	 physical	 or	 emotional	
stress,	 infections,	 exercise,	 menstruation	 and	 diet.	 An	 attack	
may	be	preceded	by	malaise,	irritability	and	decreased	appetite.	
Major	 features	 are	 fever	 and	 abdominal	 pain	 due	 to	 serositis,	
mostly	peritonitis	(95%),	recurrent	attacks	of	which	may	cause	
adhesions.	Pleuritis,	which	is	usually	unilateral,	is	seen	in	about	
40%	 of	 patients,	 while	 pericarditis	 is	 rare	 in	 FMF.	 Orchitis	
occurs	in	about	5%	and	is	more	common	in	children.	Arthritis/
arthralgia	 affects	 primarily	 the	 lower	 extremities	 and	 is	 tran-
sient,	 resolving	 without	 any	 sequelae,	 though	 some	 patients	
may	 develop	 chronic	 destructive	 arthritis.	 Exercise-induced	
myalgia	may	occur	during	an	episode.	The	erysipelas-like	rash,	
commonly	seen	around	the	ankles,	is	a	relatively	unique	feature	
of	FMF	and	occurs	in	about	20%	to	30%	of	patients.	Prolonged,	
severe	muscle	pain	affecting	 lower	extremities	and	abdominal	
muscles,	known	as	protracted	febrile	myalgia,	may	rarely	occur	
and	 is	 responsive	 to	 steroid	 therapy.	 Occasionally,	 there	 is	 an	
accompanying	 vasculitic	 rash.29,30	 Laboratory	 investigation	
reveals	 leukocytosis	 and	 elevated	 inflammatory	 markers.	 SAA	
and	S100A2	levels4,31,32	may	be	used	to	follow	disease	activity.

Diagnosis	is	still	primarily	clinical	because	about	25%	of	the	
patients	 have	 a	 negative	 genetic	 analysis	 for	 MEFV	 mutation.	
Furthermore,	a	significant	number	of	patients	with	homozygos-
ity	never	develop	clinical	features,	while	about	30%	to	40%	of	
the	 patients	 with	 FMF	 are	 heterozygotes.	 This	 variability	 is	
thought	 to	 be	 due	 to	 the	 dose	 effect	 of	 the	 mutated	 protein.	
Clinical	criteria	for	diagnosis	in	adults	were	proposed	by	Livneh	
in	 199733	 and	 guidelines	 for	 diagnosis	 in	 children	 have	 been	
published.34	Both	sets	of	criteria	are	highly	specific	and	sensitive	
in	 areas	 of	 high	 prevalence,	 but	 not	 in	 less	 prevalent	 areas.	
Certain	vasculitides	such	as	Henoch-Schönlein	purpura	(HSP)	
and	 polyarteritis	 nodosa	 (PAN)	 have	 increased	 frequency	 in	
FMF	patients.29	Behçet’s	disease	is	also	more	common	in	carri-
ers	and	FMF	patients.35

Colchicine	 is	 the	 mainstay	 of	 the	 treatment	 of	 FMF28	 and	
eliminates	 or	 substantially	 decreases	 symptoms	 in	 about	95%	
of	patients.	More	importantly,	regular	use	of	colchicine	prevents	
the	development	of	amyloidosis,	the	major	contributor	to	mor-
bidity	and	mortality	in	these	patients.	Before	colchicine	use,	up	
to	75%	of	patients	would	develop	amyloidosis	after	the	age	of	
40	years.	Risk	factors	for	amyloidosis	include	M694V	mutation,	
male	gender,	SAA	α/α	genotype	and	family	history	of	amyloi-
dosis.30,36	Environmental	 factors	also	play	a	crucial	 role	 in	 the	
development	of	amyloidosis.22,37

To	date,	the	mechanism	of	action	of	colchicine	in	FMF	is	not	
well	understood.	Colchicine	accumulates	primarily	 in	neutro-
phils	and	is	postulated	to	affect	neutrophil	adhesion	and	mobil-
ity	by	binding	to	the	cytoskeleton	of	the	cells30	and	preventing	
microtubule	 elongation.	 It	 is	 generally	 well	 tolerated	 with	
minimal	side-effects,38	diarrhea	being	the	most	common	(10–
20%).39	 Acute	 toxicity	 from	 an	 overdose	 can	 be	 very	 serious	
since	 it	 has	 a	 narrow	 therapeutic	 window.	 Studies	 have	 sug-
gested	that	it	is	safe	to	use	during	pregnancy	and	lactation	and	
does	 not	 affect	 fertility.40	 Colchicine	 is	 used	 as	 a	 preventative	
therapy.	Intermittent	use	or	increasing	the	dose	during	attacks	
has	no	role	in	management	of	FMF.	Colchicine	resistance	is	rare	
(<	5%),	 therefore	 an	 alternative	 diagnosis	 or	 noncompliance	
should	be	considered	in	nonresponsive	patients.	IL-1-blocking	
drugs	 (anakinra,	 rilonacept,	 canakinumab)	 are	 the	 drugs	 of	
choice	in	colchicine	resistant	or	intolerant	patients.40

of	these	diseases	have	been	registered,14	including	many	variants	
of	unclear	significance.

In	 recent	 years,	 based	 on	 the	 inheritance	 pattern,	 age	 of	
onset,	duration,	frequency	and	associated	features	of	the	attacks	
and	ethnicity,	decision-making trees	have	been	proposed	in	the	
evaluation	of	patients	with	periodic	inflammatory	episodes,15,16	
but	 these	 algorithms	 are	 most	 applicable	 in	 areas	 of	 higher	
prevalence.

Pathogenesis
An	exaggerated	inflammatory	response	appears	to	occur,	due	to	
increased	sensitivity	to	normal	or	insignificant	stimuli,	or	due	to	
the	inability	of	the	immune	system	to	dampen	normal	responses	
in	an	efficient	and	timely	manner.	Most	of	the	mutated	proteins	
in	these	disorders	are	members	of	the	death-domain	fold	(DDF)	
family,	which	are	involved	in	apoptosis,	NF-κB	activation	and	
proinflammatory	cytokine	production.	More	recently,	another	
mechanism	was	found:	the	role	of	protein	misfolding	in	increas-
ing	cellular	stress,	causing	an	increase	in	reactive	oxygen	species,	
which	 in	 turn	 triggers	 an	 exaggerated	 inflammatory	 response	
with	only	minimal	secondary	stimuli	such	as	lipolysaccharide.	In	
addition,	 defects	 in	 autophagy	 and	 proteasome	 function	 are	
other	possible	pathways	causing	autoinflammation.17	There	have	
been	conflicting	results	of	the	studies;	these	may	be	related	to	
differences	in	experimental	models.	It	is	possible	that	these	pro-
teins	assume	different	roles	under	different	situations	and	that	
the	dosage	of	gene	and	other	modifier	genes	have	effects	on	the	
immune/inflammatory	 pathways	 contributing	 to	 the	 variable	
presentations	of	the	diseases.5,17–20

Familial Mediterranean Fever (FMF)
FMF	was	the	first	described	autoinflammatory	disease:	in	1908	
by	Janeway	and	Rosenthal	in	a	Jewish	girl,	and	in	1945	by	Siegal.	
The	initial	spread	of	FMF	can	be	traced	back	to	Mesopotamia	
2,500	years	ago.	It	is	an	autosomal	recessive	condition	reported	
worldwide,	but	most	patients	have	ancestry	 in	 the	Mediterra-
nean	 basin,	 particularly	 in	 the	 Middle	 East,	 where	 the	 preva-
lence	is	1:250	to	1:1,000,21	with	a	carrier	frequency	as	high	as	1	
in	3	to	5,	suggesting	survival	via	an	enhanced	innate	immune	
response.	Carriers	of	the	FMF	gene	have	a	heightened	inflam-
matory	response,	supporting	this	hypothesis.22,23	After	mapping	
of	the	FMF	susceptibility	locus	to	chromosome	16p	in	1992,24	
the	 mutated	 gene,	 named	 MEFV	 (MEditerranean	 FeVer)	 was	
discovered	by	two	independent	groups	using	positional	cloning	
in	 1997.25,26	 The	 deduced	 protein	 pyrin	 (the	 Greek	 for	
‘fever’)/Marenostrin	(the	Latin	‘Mare	Nostrum’	for	‘our	sea’)	is	
781amino	 acids	 long	 and	 is	 primarily	 expressed	 in	 the	 cyto-
plasm	of	neutrophils	but	is	also	found	in	other	cells.	Almost	all	
mutations	 are	 missense	 mutations:	 via	 its	 N-terminal	 death	
domain	 (pyrin	 domain-PYD),	 pyrin	 interacts	 with	 the	 pyrin	
domain	 of	 the	 adapter	 protein	 ASC	 (apoptosis-associated	
speck-like	protein)	to	assemble	and	activate	inflammatory	com-
plexes.	These	proteins	have	been	found	to	play	a	role	in	control-
ling	 IL-1β	 production	 by	 regulating	 caspase-1.	 The	 exact	
physiologic	role	and	underlying	mechanisms	of	mutated	pyrin	
are	not	well	understood.	Pyrin	mutations	result	in	gain	of	func-
tion	but	 the	 expression	of	 the	disease	depends	on	how	much	
mutated	protein	is	produced.17

Mutations	in	position	694	usually	cause	a	more	severe	phe-
notype,	especially	M694V.	Low	penetrance	mutations,	such	as	
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gene	causing	MKD	was	found	to	encode	mevalonate	kinase,	an	
enzyme	in	the	cholesterol	biosynthesis	pathway.50,51	The	enzyme	
was	 already	 known	 to	 be	 implicated	 in	 mevalonic	 aciduria	
(MA),	 which	 is	 a	 metabolic	 disorder	 that	 presents	 in	 infancy	
with	devastating	neurologic	abnormalities	(mental	retardation,	
cerebellar	 ataxia,	 cataracts,	 hypotonia,	 dysmorphic	 features)	
and	 eventually	 leads	 to	 early	 death.	 MA	 shares	 many	 of	 the	
features	of	HIDS,	hence	the	name	was	changed	to	MKD.	HIDS	
and	 MA	 are	 a	 phenotypic	 continuum	 of	 mevalonate	 kinase	
deficiency,	from	mild	to	severe	disease.52

Heightened	 inflammatory	 response	 caused	 by	 abnormal	
functioning	 of	 an	 enzyme	 in	 the	 cholesterol	 biosynthesis	
pathway	 was	 ultimately	 shown	 to	 be	 connected	 to	 the	 IL-1β	
pathway.50,53

The	most	common	mutation	in	MKD	is	at	position	V377I,	
a	 founder	effect	 from	a	common	ancestor.	High	 frequency	of	
this	mutation	in	Northern	Europe	is	thought	to	be	a	selective	
advantage	 related	 to	 higher	 consumption	 of	 saturated	 fat.		
Urine	 mevalonic	 acid	 level	 increases	 during	 the	 episodes	 in	
HIDS,54	while	it	is	persistently	high	in	MA.	Enzyme	activity	is	
1–10%	in	HIDS	but	<	1%	in	MA.	The	activity	of	the	mutated	
enzyme	 decreases	 even	 further	 with	 fevers.	 Mevalonic		
acid	 accumulates	 and	 end	 products,	 which	 are	 important	 in	
isoprenylation	 of	 proteins,	 decrease.	 The	 shortage	 of	 some	 of	
these	end	products,	especially	geranylated	proteins,	is	involved	
in	 increased	 IL-1β	 production.	 Not	 every	 patient	 with	 MKD	
has	 elevated	 IgD	 levels,	 especially	 children.55	 Elevated	 IgD	
levels	have	also	been	described	in	infections	such	as	tuberculosis	
and	 other	 inflammatory	 conditions,	 including	 other	 periodic	
fever	syndromes.	Polyclonal	IgA	elevation	may	also	be	seen	in	
HIDS.

Onset	is	often	in	infancy	(90%)	and	is	characterized	by	fevers	
recurring	every	4	to	8	weeks,	accompanied	by	painful	cervical	
lymphadenopathy	(90%),	abdominal	pain	and	vomiting	(70%),	
an	 often	 maculopapular,	 occasionally	 urticarial,	 purpuric	 and	
erythema	 nodosum	 type	 skin	 rash	 (60%),	 arthralgia/myalgia	
(80%),	 aphthous	 and/or	 genital	 ulcers	 (50%)	 and	 hepato-
splenomegaly	 (30%).	 Chills	 and	 sweating	 are	 also	 common.	
Arthritis	affecting	large	joints	and	pleuritis	are	less	common.55	
Immunizations	and	other	stressors	such	as	trauma	or	infections	
usually	trigger	attacks.	Features	of	MKD	resemble	those	of	peri-
odic	fever,	aphthous	stomatitis,	pharyngitis	and	cervical	adeni-
tis	 (PFAPA).	 In	 the	 majority	 of	 the	 patients	 flare	 frequency	
decreases	 in	 adulthood.	 Amyloidosis	 is	 rare	 in	 MKD	 but	 not	
unheard	 of.	 Mild	 immunodeficiency	 features	 have	 been	
described	in	some	patients.6

Effective	treatment	for	HIDS	is	not	available.	Steroids,	etan-
ercept	and	colchicine	are	beneficial	in	a	small	group	of	patients.	
Lately	 anakinra	 has	 shown	 some	 promise.	 Simvastatin,	 an	
HMG-CoA	reductase	inhibitor,	may	help	in	some	patients	with	
HIDS	but	it	may	exacerbate	the	condition	in	some	patients	with	
MA.	There	are	also	anecdotal	reports	of	benefit	 from	the	 leu-
kotriene	inhibitor,	montelukast.

Cryopyrin-Associated Periodic 
Syndromes (CAPS)
CAPS	constitute	a	spectrum	of	conditions	that	share	a	similar	
genotype,	with	mutations	 in	 the	gene	encoding	 for	 cryopyrin	
(also	 known	 as	 NLRP3,	 NALP3	 and	 PYPAF1).	 Cryopyrin	
belongs	 to	 the	 NLR	 (nucleotide-binding	 domain	 and	

TNF Receptor-Associated Periodic 
Fever Syndrome (TRAPS)
TRAPS,	 an	 autosomal	 dominant	 AD,	 was	 formerly	 known	 as	
‘Hibernian	fever’.	It	was	first	described	in	Ireland	in	198241	and	
is	most	common	in	Irish	and	Scottish	populations	but	is	now	
known	 to	 occur	 worldwide	 (http://fmf.igh.cnrs.fr/ISSAID/
infevers/).

The	 association	 of	 this	 syndrome	 with	 mutations	 in	 the	
TNFRSF1A	 gene	 on	 chromosome	 12p13	 was	 discovered	 in	
1999.42	This	gene	encodes	the	TNF	receptor	type	1	(also	known	
as	 p55TNFR).	 Binding	 of	 TNF-α	 to	 its	 receptor	 initiates	 the	
intracellular	 activation	 cascade	 through	 the	 death	 domain,	
leading	 to	 the	 activation	 of	 both	 NF-κB	 and	 apoptosis	
pathways.

The	 pathogenesis	 of	 TRAPS	 is	 still	 not	 clear	 and	 several	
mechanisms	have	been	proposed.5,42–44	To	date,	more	than	130	
mutations	have	been	described	(http://fmf.igh.cnrs.fr/ISSAID/
infevers/).	Among	these	mutations	R92Q	is	the	most	common	
variant	 in	 Caucasians	 and	 P46L	 in	 African-Americans.	 The	
R92Q	substitution	has	been	 found	 in	chromosomes	of	1%	to	
35%	of	the	general	population.45,46	These	mutations	may	have	
reduced	 penetrance,	 leading	 to	 atypical	 presentations	 of	
TRAPS.18

Fevers	 in	 TRAPS	 generally	 last	 longer	 than	 those	 in	 other	
forms	of	periodic	fever	syndromes,	ranging	from	1	to	3	weeks.	
Attacks	occur	at	irregular	intervals	from	once	to	seven	times	a	
year.	In	a	subset	of	patients,	the	symptoms	are	present	continu-
ously.47	 The	 age	 of	 onset	 is	 about	 3	 years	 (ranging	 from	 1	 to	
63	 years).	 Common	 features	 of	 TRAPS	 include	 severe		
abdominal	pain	(92%)	due	to	serositis	with	risk	of	adhesions,	
painful	 centrifugally	 migrating	 myalgia	 (due	 to	 monocytic		
fasciitis)	 that	 can	 be	 associated	 with	 an	 overlying	 painful		
erythematous	 rash,	 ocular	 inflammation	 with	 conjunctivitis,	
uveitis,	 unilateral	 periorbital	 edema	 and	 arthralgia	 (less		
commonly	arthritis)	primarily	affecting	large	joints.	Other	find-
ings	may	include	chest	pain	due	to	pleuritis,	pericarditis,	myo-
carditis	 and	 scrotal	 swelling.	 Similar	 to	 other	 AD,	 elevated	
inflammatory	 markers	 are	 found.	 In	 addition,	 some	 patients	
have	low	soluble	TNF	receptor	levels	between	episodes.	The	risk	
of	amyloidosis	is	greatest	in	patients	with	mutations	involving	
cysteine	 substitutions,	 reported	 to	be	as	high	as	24%	without	
treatment.12,47

Nonsteroidal	 antiinflammatory	 drugs	 (NSAIDs),	 steroids	
and	colchicine	are	used	with	some	success	 in	this	condition.48	
Etanercept,	 a	 dimeric	 fusion	 protein	 consisting	 of	 the	 p75	
portion	 of	 TNFR	 linked	 to	 Fc	 portion	 of	 IgG1,	 decreases	 the	
severity	of	the	attacks	in	the	majority	of	patients	but	the	effect	
seems	 to	 wane	 over	 time	 in	 some	 patients.	 Furthermore,	 the	
efficacy	of	this	therapy	may	wane	over	time.	Interestingly,	inf-
liximab	 and	 adalimumab,	 which	 are	 monoclonal	 antibodies	
against	 TNF-α,	 paradoxically	 trigger	 exacerbations	 of	 febrile	
episodes	 in	 some	 patients.	 Etanercept	 nonresponders	 may	
respond	to	the	IL-1	receptor	antagonists	(anakinra).13,48

Mevalonate Kinase Deficiency 
(MKD)/Hyper IgD Syndrome (HIDS)
MKD,	formerly	known	as	HIDS	because	of	the	initial	observa-
tion	 of	 elevated	 IgD	 levels	 in	 patients,	 was	 first	 described	 in	
1984	in	6	Dutch	patients.49	An	unexpected	finding	was	that		the	

http://fmf.igh.cnrs.fr/ISSAID/infevers/
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highest	risk	 in	one	report.64	About	a	third	of	patients	develop	
secondary	amyloidosis	with	nephropathy.

NOMID,	also	known	as	chronic	infantile	neurologic	cutane-
ous	and	articular	syndrome	(CINCA),	typically	presents	in	early	
infancy	and	is	associated	with	significant	neurologic	symptoms	
including	 chronic	 meningitis,	 increased	 intracranial	 pressure,	
developmental	 delay,	 seizures,	 papilledema,	 papillitis,	 uveitis,	
optic	atrophy,	blindness	and	sensorineural	hearing	loss,	as	well	
as	daily	fevers.	These	patients	also	have	major	bony	abnormali-
ties	with	dysmorphic	features	including	frontal	bossing,	severe	
arthropathy	 and	 joint	 deformity.	 The	 arthropathy	 typically	 is	
symmetric,	 affecting	 large	 joints,	 and	 is	 caused	 by	 abnormal	
endochondral	formation	and	bony	overgrowth.	Without	treat-
ment,	 patients	 suffer	 significant	 morbidity,	 and	 early	 death	
before	adulthood	occurs	in	20%	of	affected	individuals.

NSAIDs	 are	 typically	 inadequate	 to	 treat	 these	 conditions	
completely.	Steroids	may	have	some	limited	benefit.	IL-1	Trap,	
or	 rilonacept,	 a	 fully	 human	 dimeric	 fusion	 protein,	 binds	
soluble	IL-1	and	prevents	its	interaction	with	cell	surface	recep-
tors.	 It	was	approved	by	 the	US	Federal	Drug	Administration	
(FDA)	 in	 2008	 for	 CAPS	 under	 orphan	 drug	 designation.	
Canakinumab,	a	human	anti	IL-1β	monoclonal	antibody	with	
no	cross-reactivity	to	other	members	of	the	IL-1	family,	is	effec-
tive	in	patients	with	CAPS65	and	was	approved	by	the	FDA	for	
this	indication	in	June	2009.	Anakinra,	an	iIL-1	receptor	antag-
onist,	competitively	inhibits	the	binding	of	IL-1α	and	IL-1β	to	
the	IL-1	receptor,	was	approved	for	NOMID	in	2013	for	chil-
dren	 under	 orphan	 drug	 designation,	 and	 is	 efficacious	 in	
patients	with	CAPS.	Anti-IL-1	therapy	is	not	only	effective	for	
the	 acute	 symptoms,	 such	 as	 fevers,	 rash,	 arthritis	 and	 head-
aches,	but	also	appears	 to	halt	 the	progression	of	arthropathy	
and	 central	 nervous	 system	 decline	 including	 developmental	
delay	and	vision	and	hearing	loss.

NLRP12-Associated 
Autoinflammatory Disorder
NLRP12AD,	also	known	as	Guadeloupe-type	 fever	 syndrome,	
is	a	rare	autosomal	dominant	disease	with	variable	penetrance	
that	 results	 from	 mutations	 in	 the	 NLRP12	 protein	 found		
on	 19q13.42.66	 This	 protein	 is	 an	 intracellular	 sensor	 of	 the	
innate	 immune	 system	 and	 belongs	 to	 the	 Nod-like	 receptor	
(NLR)	family,	which	regulates	inflammatory	processes	through	
inhibition	 of	 NF-κB	 and	 IL-1β	 signaling	 and	 is	 distinct	
from	 the	 NLRP3	 inflammasome.	 The	 exact	 role	 of	 NLRP12	
remains	unknown	but	there	is	thought	to	be	a	loss-of-function	
mutation	 that	 allows	 for	 the	 up-regulation	 of	 NF-κB	 and	
IL-1β.	 The	 pathogenesis	 of	 this	 condition	 is	 not	 yet	 fully	
understood.

The	 clinical	 presentation	 of	 this	 condition	 overlaps	 with	
cryopyrin-associated	periodic	syndromes	(CAPS);	prior	to	the	
discovery	of	this	novel	mutation	in	2008,	patients	were	catego-
rized	 as	 ‘mutation-negative’	 CAPS.	 As	 in	 MWS	 and	 FCAS,	
symptoms	are	typically	induced	by	cold	exposure	and	manifest	
with	recurrent	fevers	lasting	5	to	10	days	with	associated	rash,	
headache,	lymphadenopathy,	aphthous	ulcers,	abdominal	pain	
and	sometimes	sensorineural	hearing	loss.	The	clinical	pheno-
types	can	be	variable	and	may	improve	in	adulthood.	Patients	
typically	do	not	respond	to	IL-1	blockade.	Treatments	used	for	
this	 condition	 include	 avoidance	 of	 cold,	 antihistamines,	
NSAIDs	and	steroids.

leucine-rich	repeat)	protein	family56	and	is	found	primarily	in	
activated	 T	 cells,	 monocytes,	 neutrophils	 and	 chondrocytes.	
These	conditions	are	autosomal	dominant,	but	de	novo	muta-
tions	may	occur.	Due	to	the	association	with	cold	exposure	and	
development	of	fever,	the	protein	was	named	as	‘cryopyrin’	and	
familial	 cold-induced	 urticaria	 was	 renamed	 as	 ‘familial	 cold	
autoinflammatory	syndrome’.

From	most	to	least	severe,	the	CAPS	are	neonatal	onset	mul-
tisystem	 inflammatory	 disease	 (NOMID),	 Muckle-Wells	 syn-
drome	(MWS)	and	FCAS;	however,	CAPS	represent	a	spectrum	
of	pathology	and	there	may	be	a	clinical	overlap	among	these	
conditions.

The	first	CAPS	to	be	described	was	FCAS,	as	early	as	1940.57	
MWS	was	first	described	in	1962	with	a	triad	of	urticaria,	deaf-
ness	 and	 amyloidosis	 in	 nine	 members	 of	 a	 family	 over	 five	
generations.58	NOMID	was	probably	first	reported	in	the	litera-
ture	in	1975:	two	siblings,	born	to	nonconsanguineous	parents,	
were	 described	 as	 having	 a	 Still’s	 disease-like	 rash,	 deforming	
arthropathy,	mental	retardation	and	uveitis.59

Clinical	similarities	between	these	three	phenotypically	dif-
ferent	 entities	 led	 to	 the	 discovery	 that	 the	 underlying	 muta-
tions	 were	 homologous.	 The	 mutations	 for	 CAPS	 were	 first	
reported	in	1996	and	later	confirmed	in	2000	and	2001.60

Cryopyrin	 contains	 three	 domains:	 an	 N-terminal	 pyrin	
domain	(PYD),	a	nucleotide-binding	oligomerization	domain	
(NOD	 or	 NLRP3)	 and	 a	 leucine-rich	 repeat	 (LRR)	 region.	
Cryopyrin	is	an	intracellular	pattern	recognition	receptor	and	
recognizes	pathogen-associated	molecular	patterns	and	danger-
associated	molecular	patterns	(PAMPS	and	DAMPS)	via	LRR.	
Cryopyrin	is	integral	in	the	activation	of	the	cryopyrin	inflam-
masome:	it	interacts	with	ASC	(apoptosis-associated	speck-like	
protein)	and	CARDINAL	to	 form	the	activated	complex	with	
two	 procaspase	 molecules,	 generating	 active	 caspase-1	 and	
leading	to	IL-1β	and	IL-18	activation.	Studies	suggest	that	the	
CIAS1	mutation	is	a	gain-of-function	mutation,	likely	causing	
the	loss	of	autoinhibition	or	the	regulatory	step	in	NLRP3	acti-
vation,	 allowing	 for	 the	 autoassembly	 and	 activation	 of	 the	
inflammasome	without	typical	stimuli	(PAMPS	and	DAMPS).	
These	mutations,	found	on	chromosome	1q,	appear	to	lead	to	
increased	caspase-1	activation	and	thus	increased	IL-1β	secre-
tion.	No	typical	mutation	is	found	in	up	to	half	of	patients	with	
CAPS,	 but	 a	 recent	 analysis	 of	 NOMID	 patients	 found	 that	
nearly	 two	 thirds	 of	 mutation-negative	 patients	 had	 somatic	
mosaicism	mutations	in	4.2%	to	35.8%	of	the	cells.61

All	 three	 phenotypes	 of	 CAPS	 are	 associated	 with	 an	
urticaria-like	skin	rash	that	 is	characterized	by	interstitial	and	
perivascular	 infiltrates	 primarily	 composed	 of	 neutrophils.62	
This	rash	forms	erythematous	flat	wheals,	often	symmetric	and	
sparing	the	face,	typically		nonpruritic	rather	burning	or	painful,	
and	generally	lasting		for	more	than	24	hours.63

FCAS	patients	typically	present	in	early	infancy.	Symptoms	
usually	occur	 several	hours	 following	exposure	 to	generalized	
cold.	The	urticarial	rash,	sometimes	associated	with	swelling,	is	
the	most	common	feature.	Arthralgia,	myalgia,	fever,	conjunc-
tivitis,	 fatigue,	 headache	 and	 nausea	 are	 common	 features.	
Attacks	typically	last	24	hours	or	less.

MWS	 patients	 typically	 present	 during	 adolescence	 with	
attacks	 lasting	 24	 to	 48	 hours	 at	 irregular	 intervals	 every	 few	
weeks.	Arthralgia	and	myalgia	accompany	 the	 fevers	and	rash	
during	typical	attacks.	Progressive	sensorineural	hearing	loss	is	
common	(75%),	 and	different	NLRP3	mutations	may	predict	
the	 trajectory	 of	 hearing	 loss,	 with	 the	 T348M	 mutation	 at	
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immunomodulatory	 therapies,	 such	 as	 thalidomide,	 metho-
trexate	 and	 anti-IL-1	 therapy,	 in	 the	 treatment	 of	 Blau	
syndrome.

Majeed Syndrome
Majeed	 syndrome	 is	 a	 very	 rare	 pyogenic	 autoinflammatory	
disease	of	most	commonly	Arabic	populations,	first	described	
in	1989	in	a	consanguineous	Kuwaiti	family,	where	three	chil-
dren	 presented	 with	 congenital	 dyserythropoietic	 anemia,	
chronic	 recurrent	 multifocal	 osteomyelitis	 and	 neutrophilic	
dermatosis.73

Patients	 typically	 present	 at	 less	 than	 2	 years	 of	 age	 with	
chronic	 recurrent	 episodes	 of	 commonly	 metaphyseal	 sterile	
osteomyelitis,	and	fever,	typically	lasting	several	days,	with	asso-
ciated	destructive	arthritis	and	deformities.	Attacks	may	occur	
every	2	 to	4	weeks,	but	 continuous	 symptoms	have	also	been	
reported.	Pustular	rashes,	Sweet’s	syndrome,	hepatosplenomeg-
aly	and	cholestatic	jaundice	are	also	reported.	Patients	may	have	
transient	 neutropenia	 in	 infancy.	 Chronic	 dyserythropoietic	
anemia	may	require	regular	transfusions.

Majeed	syndrome	is	an	autosomal	recessive	disorder	involv-
ing	 the	LPIN2	gene	with	 loss-of-function	mutations	on	chro-
mosome	18p.74	The	role	of	LPIN2	 in	Majeed	syndrome	is	not	
clear	 but	 it	 may	 play	 a	 role	 in	 cellular	 response	 to	 oxidative	
stress.

Systemic	 corticosteroids	 and	 NSAIDs	 appear	 to	 provide	
clinical	improvement	in	patients.	Data	are	limited	with	regard	
to	disease-modifying	antirheumatic	agents	or	biologics	although	
recently	anti-IL-1	therapies	have	shown	good	results.75

Pyogenic Sterile Arthritis,  
Pyoderma Gangrenosum and  
Acne (PAPA)
PAPA	was	first	recognized	in	1975	and	described	in	199776	with	
the	clinical	 features	 in	 its	name.	A	very	destructive	arthritis	 is	
typically	present,	associated	with	pyoderma	gangrenosum	skin	
lesions	 and	 sterile	 muscle	 inflammation.	 Pathergy	 and	 ulcer-
ations	following	pustule	formation	after	vaccinations	or	trauma	
are	 common	 features.	 Rosacea	 and	 psoriasis	 may	 be	 seen	 in	
some	 patients.	 Arthritis	 tends	 to	 start	 early	 in	 life,	 and	 pyo-
derma	gangrenosum	and	acne	around	puberty.	About	20%	to	
40%	develop	sulfonamide-induced	pancytopenia,77	the	cause	of	
which	is	not	clear.	Leukocytosis	and	elevated	acute-phase	reac-
tants	are	common.

PAPA	 is	 an	 autosomal	 dominant	 condition	 (chromosome	
15q24–q25.1)	 and	 is	 associated	 with	 mutations	 with	 variable	
penetrance	 in	 PSTPIP1,	 which	 is	 highly	 expressed	 in	 neutro-
phils	 and	 T	 cells.	 The	 genetic	 association	 was	 described	 in	
2002.78	PSTPIP1	interacts	with	pyrin,79	mutations	lead	to	hyper-
phosphorylation,	which	appears	 to	 increase	 the	 interaction	of	
PSTPIP1	with	pyrin,	 reducing	pyrin’s	 regulatory	effect	on	 the	
NALP3/cryopyrin	 inflammasome	 (Figure	 14-1).	 PSTPIP1	 is	
also	 known	 as	 CD2-binding	 protein	 (CDBP1)	 and	 interacts	
with	 CD2,	 Wiskott-Aldrich	 syndrome	 protein	 (WASP)	 and	
FasL,	implying	a	role	in	the	adaptive	immune	system	related	to	
antigen	recognition.

Anecdotal	evidence	suggests	that	steroids,	anti-TNF	therapy	
and	 anti-IL-1	 therapy	 may	 be	 of	 benefit,	 especially	 for	 the	
arthritis,	though	anti-IL-1β	therapy	does	not	appear	as	effective	

Deficiency of Interleukin-1-Receptor 
Antagonist (DIRA)
DIRA	is	a	very	rare	condition	that	was	first	reported	in	2009.67,68	
These	patients	present	 in	early	 infancy	mimicking	sepsis	with	
multifocal	osteomyelitis,	periostitis,	pustular	skin	lesions,	hepa-
tosplenomegaly,	 thrombosis	 and	 multi-organ	 failure.	 DIRA	
shares	many	clinical	features	with	NOMID	but	fever	is	generally	
absent	or	low	grade.	Osteolytic	lesions,	sclerosis	and	epiphyseal	
enlargement	are	 seen	on	x-rays	and	acute-phase	 reactants	are	
persistently	elevated.	Rare	features	are	interstitial	lung	disease,	
CNS	vasculitis	and	atlanto-axial	subluxation.2

DIRA	 is	 autosomal	 recessive	 and	 is	 associated	 with		
deletion	or	truncating	mutations	in	a	175-kb	sequence	of	chro-
mosome	 2q13	 that	 encompasses	 five	 IL-1	 family	 members	 as	
well	as	the	IL-1	receptor	antagonist	(ILRN).	The	IL1RN	muta-
tion	appears	to	result	in	truncated	proteins	that	are	not	secreted,	
leading	to	cells	being	hyperresponsive	to	IL-1α	and	IL-1β	stim-
ulation.	Patients	respond	rapidly	and	dramatically	to	anti-IL-1	
therapy,	 with	 full	 resolution	 of	 symptoms	 in	 the	 majority	 of	
patients.67,68

Blau Syndrome/Pediatric 
Granulomatous Arthritis
Blau	syndrome	is	a	systemic	inflammatory	condition	which	was	
first	 described	 in	 1985:	 11	 family	 members	 over	 four	 genera-
tions	had	granulomatous	disease	of	the	skin,	eyes	and	joints.69	
Early-onset	sarcoidosis,	considered	to	be	the	sporadic	form,	is	
caused	 by	 the	 same	 gain-of-function	 mutation.70	 Blau	 syn-
drome	typically	presents	at	less	than	5	years	of	age	and	is	char-
acterized	by	a	maculopapular	rash,	noncaseating	granulomatous	
arthritis,	 uveitis	 and	 lymphadenopathy;	 fever	 may	 be	 absent.	
Noncaseating	epithelioid	granulomas	are	found	on	tissue	biop-
sies.	 It	 is	 distinguished	 from	 the	 autoimmune	 condition,	 sar-
coidosis,	based	on	 its	 early	age	of	onset	 and	 lack	of	 lung	and	
hilar	lymph	node	involvement.

Blau	syndrome	is	an	autosomal	dominant	condition,	involv-
ing	 chromosome	 16q12,	 and	 over	 120	 mutations	 have	 been	
described	to	date	(http://fmf.igh.cnrs.fr/ISSAID/infevers/).	The	
gene	 encodes	 NOD2	 (also	 known	 as	 CARD15),	 which	 is	
expressed	primarily	 in	myeloid	cells,	Paneth	cells	of	 the	small	
intestine	and	activated	intestinal	epithelial	cells,	and	is	a	member	
of	the	NLR	protein	family.

Similar	to	cryopyrin,	NOD2	appears	to	function	as	a	cyto-
plasmic	pattern	recognition	receptor;	it	recognizes	PAMPS	and	
is	 integral	 in	NF-κB	activation.	Bacterial	 cell	wall	peptidogly-
cans	 such	as	muramyl	dipeptide	 stimulate	 the	NOD2	 inflam-
masome.71	Mutations	appear	to	be	gain	of	function	due	to	loss	
of	 autoinhibition.	 However,	 patients	 do	 not	 appear	 to	 have	
excess	IL-1β	activity,	so	the	underlying	mechanism	for	this	con-
dition	remains	under	study.48,72

In	Crohn’s	disease	(CD),	another	inflammatory	granuloma-
tous	condition,	mutations	have	been	reported	in	the	LRR	region	
of	NOD2.	These	mutations	may	theoretically	lead	to	diminished	
intracellular	sensing	of	bacteria,	thereby	leading	to	diminished	
activity	 of	 the	 NOD2	 inflammasome	 (loss	 of	 function).	 The	
exact	 role	 of	 these	 mutations	 in	 CD	 remains	 under	
investigation.

Anecdotal	 evidence	 supports	 the	 use	 of	 steroids,	 immu-
nomodulation	 with	 TNF-α	 inhibitors	 and	 possibly	 other	

http://fmf.igh.cnrs.fr/ISSAID/infevers/
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Almost	all	patients	with	PFAPA	dramatically	respond	to	one	or	
two	doses	of	corticosteroids	(0.5–2	mg/kg	prednisone	or	pred-
nisolone),	especially	when	given	prior	to	the	onset	of	fever.82–84	
Corticosteroid	therapy	does	not	prevent	subsequent	episodes,	but	
patients	continue	to	respond	on	subsequent	cycles.	In	a	subgroup	
of	patients,	the	frequency	of	episodes	increases	with	corticoste-
roid	 therapy.	 Treatment	 may	 include	 tonsillectomy	 with	 or	
without	adenoidectomy88–93	and	may	induce	remission	in	patients.	
Efficacy	of	cimetidine	in	PFAPA	is	modest	(29%).94

The	etiology	of	PFAPA	is	unknown.	Studies	in	recent	years	
suggest	an	aberrant	immune	response	involving	possibly	both	
innate	and	adaptive	immunity.88,95	Levels	of	IL-1β,	IL-6,	IP-10	
(CXCL10),	 CXCL9	 and	 G-CSF	 increase	 during	 episodes.	 Fur-
thermore,	the	level	of	CXCL10	and	G-CSF	increase	during	epi-
sodes	 seems	 to	 differentiate	 PFAPA	 from	 other	 periodic	 fever	
syndromes.86	These	cytokines	and	chemokines	are	related	to	T	
cell	activation	and	recruitment	to	the	tissues,	suggesting	the	role	
of	 adaptive	 immunity	 in	 the	 pathogenesis.87,89	 Tonsillar	 tissue	
shows	lymphoid	hyperplasia	and	chronic	inflammation.89

Although	the	genetic	basis	of	PFAPA	has	yet	to	be	identified,	
familial	cases	have	been	described	in	recent	years.95	Some	of	the	
low	penetrance	mutations	or	variants	of	other	monogenic	peri-
odic	 fever	 syndromes	 such	 as	 NOD2,	 MEFV	 and	 TNFRSF1A	
have	 been	 found	 in	 PFAPA	 patients.96	 In	 one	 recent	 study	
PFAPA	patients	carrying	MEFV	mutations	had	milder	PFAPA	
episodes.97

PFAPA	 typically	 resolves	 by	 adolescence.	 Long-term	
follow-up	of	patients	in	one	study	showed	resolution	in	50	out	
of	59	patients	by	age	6.3	and	by	the	age	of	18	in	the	rest.98

as	in	CAPS,	suggesting	that	the	mutations	implicated	in	PAPA	
have	additional	effects	beyond	IL-1	overexpression.80

SAPHO	 (synovitis,	 acne,	 pustulosis,	 hyperostosis,	 osteitis),	
CNO	 (chronic	 nonbacterial	 osteomyelitis)	 and	 PASH	 (pyo-
derma	gangrenosum,	acne,	suppurative	hidradenitis)	should	be	
considered	in	the	differential	diagnosis	of	PAPA.

Periodic Fevers, Aphthous  
Stomatitis, Pharyngitis and  
Adenitis (PFAPA)
PFAPA	is	the	most	common	periodic	fever/AD;	its	features	are	
listed	in	its	name.	Marshall	et	al	first	described	it	in	1987,81	fol-
lowed	by	the	publication	of	several	other	series.82–84	Age	of	onset	
younger	 than	 5	 years	 is	 in	 the	 original	 diagnostic	 criteria	 but	
PFAPA	has	been	described	in	older	children	and	even	in	adults.85	
It	has	a	male	predominance	and	no	known	long-term	sequelae.	
Strikingly	 regular	 intervals	 between	 episodes,	 usually	 every	 4	
weeks	(3–8	weeks)	as	well	as	normal	growth	and	development	
are	signature	features	of	PFAPA.	Episodes	usually	last	4	to	6	days	
and	 frequently	 start	 and	 end	 abruptly.	 Constitutional	 symp-
toms	such	as	malaise,	chills	and	headache	may	also	be	present.	
Less	commonly,	gastrointestinal	symptoms,	rash	and	arthralgia	
may	occur.	Oral	ulcers	usually	are	shallow	and	lymphadenopa-
thy	is	often	bilateral	and	tender.85	Leukocytosis	and	mild	eleva-
tion	 of	 the	 inflammatory	 markers	 are	 seen	 in	 most	 patients.	
Recent	 studies	 show	 monocytosis	 and	 decreased	 lymphocyte	
and	eosinophil	counts	during	episodes.86,87

Figure 14-1 The NALP3/cryopyrin inflammasome. NALP3 is usually found in an inactive state and is activated by ‘danger signals’ such as pepti-
doglycans, ATP, uric acid crystals, bacterial RNA, etc., which leads to its unfolding and association with the remainder of the NALP3 inflammasome 
components FIIND (domain with function to find), CARDINAL, ASC and procaspase 1, via association between pyrin (PYD) and CARD domains. The 
NALP3 inflammasome induces the cleavage of procaspase-1 to caspase, leading to the activation of IL-1β from pro IL-1β. 
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lesions,	 dactylitis,	 arthritis/arthralgia	 and	 elevated	 inflamma-
tory	 markers.	 Other	 clinical	 features	 reported	 include	 basal	
ganglia	 calcification,	 hepatomegaly,	 splenomegaly,	 muscle	
atrophy,	 lymphadenopathy,	 failure	 to	 thrive	 and	 violaceous	
eyelids.	 Joint	 contractures	 and	 lipodystrophy	 may	 occur	 later,	
and	there	is	early	mortality	related	to	multi-organ	failure.

Treatment	 for	 PRAAS	 is	 limited	 but	 patients	 show	 partial	
response	to	high-dose	steroids	and	a	varied	but	limited	response	
to	 biologic	 agents	 including	 anti-TNF,	 anti-IL-1	 and	 IL-6	
therapies.

STING ASSOCIATED VASCULOPATHY WITH 
ONSET IN INFANCY (SAVI)

In	 2014,	 de	 novo	 mutations	 in	 the	 gene	 TMEM173	 encoding	
STING	(stimulator	of	interferon	genes)	protein	were	discovered	
in	patients	with	the	phenotype	of	severe	cutaneous	vasculopa-
thy,	 starting	 in	 infancy	 with	 systemic	 inflammation.	 Some	
patients	 have	 interstitial	 lung	 disease	 (ILD)	 as	 well.110	 STAT1	
seems	 to	 be	 constitutively	 upregulated	 in	 these	 patients,	 sug-
gesting	 mutations	 causing	 gain	 of	 function.	 Since	 interferon	
pathways	are	affected,	SAVI	 is	considered	among	 the	 interfer-
onopathies	such	as	Aicardi-Goutieres	syndrome.

Others
Some	 of	 the	 mutations/variants	 seen	 in	 monogenic	 AD	 have	
been	shown	to	be	more	common	in	other	well-known	immune	
conditions	(e.g.	MEFV	mutations	in	HSP	and	PAN).	They	have	
also	been	considered	as	modifier	genes	in	newly	described	enti-
ties	such	as	MEFV	polymorphisms	and	TNFRSF1A	mutations	in	
IMAM	 (inflammatory	 myopathy	 with	 abundant	 macro-
phages).111	 In	 other	 cases	 an	 autoinflammatory	 arm	 has	 been	
added	to	already	known	related	syndromes	such	as	SCLC29A3	
gene	 mutation	 related	 syndromes	 which	 include	 H	 syndrome	
(inherited	systemic	histiocytosis,	referring	to	the	clinical	findings	
of	 hyperpigmentation,	 hypertrichosis,	 hepatosplenomegaly,	
heart	 anomalies,	 hearing	 loss,	 hypogonadism,	 low	 height	 and	
hyperglycemia),	pigmented	hypertrichosis	with	type	1	diabetes,	
Faisalabad	 histiocytosis	 and	 sinus	 histiocytosis	 with	 massive	
lymphadenopathy.112	Finally,	very	recently,	novel	mutations	 in	
the	 PAPA	 syndrome	 gene,	 PSTPIP1,	 have	 been	 shown	 to	 also	
cause	hyperzincemia/hypercalprotectinemia,	the	phenotype	of	
which	includes	hepatosplenomegaly,	arthritis,	anemia,	cutane-
ous	inflammation	and	failure	to	thrive.113	MVK	gene	mutations	
were	found	in	disseminated	superficial	porokeratosis	(DSAP),114	
retinitis	 pigmentosa	 and	 early-onset	 inflammatory	 bowel	
disease.115	Interestingly,	in	retinitis	pigmentosa	the	enzyme	activ-
ity	is	as	low	as	in	mevalonic	aciduria,	yet	patients	do	not	have	the	
severe	phenotype	of	mevalonic	aciduria	patients.116

Conclusions
Discoveries	 in	 relatively	 rare	 conditions	 that	 are	 well	 known	
clinically,	such	as	FMF,	can	unveil	the	mechanisms	of	common,	
yet	complicated	homeostatic	pathways	of	biologic	systems,	such	
as	 production	 of	 inflammation	 against	 non-self	 and	 danger	
signals.	 The	 term	 ‘autoinflammatory	 disorders.	 was	 initially	
coined	 to	 describe	 the	 monogenic	 periodic	 fever	 syndromes	
when	 it	 was	 first	 proposed	 over	 15	 years	 ago.	 Today,	 it	 has	
become	 an	 encompassing	 term	 to	 include	 diverse	 conditions	
that	involve	not	only	the	disorders	of	other	aspects	of	the	innate	

Recently Discovered 
Autoinflammatory Disorders
DEFICIENCY OF IL-36 RECEPTOR  
ANTAGONIST (DITRA)

In	 2011,	 predominantly	 homozygous	 mutations	 in	 the	 IL-36	
receptor	antagonist	(IL36RN)	gene	were	described,	initially	in	
16	Tunisian	family	members	with	generalized	pustular	psoriasis	
(GPP)99	and	later	in	unrelated	English	patients.	The	phenotype	
includes	sudden	onset	episodes	of	pustular	rash	accompanied	
by	high	grade	fevers,	and	malaise,	primarily	triggered	by	infec-
tions	 but	 also	 by	 other	 stressors	 such	 as	 menstruation,	 preg-
nancy	and	withdrawal	of	retinoid	therapy.	Elevated	inflammatory	
markers	 and	 leukocytosis	 are	 common.	Secondary	 skin	 infec-
tions	and	sepsis	have	also	been	reported.

Following	 the	 discovery	 of	 IL-36RN	 mutations	 in	 patients	
with	 GPP,	 namely	 DITRA,	 mutations	 in	 this	 gene	 were	 also	
found	in	other	pustular	disorders100	such	as	palmoplantar	pus-
tulosis,	acrodermatitis	continua	of	Hallopeau	(ACH)	and	acute	
generalized	 exanthematous	 pustulosis	 (AGEP).	 Autosomal	
dominant	 gain-of-function	 mutations	 in	 CARD14	 have	 also	
been	 found	 in	 severe	 GPP	 and	 plaque	 psoriasis,101	 as	 well	 as	
pityriasis	rubra	pilaris.102

DEFICIENCY OF ADA2 (DADA2)

In	2014,	two	independent	groups	found	autosomal	recessively	
inherited	loss-of-function	mutations	in	the	same	gene,	CECR1	
(cat-eye	 syndrome	 region,	 candidate1),	 encoding	ADA2	 (ade-
nosine	deaminase	2).	These	mutations	cause	two	different,	yet	
related	 phenotypes	 whose	 main	 feature	 is	 vasculopathy/
vasculitis.	One	of	the	phenotypes	includes	intermittent	fevers,	
early-onset	 lacunar	 strokes,	hepatosplenomegaly	and	 systemic	
vasculopathy	with	mild	immunodeficiency.103	The	second	phe-
notype	is	characterized	by	cutaneous	and	systemic	polyarteritis	
nodosa	 with	 variable	 penetration.104	ADA2	 is	 a	 growth	 factor	
and	also	has	catalytic	activity.

PROTEOSOME ASSOCIATED 
AUTOINFLAMMATORY SYNDROMES (PRAAS)

Chronic	 atypical	 neutrophilic	 dermatosis	 with	 lipodystrophy	
and	 elevated	 temperature	 (CANDLE),	 joint	 contractures,	
muscle	 atrophy,	 microcytic	 anemia	 and	 panniculitis-induced	
lipodystrophy	 (JMP)	 syndrome,	 Nakajo-Nishimura	 syndrome	
and	Japanese	autoinflammatory	syndrome	with	lipodystrophy	
(JASL;	described	first	in	1939	in	Japan)	are	rare	related	condi-
tions105	that	were	found	to	be	the	result	of	the	same	gene	defect	
in	2010.106–108	These	autosomal	recessive	conditions	are	caused	
by	mutations	in	the	proteasome	subunit	beta-type	8	(PSMB8)	
gene,	which	encodes	the	β5i	subunit	of	the	proteosome.	Immu-
noproteosomes	 are	 multiunit	 proteases	 which	 are	 evolution-
arily	 conserved	 and	 key	 in	 nonlysosomal	 protein	 degradation	
in	nucleated	cells	following	activation.	Functional	assays	dem-
onstrate	high	levels	of	interferon	gamma-inducible	protein	(IP-
10),	 suggesting	 increased	 interferon	 responses	 in	 CANDLE	
syndrome	patients,	which	is	a	novel	mechanism	in	the	patho-
genesis	of	AD.109

Patients	 with	 PRAAS	 are	 reported	 to	 present	 in	 a	 similar	
fashion,	 typically	 in	 early	 infancy.	They	have	 recurrent	 fevers,	
rash	 manifested	 by	 annular	 plaques,	 early-onset	 pernio-like	
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signaling	and	processing	and	apoptosis.	Our	knowledge	of	the	
diverse	 roles	 of	 the	 innate	 immune	 system	 and	 its	 intimate	
cross-talk	 with	 the	 adaptive	 immune	 system	 has	 expanded	
exponentially.

Advances	in	understanding	of	inflammation	with	the	discov-
ery	 of	 mutations	 in	 genes	 causing	 many	 AD	 have	 led	 to	 the	
discovery	of	additional	related	conditions	at	a	rapid	pace	since	
the	last	edition	of	this	book.	In	many	fields	of	medicine	it	has	
become	clear	 that	well-defined	disease	entities	are	usually	 the	
tip	of	the	iceberg	and	that	the	majority	of	the	patients	are	scat-
tered	throughout	a	spectrum.	The	important	role	of	techniques	
in	 molecular	 biology,	 such	 as	 next	 generation	 sequencing,	 is	
anticipated.	In	short,	 the	more	we	discover,	 the	more	the	plot	
thickens,	 opening	 up	 new	 avenues	 of	 exciting	 research	 and	
application	to	clinical	practice.

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

immune	system	(hereditary	angioedema	[HAE],	atypical	hemo-
lytic	 uremic	 syndrome	 [aHUS])	 but	 also	 polygenic	 (Crohn’s	
disease,	Behçet’s	disease,	systemic	onset	JIA),	metabolic	(gout,	
pseudogout)	and	storage	(Gaucher’s)	disorders.	The	significant	
role	that	 innate	 immunity	plays	 is	becoming	clearer	 in	condi-
tions	previously	thought	to	be	solely	related	to	abnormalities	in	
the	 adaptive	 immune	 system	 such	 as	 contact	 hypersensitivity	
and	 autoimmune	 conditions	 (rheumatoid	 arthritis	 and	 sys-
temic	 lupus	 erythematosus).	 Finally,	 significant	 progress	 has	
also	been	achieved	in	understanding	how	environmental	factors	
play	a	role	 in	variable	presentations	of	a	particular	condition,	
such	as	activation	of	the	NLRP3	inflammasome	in	macrophagic	
myofasciitis,	 the	result	of	 immune	activation	caused	by	 injec-
tion	 of	 aluminum	 hydroxide	 adjuvant	 vaccines	 and	 hence	
renamed	 as	 ASIA	 (autoimmune/inflammatory	 syndrome	
induced	by	adjuvants).117	Similarly,	monosodium	urate	crystals,	
silica	and	asbestos	activate	 inflammasomes.	The	genetic	bases	
of	 many	 AD	 are	 found	 to	 be	 related	 to	 mutations	 in	 genes	
encoding	 proteins	 that	 have	 roles	 in	 inflammation,	 cytokine	
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KEY POINTS

• Replacement immune globulin, administered by intrave-
nous or subcutaneous route, is indicated as replacement 
therapy in patients with antibody immunodeficiency 
disorders.

• Dosing intravenous immune globulin (IVIG) to target 
higher IgG troughs (>700–1,000 mg/dL) may be associ-
ated with decreased rate of infections and improved 
pulmonary outcomes in primary immune deficiency 
patients.

• IVIG is not a generic drug and IVIG products are not 
interchangeable. Product differences may lead to differ-
ences in tolerability and side-effects for individual 
patients.

• Minor side-effects of IVIG are common. Serious adverse 
effects, though relatively rare at standard replacement 
doses of IVIG, may include hemolysis, thromboembolic 
events and acute renal failure.

• Many mechanisms for the effects of IVIG on immune 
modulation have been described. These mechanisms 
are not mutually exclusive and most likely work in 
concert, depending on the dose of IVIG administered 
and the specific inflammatory disease process.

Introduction
At	 the	beginning	of	World	War	 II,	Cohn	and	colleagues	 from	
Harvard	University	developed	an	ethanol	fractionation	method	
to	 separate	 plasma	 proteins	 into	 stable	 fractions.1	 Fraction	 II	
was	 an	 antibody	 rich	 fraction	 that	 could	 be	 administered	 in	
small	 amounts	 intramuscularly	 and	 had	 a	 protective	 effect	
against	measles	and	hepatitis	A.	In	1952,	Bruton	described	the	
first	case	of	agammaglobulinemia	and	showed	that	replacement	
with	 Cohn’s	 fraction	 II	 immunoglobulin	 was	 effective	 in		
the	 treatment	 of	 these	 patients.2	 However,	 the	 replacement	
could	be	done	only	intramuscularly;	intravascular	administra-
tion	caused	serious	side-effects.	In	the	early	1960s	the	Swiss	Red	
Cross	Laboratories	developed	methods	to	adapt	the	Cohn	frac-
tion	II	 immunoglobulin	 for	 intravenous	use.	 In	1981	 the	first	
commercial	 intravenous	immunoglobulin	became	available	 in	
the	USA.

Immunoglobulin Replacement 
Therapy in Primary Immunodeficiency
The	goal	of	 immunoglobulin	replacement	 therapy	 in	patients	
with	 primary	 immunodeficiency	 is	 to	 provide	 adequate	

antibodies	to	prevent	infections	and	long-term	complications,	
especially	pulmonary	disease.	Patients	with	recurrent	infections	
and	profound	hypogammaglobulinemia	and/or	defective	anti-
body	 production	 may	 be	 candidates	 for	 immunoglobulin	
replacement	 therapy,3	 either	with	 intravenous	 immune	serum	
globulin	 (IVIG)	 or	 subcutaneous	 immunoglobulin	 (SCIG).	 It	
is	very	important	to	evaluate	the	ability	of	the	patient	to	produce	
specific	 antibodies	 to	 polysaccharide	 or	 protein	 antigens.	
Immunoglobulin	 replacement	 therapy	 should	 be	 considered	
only	 in	 patients	 with	 deficiencies	 in	 antibody	 formation;	 it	 is	
not	 indicated	 in	patients	solely	having	 low	levels	of	 immuno-
globulin	or	IgG	subclasses.	The	uses	approved	by	the	US	Food	
and	 Drug	 Administration	 (FDA)	 for	 IVIG	 as	 replacement	 or	
adjunct	therapy	in	patients	with	immune	deficiency,	recurrent	
infections	 or	 autoimmune	 and	 inflammatory	 disorders	 are	
shown	in	Box	15-1.

PREPARATION OF INTRAVENOUS 
IMMUNOGLOBULIN (Box 15-2)

Most	 IVIG	 preparations	 are	 derived	 from	 plasma	 by	 Cohn’s	
ethanol	 fractionation	 method	 or	 its	 Cohn-Oncley	 modifica-
tion.4	This	fractionation	process	obtains	four	fractions.	Fraction	
II	is	the	immunoglobulin-rich	fraction	containing	95%	to	99%	
IgG.	 There	 are	 small	 varying	 amounts	 of	 IgM,	 IgA	 and	 other	
proteins.5	Unmodified	Cohn	fraction	II	can	only	be	given	intra-
muscularly.	 The	 side-effects	 of	 Cohn	 fraction	 II	 when	 given	
intravenously	are	thought	to	result	from	aggregation	of	the	IgG	
molecules	and	its	complement	fixing	activity,	which	can	produce	
a	severe	systemic	reaction.	A	number	of	approaches	have	been	
used	to	further	purify	the	IgG	fraction	including	caprylate	pre-
cipitation,	octanoic	 acid	precipitation,	 anion	 chromatography	
or	polyethylene	glycol	(Table	15-1).	Other	additives	after	puri-
fication,	such	as	amino	acids,	stabilize	the	IgG	molecules	from	
reaggregation,	making	it	suitable	for	intravenous	use.	Almost	all	
products	 available	 today	 in	 the	USA	are	 liquids,	 either	5%	or	
10%,	and	are	FDA	approved	for	intravenous	and/or	subcutane-
ous	administration.	One	liquid	20%	product	is	only	suitable	for	
administration	via	the	subcutaneous	route	(Table	15-1).	Incu-
bation	at	low	pH	or	treatment	with	solvent	and	detergent,	pas-
teurization,	 depth	 filtration	 and	 nanofiltration	 are	 important	
steps	for	viral	removal	and	inactivation.

IVIG	 is	 made	 from	 pooled	 plasma	 from	 at	 least	 10,000	
donors,	but	each	pool,	by	FDA	guidelines,	may	contain	up	 to	
60,000	 donors,	 and	 contains	 a	 broad	 spectrum	 of	 antibodies	
with	 biologic	 activities	 especially	 for	 infectious	 pathogens.	 It	
contains	at	least	90%	intact	monomeric	IgG	with	a	normal	ratio	
of	IgG	subclasses,	and	is	free	of	aggregates.	The	biologic	activity	
of	the	IgG	is	maintained,	especially	for	Fc-mediated	function,	
and	it	contains	no	infectious	agents	or	other	potentially	harmful	
contaminants.	Although	there	is	no	standardization	for	the	titer	



144	 SECTION C Immune-Directed Therapies

BOX 15-1 FDA-APPROVED USES OF IVIG 
THERAPY IN PATIENTS WITH 
IMMUNODEFICIENCY DISORDERS, 
INFECTION AND INFLAMMATORY 
PROCESSES

1. Primary immunodeficiency disease or primary antibody 
immunodeficiency – replacement therapy to prevent and/or 
control infection

2. Idiopathic thrombocytopenic purpura (ITP) – indicated to 
prevent and/or control bleeding

3. Kawasaki disease – indicated for the prevention of coronary 
artery aneurysms

4. B cell chronic lymphocytic leukemia (CLL) – indicated for 
patients with hypogammaglobulinemia to reduce and/or 
prevent recurrent bacterial infections

5. Bone marrow transplantation – to decrease the risk of infec-
tion, interstitial pneumonia and acute GVHD

6. Pediatric HIV-1 infection – to decrease the frequency and 
severity of bacterial infections

7. Chronic inflammatory demyelinating polyneuropathy (CIDP) 
– to improve neuromuscular impairment and for maintenance 
therapy to prevent relapse

8. Multifocal motor neuropathy – to improve neuromuscular 
impairment and for maintenance therapy to prevent relapse

BOX 15-2 FEATURES OF INTRAVENOUS IMMUNE 
SERUM GLOBULIN (IVIG)

• Cold ethanol fractionation (Cohn fraction II)
• >95% IgG; >90% monomeric IgG
• Traces of other immunoglobulins, e.g. IgA and IgM, and 

serum proteins
• Addition of an amino acid to stabilize IgG from aggregation
• Intact Fc receptor biological function:

• opsonization and phagocytosis
• complement activation

• Normal half-life for serum IgG
• Normal proportion of IgG subclasses
• Broad spectrum of antibodies to bacterial and viral agents

of	specific	antibodies	against	common	organisms	such	as	Strep-
tococcus pneumoniae	and	Haemophilus influenzae,	each	lot	must	
contain	 adequate	 levels	 of	 antibody	 to	 certain	 pathogens,	 e.g.	
measles.	Specific	antibodies	in	IVIG	products	may	vary	slightly	
from	manufacturer	to	manufacturer	and	from	lot	to	lot	but	they	
are	generally	comparable.6	Some	products	containing	very	low	
amounts	of	IgA	may	be	beneficial	in	some	IgA-deficient	patients	
with	antibodies	to	IgA	to	minimize	the	risk	of	possible	anaphy-
lactic	 reactions,7	 though	 the	 role	 of	 anti-IgA	 antibodies	 in	
causing	anaphylaxis	to	IVIG	is	a	subject	of	controversy.8

The	 half-life	 of	 antibodies	 in	 the	 IVIG	 product	 varies.	 It	
depends	on	the	isotype	and	the	subclass	of	the	antibody.	Total	
IgG	has	a	half-life	of	approximately	17	to	30	days.9,10	However,	
the	half-life	of	IgG3	is	much	shorter	(7.5–9	days)10,11	compared	
to	IgG1and	IgG2	which	have	a	half-life	of	approximately	27	to	
30	days.	Generally,	it	should	take	about	3	months	after	begin-
ning	monthly	IVIG	infusions	or	a	dosage	change	to	reach	equil-
ibration	 (steady	 state).6	 Infusing	 increased	 amounts	 of	 IVIG	
results	 in	 a	 more	 rapid	 catabolic	 rate	 since	 the	 catabolism	 of	
IgG	is	concentration	dependent.11	This	process	is	mediated	by	
the	Fc	receptors	on	phagocytic	cells.12

DOSAGE

The	 recommended	 dose	 for	 IVIG	 as	 replacement	 therapy	 is	
generally	400–600	mg/kg/month	given	every	4	weeks	in	patients	
with	 primary	 immune	 deficiency.	A	 higher	 dose	 of	 immuno-
globulin	 can	 lead	 to	 higher	 peak	 and	 trough	 levels	 of	 serum	
IgG.13	On	average,	peak	serum	IgG	levels	increase	approximately	
250	mg/dL13	 and	 trough	 levels	 increase	 100	mg/dL14	 for	 each	
100	mg/kg	of	IVIG	infused.

Several	 trials	 from	 the	 1980s	 and	 1990s	 demonstrated	
improved	 efficacy	 of	 current	 standard	 dose	 IVIG	 versus	 low-
dose	therapy	(less	than	200	mg/kg).	In	1987	Bernatowska	et	al15	
compared	 150	mg/kg	 with	 500	mg/kg,	 and	 showed	 that	 the	
higher	dose	decreased	the	days	of	fever	and	days	on	antibiotics,	
and	improved	pulmonary	function.	The	benefits	of	the	higher	
dose	of	IVIG	were	more	significant	in	children	who	had	severe	
clinical	symptoms.	In	a	randomized	cross-over	study,	Roifman	
et	al16	administered	either	200	mg/kg	or	600	mg/kg	of	IVIG	to	
12	patients	with	antibody	deficiency	and	chronic	lung	disease.	
Pulmonary	 function	 improved	 on	 the	 higher	 doses	 of	 IVIG	
therapy.	In	1992	Liese	et	al17	reported	outcomes	of	29	patients	
with	 X-linked	 agammaglobulinemia	 who	 received	 immuno-
globulin	 replacement	 therapy	 between	 1965	 and	 1990.	 They	
showed	a	significant	decrease	 in	the	 incidence	of	pneumonias	
and	 the	 number	 of	 hospitalized	 days	 in	 patients	 receiving	
350–600	mg/kg	 IVIG	 every	 3	 weeks	 compared	 with	 patients	
receiving	 less	 than	200	mg/kg	IVIG	every	3	weeks	or	100	mg/
kg	 of	 IM	 gammaglobulin	 every	 3	 weeks.	 The	 improvements	
were	 more	 evident	 when	 the	 high-dose	 IVIG	 was	 initiated	
before	 the	age	of	5	years.	Eijkhout	et	al18	 studied	the	effect	of	
two	different	doses	of	IVIG	on	the	incidence	of	recurrent	infec-
tions	in	patients	with	primary	immune	deficiency	in	a	random-
ized,	double-blinded,	multicenter	cross-over	 study.	Compared	
with	 standard	 doses	 of	 IVIG	 (300	mg/kg	 every	 4	 weeks	 for	
adults,	and	400	mg/kg	every	4	weeks	for	children)	the	admin-
istration	of	high	IVIG	doses	(600	mg/kg	for	adults,	and	800	mg/
kg	for	children)	significantly	reduced	the	number	(3.5	vs	2.5	per	
patient)	 and	 duration	 (median,	 33	 days	 vs	 21	 days)	 of	 infec-
tions.	 Trough	 levels	 also	 increased	 during	 high-dose	 therapy.	
Importantly,	the	incidence	and	type	of	side-effects	did	not	differ	
between	the	standard	and	high-dose	therapies.

Historically,	 IgG	 trough	 levels	 of	 >500	mg/dL	 have	 been	
shown	to	prevent	severe	bacterial	 infections.	However,	Kainu-
lainen	et	al19	published	data	in	1999	on	22	patients	with	primary	
hypogammaglobulinemia	 and	 pulmonary	 abnormalities	 who	
were	 treated	 with	 IVIG.	 Despite	 adequate	 trough	 serum	 IgG	
levels	 (>500	mg/dL),	 silent	 and	 asymptomatic	 pulmonary	
changes	occurred.	Quartier	and	associates20	performed	a	retro-
spective	 study	 of	 the	 clinical	 features	 and	 outcomes	 of	 31	
patients	 with	 X-linked	 agammaglobulinemia	 (XLA)	 receiving	
replacement	 IVIG	 therapy	 between	 1982	 and	 1997.	 IVIG	 was	
given	at	doses	of	>250	mg/kg	every	3	weeks	with	a	mean	serum	
trough	 level	 between	 500	 and	 1,140	mg/dL	 (median	 700	mg/
dL).	While	the	incidence	of	bacterial	infections	requiring	hos-
pitalizations	fell	from	0.4	to	0.06	per	patient	per	year,	complica-
tions	of	sinusitis,	bronchiectasis,	obstructive	pulmonary	disease	
and	enteroviral	meningoencephalitis	still	occurred.	The	authors	
suggested	 that	 more	 intensive	 therapy	 to	 maintain	 a	 higher	
serum	 IgG	 level,	 e.g.	 >800	mg/dL,	 may	 improve	 pulmonary	
outcome	in	patients	with	XLA.

Targeting	of	higher	IgG	trough	levels	has	since	been	demon-
strated	 to	 improve	 outcomes	 in	 hypogammaglobulinemic	
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Brand 
(Manufacturer)

Manufacturing Process/
Antiviral Inactivation pH Additives

Parenteral Form 
and Final 
Concentrations

IgA 
Content 
µg/mL

Approved 
Method of 
Administration

Gammagard S/D 
(Baxter Corp)

Cohn-Oncley cold ethanol 
fractionation, ion exchange 
chromatography; solvent 
detergent treatment

6.4–7.2 2% glucose 
(5% solution)

Lyophilized powder 
5% or 10%

<2.2 (5% 
solution)

Intravenous

Gammagard 
Liquid (Baxter 
Corp)

Cohn-Oncley cold ethanol 
fractionation, ion exchange 
chromatography; solvent 
detergent treatment, 
nanofiltration, low pH 
incubation

4.6–5.1 No sugars – 
stabilized 
with glycine

10% liquid 37 Intravenous and 
subcutaneous

Flebogamma DIF 
(Grifols 
Therapeutics, 
Inc.)

Cohn-Oncley cold ethanol 
fractionation, ion exchange 
chromatography; PEG 
precipitation, heat 
pasteurization; pH 4 
treatment, solvent 
detergent treatment; 
double nanofiltration

5–6 5% D-sorbitol 5% or 10% liquid <50 (5% 
solution

<100 (10% 
solution)

Intravenous

Carimune NF 
(CLS Behring)

Kistler-Nitschmann 
fractionation, pH 4.0 plus 
pepsin, nanofiltration, 
depth filtration

6.4–6.8 5% sucrose (3% 
solution)

Lyophilized powder 
– reconstitute to 
3, 6, 9 or 12%

720 (6% 
solution)

Intravenous

Gamunex-C 
(Grifols 
Therapeutics, 
Inc.)

Cohn-Oncley cold ethanol 
fractionation, caprylate 
chromatography, anion 
exchange chromatography, 
low pH incubation, double 
depth filtration

4.0–4.5 No sugars – 
stabilized 
with glycine

10% liquid 46 Intravenous and 
subcutaneous

Gammaplex (Bio 
Products 
Laboratory)

Kistler & Nitschmann 
fractionation, DEAE-
Sephadex chromatography, 
Solvent/detergent 
treatment, CM-Sepharose 
chromatography, 
nanofiltration, low pH 
incubation

4.8–5.1 5% D-sorbitol 5% liquid <10 Intravenous

Gammaked 
(Kedrion 
Biopharma, 
Inc.)

Cohn-Oncley cold ethanol 
fractionation, caprylate 
chromatography, anion 
exchange chromatography, 
low pH incubation, double 
depth filtration

4.0–4.5 No sugars – 
stabilized 
with glycine

10% liquid 46 Intravenous and 
subcutaneous

BIVIGAM (Biotest 
Pharmaceuticals 
Corp.)

Cohn-Oncley cold ethanol 
fractionation, ultrafiltration, 
solvent/detergent treatment

4.0–4.6 No sugars – 
stabilized 
with glycine

10% liquid ≤200 Intravenous

Octagam 
(Octapharma 
USA, Inc.)

Cohn-Oncley cold ethanol 
fractionation, ion exchange 
chromatography, 
ultrafiltration, solvent/
detergent treatment

5.1–6.0 Maltose 
100 mg/mL

5% liquid ≤200 Intravenous

Privigen (CLS 
Behring)

Cold ethanol fractionation, 
octanoic acid fractionation, 
anion exchange 
chromatography; pH 4 
treatment, nanofiltration, 
depth filtration

4.8 No sugars, 
stabilized 
with 
L-proline

10% liquid ≤25 Intravenous

Hizentra (CLS 
Behring)

Cold ethanol fractionation, 
octanoic acid fractionation, 
anion exchange 
chromatography; pH 4 
treatment, nanofiltration

4.6–5.2 No sugar, 
stabilized 
with 
L-proline

20% liquid ≤50 Subcutaneous

Source: manufacturers’ package inserts and product publications.

TABLE 

15-1 Commercial Intravenous Immunoglobulin Preparations
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Subcutaneous Immunoglobulin  
Administration (SCIG)

Berger	et	al30	first	described	the	use	of	the	subcutaneous	(SC)	
route	for	immunoglobulin	replacement	therapy	in	1980.	It	was	
reported	as	safe,	well	 tolerated	and	effective	 in	achieving	ade-
quate	 serum	 IgG	 levels.	Although	 used	 successfully	 in	 several	
studies,31,32	it	was	not	very	popular	because	it	was	time	consum-
ing	due	to	the	slow	rate	of	infusion	(1–2	mL/hr).	Home	treat-
ment	 with	 rapid	 subcutaneous	 infusion	 was	 studied	 more	
extensively	in	the	1990s	and	was	demonstrated	to	be	well	toler-
ated,	 efficacious	 and	 resulting	 in	 fewer	 systemic	 side-effects	
than	 IVIG.33–36	A	 meta-analysis	 of	 SCIG	 vs	 IVIG	 efficacy	 and	
safety	 studies	 demonstrated	 a	 trend	 toward	 better	 infection	
control	 with	 SCIG	 (though	 not	 achieving	 statistical	 signifi-
cance),	along	with	improved	patient	quality	of	life	and	decreased	
systemic	 adverse	 events	 when	 compared	 with	 IVIG	 therapy.37	
Higher	and	more	stable	trough	levels	have	been	seen	with	the	
subcutaneous	 administration	 of	 immunoglobulin,	 alleviating	
the	fatigue	and	general	constitutional	symptoms	patients	have	
on	IVIG	toward	the	end	of	their	3–4	weeks	dosing	interval.	The	
above	qualities	have	made	SCIG	a	viable	alternative	to	IVIG	for	
many	patients,	especially	those	with	significant	systemic	adverse	
effects	with	IVIG.

When	immunoglobulin	is	administered	via	the	SC	route,	the	
dose	 is	 absorbed	 into	 the	 circulation	 and	 redistributed	 to	 the	
peripheral	 tissues	 more	 slowly	 than	 when	 given	 via	 the	 IV	
route.38	One	study	showed	that	SCIG	infusions	(100	mg/kg	of	
a	16.5%	preparation)	reach	a	steady	state	after	6	months	if	given	
weekly,	or	in	one	week	if	patients	are	first	loaded	with	IVIG	or	
given	daily	SC	infusions	for	5	days,	prior	to	their	maintenance	
weekly	SCIG.39

In	the	USA	a	20%	immunoglobulin	product	for	subcutane-
ous	use	is	available	and	several	10%	liquid	products	have	both	
intravenous	 and	 subcutaneous	 indications	 (Table	 15-1).	 The	
FDA	required	a	dose	adjustment	in	SCIG	licensing	studies,	such	
that	the	weekly	SCIG	dose	results	in	a	total	serum	IgG	exposure	
(area	under	the	curve	[AUC]	of	serum	IgG	versus	time)	equiva-
lent	 to	 that	of	previous	 IVIG	 treatment.40	Based	on	 this	AUC	
calculation,	 SCIG	 prescribing	 information	 recommends	
product-specific	dosage	increases	of	37%	to	53%	when	transi-
tioning	 patients	 from	 IVIG	 to	 SCIG.25,26,41	 However,	 Berger	 et	
al42	 have	 recently	 shown	 that	 all	 US-licensed	 SCIG	 products	
have	 a	 similar	 bioavailability:	 66.7%	 ±	 1.8%	 of	 IVIG.	 They	
suggest	that	decreased	bioavailability	is	a	basic	property	of	SCIG	
rather	than	the	result	of	any	manufacturing	process	or	product	
concentration,	 and	 that	 dose	 adjustments	 are	 not	 necessary	
when	switching	from	one	SCIG	product	to	another.42

Several	studies	from	the	EU,	where	a	1	:	1	conversion	from	
IVIG	to	SCIG	is	standard,	suggest	that	a	dose	adjustment	from	
IVIG	to	SCIG	may	not	be	necessary	to	achieve	good	clinical	out-
comes.43,44	In	contrast,	Haddad	et	al	found	that	patients	receiving	
SCIG	doses	that	were	1.5	times	higher	than	their	previous	IVIG	
doses	 had	 significantly	 lower	 rates	 of	 non-serious	 infections,	
hospitalization,	antibiotic	use	and	missed	work/school	activity,	
compared	to	patients	that	received	SCIG	doses	identical	to	previ-
ous	IVIG	doses.45	When	switching	a	patient	from	IVIG	to	SCIG,	
making	a	dosage	decision	based	on	trough	serum	IgG	levels	and	
the	clinical	response	to	therapy	is	preferable	to	only	taking	phar-
macokinetic	measures	into	consideration.40

The	technique	of	administering	SCIG	can	be	taught	to	most	
patients	 or	 caregivers	 to	 facilitate	 home	 self-administration.	

patients	 on	 IVIG	 therapy.	 Orange	 et	 al21	 performed	 a	 meta-
analysis	of	studies	evaluating	trough	IgG	level	and	pneumonia	
incidence	in	primary	immune	deficient	patients	with	hypogam-
maglobulinemia.	 Across	 all	 included	 studies,	 pneumonia		
incidence	 progressively	 declined	 with	 increasing	 trough	 IgG,	
with	 trough	 levels	 of	 1,000	mg/dL	 associated	 with	 one	 fifth		
the	incidence	of	pneumonia	seen	with	trough	levels	of	500	mg/
dL.21

There	is	emerging	evidence	that	ideal	trough	levels	to	prevent	
infection	may	vary	considerably	from	patient	to	patient.	Bona-
gura	et	al22	proposed	the	concept	of	the	biologic	IgG	level	as	the	
minimum	serum	IgG	level	that	protects	an	individual	immune	
deficient	 patient	 against	 recurrent	 bacterial	 infections	 and	
bronchiectasis.	This	level	is	anticipated	to	be	somewhere	in	the	
age-matched	normal	reference	range,	but	is	unique	for	the	indi-
vidual	patient.22	This	concept	of	individualized	IgG	trough	was	
supported	 by	 Lucas	 et	 al,23	 who	 showed	 that	 patients	 with	
common	variable	immune	deficiency	(CVID)	required	a	wide	
range	of	trough	IgG	levels,	from	500	to	1,700	mg/dL,	to	prevent	
recurrent	 infection.	 X-linked	 agammaglobulinemia	 patients	
required	IgG	troughs	between	800	and	1,300	mg/dL	to	prevent	
infection.23

The	number	of	bacterial	 infections	may	not	be	a	sufficient	
indicator	of	adequate	 treatment	when	used	alone.	Pulmonary	
abnormalities	are	among	the	most	important	factors	associated	
with	morbidity	and	mortality	in	patients	with	humoral	primary	
immunodeficiencies.	 Periodic	 pulmonary	 function	 testing		
and	judicious	use	of	high-resolution	chest	computed	tomogra-
phy	should	be	used	to	monitor	for	adequate	control	or	preven-
tion	 of	 pulmonary	 complications	 of	 humoral	 immune	
deficiency.

ADMINISTRATION

In	 patients	 with	 primary	 immune	 deficiency	 the	 replacement	
dose	of	IVIG	is	generally	400–600	mg/kg.	The	dose,	manufac-
turer	and	lot	number	should	be	recorded	for	each	infusion	in	
order	 to	 perform	 look-back	 procedures	 for	 adverse	 events	 or	
other	 consequences.	 It	 is	 crucial	 to	 record	all	 side-effects	 that	
occur	during	the	infusion.	It	is	also	recommended	to	monitor	
liver	and	renal	function	tests	periodically,	approximately	every	
6	 months.	 Antigen	 detection	 for	 hepatitis	 B	 and	 polymerase	
chain	 reaction	 (PCR)	 for	 hepatitis	 C	 should	 be	 performed,	 if	
clinically	indicated.

There	 are	 several	 routes	 of	 administration	 of	 immuno-
globulin.

Intravenous Administration
The	recommended	rates	of	IVIG	infusion	were	determined	in	
early	studies	using	reduced	and	alkylated	IgG.24	Such	prepara-
tions	caused	rate-related	side-effects	in	50%	of	patients.	Newer	
preparations	are	generally	more	tolerable,	but	significant	side-
effects	 such	 as	 thrombosis	 have	 been	 associated	 with	 higher	
rates	 of	 infusion.	 Manufacturers	 recommend	 starting	 rates	 of	
0.5–1	mg/kg/min	and	increasing	incrementally	up	to	rates	any-
where	 between	 3.3	 and	 8	mg/kg/min.25–29	 The	 FDA	 recom-
mends	that	for	patients	at	risk	of	renal	failure,	e.g.	preexisting	
renal	insufficiency,	diabetes,	age	greater	than	65	years,	volume	
depletion,	 sepsis,	 paraproteinemia	 and	 use	 of	 nephrotoxic	
drugs,	or	patients	at	risk	of	thromboembolic	complications,	the	
dose	 should	 be	 gradually	 increased	 to	 a	 more	 conservative	
3–4	mg/kg/min	maximum.
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patients	with	active	infections	have	more	severe	reactions.	Some	
of	 these	 reactions	 have	 been	 shown	 to	 be	 related	 to	 the	
complement-fixing	activity	of	IgG	aggregates	in	the	IVIG.47	In	
addition,	 the	formation	of	oligomeric	or	polymeric	IgG	com-
plexes	can	interact	with	Fc	receptors	and	trigger	the	release	of	
inflammatory	 mediators.48	 These	 adverse	 reactions	 occurred	
with	lower	frequency	(10–15%)	and	with	less	severity	in	more	
recent	preparations	of	 IVIG.	These	reactions	most	commonly	
occur	 in	 newly	 diagnosed	 patients	 with	 hypogammaglobu-
linemia	 and	 in	 those	 patients	 who	 have	 chronic	 underlying	
infections	such	as	sinusitis	and	bronchitis.	One	possible	etiol-
ogy	is	the	binding	of	the	infused	antibodies	to	pathogen	com-
ponent	 antigens	 of	 the	 underlying	 chronic	 infection	 or	
inflammatory	 process.	 In	 a	 large	 prospective	 study	 of	 459	
antibody-deficient	 patients	 by	 Brennan	 and	 colleagues49	 of	
13,508	 infusions,	 the	reaction	rate	was	only	0.8%.	There	were	
virtually	no	severe	reactions	(0.1%).

Common	 reactions	 to	 IVIG,	 including	 fatigue,	 myalgia		
and	 headache,	 may	 be	 delayed	 and	 may	 last	 several	 hours		
after	 the	 infusion.	 Slowing	 the	 infusion	 rate	 or	 discontinuing	
therapy	 until	 symptoms	 subside	 may	 diminish	 the	 reaction.	
Pretreatment	 with	 a	 nonsteroidal	 antiinflammatory	 agent,		
e.g.	 ibuprofen	 (10	mg/kg/dose),	 acetaminophen	 (15	mg/kg/
dose),	 diphenhydramine	 (1	mg/kg/dose)	 and/or	 hydrocorti-
sone	(6	mg/kg/dose,	maximum	100	mg)14,47,50	1	hour	before	the	
infusion	may	prevent	adverse	reactions.	If	the	patient	continues	
to	have	adverse	effects	from	IVIG	despite	pretreatment	and	rate	
change,	 the	 physician	 should	 consider	 changing	 the	 route	 of	
administration	to	subcutaneous.

Aseptic	 meningitis	 can	 occur	 with	 large	 doses,	 rapid	 infu-
sions	 and	 in	 the	 treatment	 of	 patients	 with	 autoimmune	 or	
inflammatory	 diseases.51–54	 Interestingly,	 this	 adverse	 reaction	
rarely	occurs	in	immunodeficient	subjects.50	Symptoms,	includ-
ing	 headache,	 stiff	 neck	 and	 photophobia,	 usually	 develop	
within	24	hours	after	completion	of	the	infusion	and	may	last	
3	to	5	days.	Spinal	fluid	pleocytosis	occurs	in	most	patients.51,52,54	
Long-term	complications	are	minimal.54	The	etiology	of	aseptic	
meningitis	is	unclear	but	migraine	has	been	reported	as	a	risk	
factor	and	may	be	associated	with	recurrence	despite	the	use	of	
different	IVIG	preparations	and	slower	rates	of	infusion.51

Renal Adverse Effects
Acute	renal	failure	is	a	rare	but	significant	complication	of	IVIG	
treatment.	Histopathologic	findings	of	acute	 tubular	necrosis,	
vacuolar	degeneration	and	osmotic	nephrosis	are	suggestive	of	
osmotic	injury	to	the	proximal	renal	tubules.	Fifty-five	percent	
of	the	cases	were	in	patients	treated	for	idiopathic	thrombocy-
topenic	purpura	(ITP),	and	less	than	5%	involved	patients	with	
primary	 immunodeficiency.55	This	complication	may	relate	to	
the	higher	doses	of	IVIG	used	in	ITP.	The	majority	of	the	cases	
were	 treated	 successfully	 with	 conservative	 treatment,	 but	
deaths	were	reported	in	17	patients	who	had	serious	underlying	
conditions.	 Reports	 suggest	 that	 IVIG	 products	 using	 sucrose	
as	a	stabilizer	may	carry	a	greater	risk	for	this	renal	complica-
tion.	Because	 of	 this,	 the	 infusion	 rate	 for	 sucrose-containing	
IVIG	should	not	exceed	3	mg	sucrose/kg/minute.	Risk	 factors	
for	this	adverse	reaction	include	preexisting	renal	insufficiency,	
diabetes	mellitus,	dehydration,	age	greater	than	65,	sepsis,	para-
proteinemia	 and	 concomitant	 use	 of	 nephrotoxic	 agents.	 For	
patients	at	increased	risk,	monitoring	blood	urea	nitrogen	and	
creatinine	before	starting	the	treatment	and	periodically	there-
after	 is	 necessary.	 If	 renal	 function	 deteriorates,	 the	 product	

Infusions	 may	 be	 given	 anywhere	 from	 daily	 to	 weekly	 or	
biweekly	via	1	to	6	sites,	depending	on	the	total	amount	infused	
and	the	amount	that	can	be	accommodated	in	a	single	site	(a	
function	of	body	mass	index).	Infusion	sites	are	usually	on	the	
abdominal	wall	and	inner	thigh.	Other	sites	may	include	pos-
terior	upper	arms,	flanks	or	below	the	buttocks.	Before	infusion	
is	 started,	 the	 lines	need	 to	be	checked	 to	ensure	 that	 there	 is	
no	blood	return.	The	rate	of	infusion	of	the	various	SCIG	prod-
ucts	 is	 set	 initially	 at	15–20	mL/site/hr	 and	may	 subsequently	
be	 increased	 up	 to	 25–30	mL/site/hr,	 if	 no	 adverse	 reactions	
occur.	A	general	guideline	is	0.1–0.25	mL/kg/site/hr.46

SIDE-EFFECTS

Rate-related Adverse Reactions
Most	adverse	reactions	of	IVIG	are	related	to	the	administration	
of	IVIG	and	are	rate	related.	Common	adverse	events	 include	
tachycardia,	 chest	 tightness,	 back	 pain,	 arthralgia,	 myalgia,	
hypertension	or	hypotension,	headache,	pruritus,	rash	and	low-
grade	fever	(Box	15-3).	More	serious	reactions	include	dyspnea,	
nausea,	 vomiting,	 circulatory	 collapse	 and	 loss	 of	 conscious-
ness.	 Patients	 with	 more	 profound	 immunodeficiency	 or	

BOX 15-3 ADVERSE EFFECTS OF IVIG 
ADMINISTRATION

COMMON

• Chills
• Headache
• Backache
• Myalgia
• Malaise/fatigue
• Fever
• Pruritus
• Rash, flushing
• Nausea, vomiting
• Tingling
• Hypo- or hypertension
• Fluid overload

RELATIVELY UNCOMMON (MULTIPLE REPORTS)

• Chest pain or tightness
• Dyspnea
• Severe headaches
• Aseptic meningitis
• Renal failure

RARE (ISOLATED REPORTS)

• Anaphylaxis
• Arthritis
• Thrombosis/cerebral infarction
• Myocardial infarction
• Acute encephalopathy
• Cardiac rhythm abnormalities
• Coagulopathy
• Hemolysis
• Neutropenia
• Alopecia
• Uveitis
• Noninfectious hepatitis
• Hypothermia
• Lymphocytic pleural effusion

POTENTIAL (NO REPORTS)

• Prion disease
• HIV infections
• Parvovirus B19
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Infectious Complications

Hepatitis	 C	 virus	 (HCV)	 infection	 in	 patients	 receiving	 IVIG	
products	was	initially	reported	in	experimental	lots	in	Europe	
and	the	USA.	HCV	infection	usually	occurred	in	clusters	associ-
ated	 with	 contaminated	 lots76,77	 and	 specific	 manufacturing	
procedures.	 The	 clinical	 course	 of	 HCV	 infection	 in	 patients	
with	immune	deficiency	is	not	well	defined.	Routine	screening	
of	plasma	donors	for	hepatitis	C	RNA	by	reverse	transcriptase	
polymerase	chain	reaction	(RT-PCR)	and	the	addition	of	a	viral	
inactivation	process	in	the	final	manufacturing	step,	e.g.	treat-
ment	with	solvent/detergent	and/or	pasteurization,	has	drasti-
cally	reduced	the	risk	of	transmission	of	hepatitis	C	and	other	
viruses.	 In	addition	to	 these	approaches	 in	donor	and	plasma	
screening	and	testing,	new	innovative	steps	have	been	incorpo-
rated	during	the	manufacturing	process	that	include	viral	inac-
tivation	and	viral	removal	stages.	Some	of	 the	more	common	
processes	include	solvent-detergent	treatment	of	the	final	IVIG	
product	to	destroy	potential	lipid-envelope	viruses,	incubation	
at	low	pH,	pasteurization,	caprylate	treatment	and	viral	removal	
steps	with	depth	filtration	and	nanofiltration.	In	aggregate,	all	
these	steps	lead	to	a	potential	removal	of	10–20	log10	reduction	
values	(depending	on	the	virus).78,79	Thus,	 today’s	IVIG	prod-
ucts	are	considered	safe	from	a	number	of	potential	viral	patho-
gens	that	were	of	concern	in	the	early	and	mid	1990s.	However,	
one	 potential	 group	 of	 pathogens	 that	 are	 still	 of	 potential	
concern	are	prions,	which	can	cause	transmissible	spongiform	
encephalopathy,	a	fatal	degenerative	disease	of	the	brain.80	IVIG	
manufacturers	 have	 recognized	 prion-mediated	 disease	 as	 a	
potential	problem	and	have	initiated	testing	and	IVIG	purifica-
tion	 and	 treatment	 steps	 (e.g.	 nanofiltration)	 to	 address	 this	
issue.81

Reactions to Subcutaneous Immunoglobulin
In	general,	the	SCIG	route	has	been	remarkably	free	from	severe	
systemic	reactions.25,26,41,82	In	contrast,	the	majority	of	patients	
do	 experience	 local	 site	 reactions	 at	 some	 point	 during	 SCIG	
therapy,	with	symptoms	of	swelling,	soreness,	warmth,	redness,	
induration,	pruritus	and/or	bruising.	Most	of	these	local	reac-
tions	last	for	less	than	48	hours,	and	the	severity	and	frequency	
of	 local	 reactions	 decrease	 as	 the	 patient	 continues	 SCIG	
therapy.83–85

IVIG as an Immune Modulating 
Agent in Patients with Autoimmune 
or Inflammatory Disorders
Since	the	first	report	by	Imbach	and	colleagues86	on	the	use	of	
IVIG	in	childhood	ITP,	IVIG	has	been	used	for	the	treatment	
of	 a	 variety	 of	 inflammatory	 and	 autoimmune	 disorders.87	 A	
number	of	mechanisms	have	been	postulated	for	the	immuno-
modulatory	effects	of	IVIG.88	The	mechanisms	of	action	of	Ig	
therapy	can	be	broadly	examined	as	follows:	effects	of	Ig	on	Fc	
receptors,	effects	on	the	innate	immune	system,	and	effects	on	
the	adaptive	immune	system	(Figure	15-1).

IMMUNE MODULATION OF FC RECEPTORS

In	 ITP	 the	 platelet	 counts	 rise	 rapidly	 following	 the	admin-
istration	 of	 IVIG	 1–2	g/kg.89	 The	 mechanism	 for	 platelet	
destruction	 is	 from	 FcγR-mediated	 phagocytic	 clearance	 of	
autoantibody-opsonized	platelets	in	the	spleen	and	liver.90	Fehr	

should	 be	 changed	 to	 a	 nonsucrose-containing	 IVIG	 or	 to	
SCIG.

Anaphylactic Reactions
Anaphylactic	 reactions	 to	 IVIG	 infusions	 are	 relatively	 rare.49	
IgE	 and	 IgG	 antibodies	 to	 IgA	 have	 been	 reported	 to	 cause	
severe	 reactions	 in	 IgA-deficient	 patients	 receiving	 intrave-
nous	 gammaglobulin	 preparations.7,56,57	 Because	 of	 these	
concerns,	 the	 prescribing	 information	 for	 current	 gamma-
globulin	 products	 includes	 either	 a	 precaution	 or	 contrain-
dication	 to	 usage	 in	 IgA-deficient	 patients.	 Several	 studies	
have	 shown	 that	 these	 patients	 that	 have	 reacted	 to	 conven-
tional	 IVIG	 preparations	 could	 then	 go	 on	 to	 tolerate	 IVIG	
preparations	 containing	 very	 low	 concentrations	 of	 contami-
nating	 IgA.7,58	 However,	 other	 studies	 have	 described	 patients	
with	 anti-IgA	 antibodies	 tolerating	 IgA-containing	 IVIG	
preparations	 without	 reaction.59,60	 Therefore	 the	 clinical	 sig-
nificance	 of	 anti-IgA	 antibodies,	 and	 the	 role	 that	 these	
antibodies	 play	 in	 cases	 of	 anaphylaxis	 to	 IVIG	 products,	
remains	 controversial.

Thromboembolic Events
All	human	immune	globulin	products	currently	licensed	in	the	
USA	carry	an	FDA	warning	of	the	risk	of	thrombosis	with	this	
class	of	products.61	Local	thromboses	at	infusion	sites,	deep	vein	
thrombosis,	 pulmonary	 embolism,	 myocardial	 infarctions,	
transient	 ischemic	 attacks	 and	 stroke	 have	 all	 been	 reported	
following	IVIG	infusion.62–65

Risk	factors	for	the	development	of	IVIG-related	thrombosis	
include	advanced	age,	prolonged	immobilization,	hypercoagu-
lable	conditions,	history	of	thrombosis,	supplemental	estrogens,	
indwelling	central	vascular	catheters,	hyperviscosity	and	cardio-
vascular	risk	factors.61,62,65,66

It	 has	 been	 suspected	 that	 these	 thrombotic	 complications	
were	due	to	platelet	activation	and/or	increased	serum	viscosity	
in	patients	receiving	large	doses	of	IVIG.67–69	Recently,	one	IVIG	
product’s	 increased	 risk	 for	 thromboembolic	 events	 has	 been	
shown	to	be	due	to	high	levels	of	activated	Factor	XI	(FXIa).70	
Concerns	over	FXIa-related	thrombosis	have	led	to	changes	in	
manufacturing	techniques,	removal	of	Factor	XI/XIa	using	an	
adsorbent	 during	 the	 manufacturing	 process,	 and	 use	 of	 the	
thrombin	generation	assay	to	monitor	procoagulant	activity	of	
immunoglobulin	products.70

Hemolytic Adverse Reactions
Because	IVIG	preparations	are	prepared	from	a	 large	number	
of	donors,	IgG	isohemagglutinins	(antibodies	against	A/B	blood	
group	 antigens)	 are	 present	 in	 these	 preparations.	 In	 non-O	
blood	 type	 recipients,	 anti-A	 and	 anti-B	 antibodies	 from	 the	
IVIG	 may	 react	 with	 red	 blood	 cells	 to	 cause	 asymptomatic	
Coombs	 positivity,	 or	 less	 commonly	 clinically	 significant	
hemolytic	reactions,	especially	in	those	receiving	high	cumula-
tive	doses	of	immune	globulin.71–73	Clinically	significant	hemo-
lysis	is	very	rare	in	licensing	studies	of	IVIG	for	primary	immune	
deficiency,	using	doses	of	400–800	mg/kg.	Currently	all	immu-
noglobulin	products	licensed	in	the	EU	and	USA	are	required	
to	contain	anti-A	and	anti-B	titers	that	are	less	than	or	equal	to	
1	 :	 64	 by	 the	 direct	 agglutination	 test.74	 Despite	 this,	 current	
products	meeting	these	regulations	are	still	implicated	in	cases	
of	hemolysis,	and	strategies	 to	address	 this	 issue	of	hemolysis	
are	being	pursued	by	the	FDA.74	Some	manufacturers	are	insti-
tuting	 steps	 such	 as	 the	 use	 of	 adsorbents	 to	 lower	 titers	 of	
anti-A	and	anti-B.75
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mediated	 by	 an	 immunoregulatory	 tyrosine-based	 inhibition	
motif,	e.g.	ITIM.	Similar	inhibitory	Fcγ	receptors	are	present	on	
basophils	and	mast	cells.	Samuelsson	and	colleagues100	investi-
gated	 a	 murine	 model	 of	 immune	 thrombocytopenia.	 They	
found	that	the	protective	effects	of	IVIG	required	the	inhibitory	
Fcγ	receptor,	e.g.	FcγRIIB,	since	either	disruption	of	the	receptor	
or	blocking	with	a	monoclonal	antibody	reversed	the	therapeu-
tic	effects.	In	addition,	IVIG	therapy	results	in	the	up-regulation	
of	 the	 inhibitory	 FcγRIIB	 on	 effector	 macrophages.100,101	 The	
observations	 on	 the	 effects	 of	 IVIG	 in	 patients	 with	 steroid-
dependent	asthma102,103	may	be	related	to	similar	FcγRIIB	regu-
latory	receptors	on	basophils	and	mast	cells.

Studies	by	Kaneko	and	colleagues101	showed	that	a	compo-
nent	 moiety	 of	 the	 IVIG	 molecule	 responsible	 for	 its	 antiin-
flammatory	activity	is	the	part	of	the	IgG	molecule	that	contains	
a	sialylation	site	on	the	glycan	linked	to	asparagine	at	position	
297	on	the	Fc	fragment	(only	1–2%	of	the	total	IgG	in	IVIG).	
Desialylation	of	the	sialic	acid	residues	with	neuraminidase	was	
demonstrated	to	blunt	the	protective	effect	of	an	IVIG	prepara-
tion	in	a	mouse	model	of	rheumatoid	arthritis.	In	the	same	K/
BxN	arthritis	model,	sialic	acid-enriched	fractions	of	IVIG	with	
the	2,6-sialylated	linkage	at	Asn297	on	the	Fc	portion	showed	
a	 10-fold	 increase	 in	 protection	 against	 immune-mediated	
arthritis.	Anthony	and	colleagues104,105	have	demonstrated	that	
greatly	reduced	doses	of	a	recombinant,	sialylated	Fc	fragment	
can	 completely	 recapitulate	 the	 antiinflammatory	 effects	 of	
IVIG	in	this	same	mouse	model.	These	investigators	have	shown	
that	 the	 action	 of	 sialylated	 Fc	 in	 the	 rheumatoid	 arthritis	

and	colleagues91	and	Bussel92	suggested	that	the	rapid	responses	
following	IVIG	treatment	in	ITP	were	caused	by	a	blockade	of	
the	 reticuloendothelial	 system	 (RES)	 by	 saturating	 these	 Fcγ	
receptors	with	the	exogenous	IgG.	The	observations	by	Debre	
and	colleagues93	when	children	with	acute	ITP	were	treated	with	
intravenous	Fcγ	fragments	from	a	preparation	of	IVIG	supports	
the	 hypothesis	 that	 Fcγ	 receptor	 blockade	 is	 an	 important	
mechanism	of	action	of	IVIG	in	ITP,	although	other	immune	
regulatory	mechanisms	are	present.

Another	mechanism	that	 involves	a	specialized	Fc	receptor	
is	 the	proposed	antiinflammatory	effect	of	IVIG	on	the	clear-
ance	of	pathogenic	autoantibodies	by	competing	with	autoan-
tibodies	 for	 the	 neonatal	 Fc	 receptor	 (FcRn).12	 FcRn	 protects	
IgG	from	degradation	and	is	critical	for	its	long	half-life	in	the	
serum.94	In	mouse	models	of	bullous	pemphigoid	and	arthritis,	
IVIG	treatment	results	in	a	reduction	in	pathogenic	antibodies	
to	levels	beneath	the	disease-causing	threshold,	and	this	effect	
is	attenuated	in	FcRn-deficient	mice.95,96	Hansen	and	Balthasar97	
reported	that	high-dose	IVIG	in	a	rat	model	of	immune	throm-
bocytopenia	enhanced	 the	clearance	of	antiplatelet	antibodies	
by	the	saturation	of	the	FcRn	receptor	for	IgG.	The	importance	
of	this	mechanism	in	human	diseases	is	difficult	to	measure	but	
in	an	FcRn-deficient	rat	model	it	has	been	estimated	that	this	
mechanism	may	account	for	approximately	50%	of	the	immune-
modulating	effects	of	IVIG	in	ITP.97

Macrophages,	B	cells	and	a	subpopulation	of	T	cells	express	
a	low-affinity	inhibitory	Fcγ	receptor	(FcγRIIB).98,99	This	recep-
tor	 provides	 an	 inhibitory	 signal	 to	 cells	 through	 a	 pathway	

Figure 15-1  Mechanisms  of  action  of  IVIG  on  the  immune  modulation  of  various  components  of  the  innate  and  adaptive  immune  systems. 
DC, Dendritic cell; Mϕ, macrophage; NK, natural killer; MHC, major histocompatibility complex; ADCC, antibody dependent cellular cytotoxicity; 
ANCA, antineutrophil cytoplasmic antibody siglec – sialic acid-binding immunoglobulin-type lectin. (Adapted from Tha-In T, et al. M Trends Immunol 
2008;29(12):608–15; and Ballow M. The IgG molecule as a biological immune response modifier: mechanisms of action of intravenous immune serum 
globulin in autoimmune and inflammatory disorders. J Allergy Clin Immunol 127(2):315–23.)
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T cell differentiation ↓
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molecules.	In	SCD,	abnormal	sickle	red	blood	cells	(RBCs)	have	
an	increased	propensity	to	adhere	to	each	other	and	to	vascular	
endothelial	cells,	resulting	in	vascular	occlusion.	Sickled	RBCs	
have	also	been	shown	to	adhere	to	other	blood	cells,	including	
leukocytes.	 Chang	 and	 colleagues117	 investigated	 the	 effect	 of	
IVIG	on	a	mouse	model	of	sickle	cell	acute	vaso-occlusive	crisis,	
in	which	the	adhesion	of	sickle	RBCs	to	leukocytes	is	known	to	
cause	 the	 vaso-occlusive	 pathology.	 In	 this	 model,	 high-dose	
IVIG	given	after	the	onset	of	a	crisis	resulted	in	improved	blood	
flow	 and	 prolonged	 survival.	 The	 investigators	 demonstrated	
that	the	mechanism	of	IVIG	in	this	model	was	a	rapid	reduction	
in	neutrophil	adhesion	to	vascular	endothelium	and	decreased	
interaction	between	RBCs	and	leukocytes.

EFFECTS OF IMMUNOGLOBULIN THERAPY  
ON COMPONENTS OF THE ADAPTIVE  
IMMUNE SYSTEM

Viard	 and	 colleagues118	 reported	 that	 IVIG	 could	 inhibit	 the	
apoptotic	process,	i.e.	programmed	cell	death,	in	patients	with	
toxic	epidermal	necrolysis	(TEN	or	Lyell’s	syndrome),	a	severe	
drug-induced	bullous	skin	reaction.	In	in	vitro	studies	IVIG	was	
demonstrated	 to	 protect	 the	 keratinocytes	 from	 apoptosis	 by	
blocking	the	effects	of	FasL	on	the	Fas	receptor.	These	investiga-
tors	also	determined	that	 the	depletion	of	anti-Fas	antibodies	
from	 IVIG	 abrogated	 the	 ability	 of	 IVIG	 to	 inhibit	 FasL-
mediated	 apoptosis.	 In	 an	 open,	 uncontrolled	 trial	 of	 IVIG	
(0.2–0.75	g/kg/day	 for	4	consecutive	days)	 in	10	patients	with	
TEN,	 skin	progression	was	halted	within	1	 to	2	days	and	was	
followed	 by	 rapid	 skin	 healing	 and	 a	 favorable	 outcome.		
This	 immune-modulating	 effect	 of	 IVIG	 in	 patients	 with		
TEN	represents	another	unique	mechanism	by	which	IVIG	can	
modify	the	disease	process,	and	may	prove	to	be	useful	in	other	
Fas-mediated	inflammatory	or	autoimmune	diseases.

While	 IVIG	has	been	shown	to	have	suppressive	effects	on	
effector	T	cells,119,120	it	has	been	shown	to	expand	and	enhance	
the	 function	 of	 Foxp3+	 regulatory	 T	 cells	 (TREGS).	 In	 a	 mouse	
model	 of	 multiple	 sclerosis,	 the	 protective	 effect	 of	 IVIG	 was	
lost	 in	 mice	 that	 were	 depleted	 of	 TREGS.

121	 In	 patients	 with	
Kawasaki	 disease	 and	 Guillain-Barré	 syndrome,	 clinical	
improvement	with	IVIG	therapy	correlated	with	increased	TREG	
number	and	function.122	De	Groot	and	colleagues123	proposed	
that	IVIG	has	a	positive	effect	on	TREGS	because	of	the	presence	
of	 T	 cell	 epitopes	 in	 the	 Fab	 and	 Fc	 fragments	 which,	 when	
presented	 by	 antigen-presenting	 cells,	 specifically	 activate	
CD4+CD25+Foxp3+	 TREGS,	 and	 that	 this	 expansion	 of	 TREGS	
mediates	the	immunomodulatory	effects	of	IVIG.	Tjon	et	al124	
reported	that	high-dose,	but	not	 low-dose,	 IVIG	treatment	 in	
patients	 with	 immunodeficiency	 and	 autoimmune	 disease	
enhanced	 the	 activation	 of	 circulating	 TREG	 cells,	 but	 the	
numbers	 of	 circulating	 TREG	 cells	 remained	 unchanged.	
Kaufman	 et	 al	 have	 extensively	 studied	 the	 effects	 of	 IVIG	
therapy	 in	 an	 ovalbumin-sensitized	 mouse	 model	 of	 asthma.	
IVIG	 markedly	 attenuated	 lung	 inflammation	 and	 decreased	
bronchial	 hyperresponsiveness	 to	 methacholine.125	 IL-13	 and	
TNF-α	 levels	 were	 diminished,	 Delta-4	 (part	 of	 the	 Notch	
pathway	 that	 induces	 Th1	 cells)	 expression	 increased,	 while	
Jagged-1	 (part	 of	 the	 Notch	 pathway	 that	 induces	 Th2	 cells)	
expression	and	GATA-3	mRNA	decreased,	suggesting	that	Th2	
responses	 were	 suppressed.	 The	 draining	 pulmonary	 lymph	
nodes	 of	 IVIG-treated	 mice	 showed	 a	 significant	 increase	 in	
CD4+CD25+Foxp3+	regulatory	cells,	and	IVIG-primed	dendritic	

mouse	model	is	mediated	through	the	interaction	of	sialylated	
Fc	with	the	SIGN-R1	receptor	on	macrophages.105	The	authors	
propose	that	the	interaction	between	sialylated	Fc	and	SIGN-R1	
(CD209)	produces	an	antiinflammatory	state	that	results	in	an	
up-regulation	of	inhibitory	FcγRIIB	receptors	on	effector	mac-
rophages,	 making	 these	 cells	 more	 resistant	 to	 triggering	 by	
immune	 complexes.	 They	 suggest	 that	 DC-SIGN,	 the	 human	
ortholog	of	SIGN-R1,	may	have	a	comparable	role	in	the	anti-
inflammatory	effects	of	IgG	Fcs	in	human	disease.	More	recently,	
Anthony	et	al106	reported	that	the	modulating	effect	of	sialylated-
rich	IgG	binding	to	SIGN	R1	on	marginal	zone	macrophages	in	
their	K/BxN	arthritis	mouse	model	was	mediated	by	the	pro-
duction	of	IL-33	by	dendritic	cells,	which,	in	turn,	induced	the	
expansion	 of	 IL-4	 producing	 basophils	 that	 promote	 the	
increased	 expression	 of	 FcγRIIB	 receptors	 on	 effector	 macro-
phages.	These	new	findings	may	explain	some	of	the	observed	
effects	of	IVIG	and	have	the	potential	to	tie	together	several	of	
the	 proposed	 antiinflammatory	 actions	 into	 a	 more	 cohesive	
model	for	the	mechanism(s)	of	IVIG	activity	in	many	autoim-
mune	diseases.107

EFFECTS OF IMMUNOGLOBULIN  
ON COMPONENTS OF THE INNATE  
IMMUNE SYSTEM

IVIG	binds	 to	activated	C3b	and	C4b	and	prevents	 the	 tissue	
deposition	 of	 these	 activated	 complement	 proteins.108	 Several	
diseases	and	animal	models	have	been	reported	in	which	inhibi-
tion	 of	 complement	 has	 been	 suggested	 as	 the	 mechanism	 of	
IVIG’s	antiinflammatory	activity.	Frank	and	his	co-workers,109	
using	an	animal	model	of	Forssman	shock,	demonstrated	that	
high-dose	IVIG	prevented	the	death	of	guinea	pigs	by	prevent-
ing	activated	C3	and	C4	fragments	from	binding	to	target	cells,	
resulting	 in	 the	 modulation	 of	 acute	 complement-dependent	
tissue	injury.	Basta	and	colleagues110	showed	that	IVIG	not	only	
inhibited	the	uptake	of	C3	fragments	onto	antibody-sensitized	
cells,	but	also	C4,	an	early	complement	component.

Dermatomyositis	(DM)	provides	an	example	of	the	effects	of	
IVIG	 on	 complement-mediated	 damage	 in	 an	 autoimmune	
disease.	This	autoimmune	disease	is	characterized	by	the	sub-
acute	 onset	 of	 muscle	 weakness,	 affecting	 predominantly	 the	
proximal	muscle	groups,	is	often	accompanied	or	preceded	by	a	
characteristic	skin	rash,	and	is	associated	with	circulating	auto-
antibodies	 to	 endothelial	 cells	 and	 histidyl-tRNA	 synthetase		
(Jo-1).111,112	 A	 humoral	 immune	 process	 directed	 against	 the	
intramuscular	capillaries	characterizes	the	immunopathogene-
sis	of	DM.	This	process	leads	to	a	complement-mediated	endo-
mysial	 microangiopathy	 with	 deposition	 of	 the	 membrane	
attack	 complex	 (MAC)	 consisting	 of	 activated	 complement	
components	 C5b-9	 on	 the	 intramuscular	 capillaries.112	 The	
endomysial	 capillary	 damage	 as	 a	 result	 of	 MAC	 deposition	
leads	to	microinfarcts	within	the	muscle	fascicles,	muscle	isch-
emia,	 inflammation	 and	 eventually	 perifascicular	 atrophy.113	
The	expression	of	ICAM-1	is	increased	on	the	endomysial	blood	
vessels	and	muscle	cells,	which	further	facilitates	the	infiltration	
of	inflammatory	cells,	mainly	CD4+	T	cells	and	some	B	cells.113,114	
Dalakas	and	colleagues112,115	reported	that	the	muscle	biopsies	of	
patients	improve	after	IVIG	therapy	and	histologically	the	MAC	
deposits	disappear	from	the	endomysial	capillaries	along	with	a	
decrease	in	ICAM-1	expression	in	muscle	tissues.112,116

The	 acute	 vaso-occlusive	 crisis	 of	 sickle	 cell	 disease	 (SCD)		
is	 another	 disease	 in	 which	 IVIG	 may	 modulate	 adhesion	
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cells	 on	 adoptive	 transfer	 to	 ovalbumin-sensitized	 and	 -chal-
lenged	mice	abrogated	airway	hyperresponsiveness	and	induced	
TREG	cells.126	In	this	model	system,	Massoud	et	al	reported	that	
sialylated	IgG	bound	to	a	novel	C-type	lectin	receptor,	i.e.	den-
dritic	 cell	 immunoreceptor	 (DCIR),	 induced	 TREG	 cells.	 Thus,	
a	number	of	studies	recently	have	demonstrated	the	importance	
of	 the	 induction	 of	 Foxp3+	 TREG	 cells	 by	 IVIG	 in	 modulating	
the	 autoimmune/antiinflammatory	 process,	 while	 immuno-
globulin	therapy	may	down-regulate	the	TH-17	pathway.127

Conclusion
Immunoglobulin	replacement	is	the	mainstay	of	treatment	for	
patients	with	primary	humoral	immune	deficiency.	The	goal	of	
the	treatment	is	to	provide	a	broad	spectrum	of	antibodies	to	
prevent	 infections	and	chronic	complications.	The	usual	dose	
is	 400–600	mg/kg/month	 but	 this	 may	 vary	 individually	 and	
higher	doses	may	be	required	during	active	infection.	A	serum	
trough	level	above	500	mg/dL	has	been	shown	to	be	effective	in	
the	 prevention	 of	 severe	 infections.	 However,	 recent	 studies	
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BOX 15-4 THERAPEUTIC PRINCIPLES OF IVIG TREATMENT IN PATIENTS WITH PRIMARY IMMUNE DEFICIENCY

• Initial dosage: 400–600 mg/kg every 4 weeks for replacement 
therapy:
• some patients may benefit from trough levels of 700–900 mg/

dL
• adjust the dose and/or dosing interval depending on clinical 

response
• record manufacturer, lot number and dose with each 

infusion
• Equilibration takes several months even when dosage changes 

made:
• check trough levels if patient continues to have infections or 

prior to dose change
• may be useful to determine adherence in patients on SCIG

• treat the patient and not the ‘numbers’, e.g. trough level
• For patients with systemic adverse effects or poor venous 

access, the subcutaneous route may be a better option.
• Ig replacement therapy is indicated as continuous replace-

ment therapy for primary immunodeficiency. Treatment should 
not be interrupted once a definitive diagnosis has been 
established.

• Site of care. The decision to infuse IVIG in a hospital, hospital 
outpatient, community office or home-based setting must be 
based upon clinical characteristics of the patient.

• IVIG is not a generic drug and IVIG products are not inter-
changeable. A specific IVIG product needs to be matched to 
patient characteristics to ensure patient safety. A change of 
IVIG product should occur only with the active participation of 
the prescribing physician.

MONITOR

• Complete blood count with differential; liver and renal function 
tests every 6–12 months

• Nucleotide testing for viral pathogens, e.g. hepatitis C, when 
indicated

• Pulmonary function testing; diffusion capacity testing as indi-
cated; chest x-ray, high-resolution chest tomography (initially if 
there is a history of lung disease and thereafter as indicated – 
may enhance patient’s risk of malignancy)

have	suggested	that	even	higher	doses	and	achieving	IgG	trough	
levels	of	700–1,000	mg/dL	may	be	desirable.21,22	Recently,	SCIG	
has	gained	acceptance	as	an	alternative	route	for	the	administra-
tion	of	replacement	therapy	in	patients	with	immune	deficiency.	
Generally,	 IVIG	replacement	 therapy	 is	 considered	 safe	 in	 the	
majority	of	patients.	Side-effects	are	usually	mild	and	treatable	
by	premedication.	Improvements	in	good	manufacturing	prac-
tices,	 closer	 screening	of	plasma	donors,	 testing	of	 the	 source	
plasma	 with	 sensitive	nucleic	 acid	 assays,	 e.g.	 PCR,	 and	addi-
tional	viral	inactivation	steps	have	made	IVIG	a	better	and	safer	
plasma-derived	product.	The	majority	of	the	utilization	of	IVIG	
therapy	 is	 in	patients	with	autoimmune	disorders.	The	use	of	
IVIG	in	these	patient	groups	has	not	only	led	to	a	new	treatment	
modality	 but	 has	 enhanced	 our	 understanding	 of	 the	 disease	
pathogenesis	and	the	mechanisms	by	which	IVIG	may	modu-
late	the	immune	and	inflammatory	processes	(Box	15-4).

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

http://www.aaaai.org/practice-resources/practice-tools/ivig-toolkit.aspx
http://www.aaaai.org/practice-resources/practice-tools/ivig-toolkit.aspx
http://www.expertconsult.inkling.com
http://www.expertconsult.inkling.com
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KEY POINTS

• Hematopoietic stem cell transplantation (HSCT) can 
correct many primary immune deficiencies (PIDs) by pro-
viding a normal source that produces functional leuko-
cytes to replace the defective cells.

• Best outcomes are obtained when using matched sibling 
donor bone marrow, although results using matched 
unrelated adult or umbilical cord blood donors or hap-
loidentical (parental) donors continue to improve.

• Multiple factors affect outcomes, include the specific 
PID being treated, the general health of the recipient, 
presence or absence of intercurrent infections, the 
choice of pretransplant conditioning regimen used to 
facilitate engraftment and the source of donor hemato-
poietic stem cells.

• Several clinical trials of gene therapy – autologous 
transplantation of genetically corrected hematopoietic 
stem cells – using murine retroviral vectors showed  
significant immune reconstitution. However, there was 
a high incidence of vector-related leukoproliferative 
complications.

• Current trials mostly use lentiviral vectors, which may be 
more effective and safer than the murine retroviral 
vectors, further improving outcomes for gene therapy 
for PID.

Several forms of primary immune deficiency (PID) result from 
mutations of genes involved in the production, function or 
survival of leukocytes. Therefore, these PIDs can be treated by 
allogeneic hematopoietic stem cell transplantation (HSCT) that 
provides patients with a new source of genetically normal leu-
kocytes. The first successful clinical allogeneic bone marrow 
transplant (BMT) was performed in 1968 for a patient with 
severe combined immune deficiency (SCID), resulting in sus-
tained reconstitution of immunity that has lasted now for 
several decades.1 Since that time, allogeneic HSCT has become 
the standard of care for patients with SCID and is often used 
for patients with other severe, life-threatening forms of PID. 
Patients with less severe PIDs, especially those primarily affect-
ing production of antibodies that can be replaced with intrave-
nous gammaglobulin administration, generally are not treated 
with HSCT.

The major barriers to allogeneic HSCT are immunologic. In 
solid organ transplantation, a recipient’s T cells can reject  
the organ donor’s cells. Graft rejection is less of a problem in 
severely immune deficient recipients, such as patients  
with SCID who lack T lymphocytes, and in some cases also B 
and NK cells. However, in some of the PIDs that retain partial 

function of the immune system, a significant risk for graft rejec-
tion remains. In most cases, transplant recipients need partial 
or essentially complete ablation of their endogenous immune 
and hematopoietic systems to achieve enduring engraftment of 
donor HSCs. Definition of optimal pretransplant conditioning 
regimens remains one of the major areas of discovery in the 
field.

The flipside of graft rejection, which is mostly limited to 
HSCT and only rarely encountered in solid organ transplant, is 
graft versus host disease (GvHD), where alloreactive T cells 
from the donor that are given with the allogeneic bone marrow 
can, in effect, reject the recipient’s cells. GvHD can be severe, 
chronic and even fatal; complications increase in frequency and 
severity with increasing degree of mismatch between the donor 
and the recipient. Efforts to prevent or suppress GvHD, by 
administration of immune suppressive medications or by 
depleting the donor’s mature T lymphocytes from the graft, 
often result in prolonged immune deficiency that poses high 
risks for opportunistic infections, especially beyond the infant 
period when patients may bear latent herpesviruses, BK virus 
or adenovirus.

Severe Combined Immune Deficiency
Severe combined immune deficiency is the most severe of the 
PIDs, with inherited absence of T and B cell function (and vari-
able NK activity). In the absence of medical intervention, 
infants with SCID suffer a high rate of early mortality from 
infections. SCID is a clinical phenotype which may result from 
defects in any one of more than 12 genes (Box 16-1). The clini-
cal research associated with the treatment of human SCID has 
produced many of the major advances in the field of HSCT1–6 
(Box 16-2).

Allogeneic HSCT can be curative for SCID when bone 
marrow from a human leukocyte antigen (HLA)-matched 
sibling donor (MSD) is used, with most centers reporting 
greater than 90% long-term survival. PID patients who receive 
an allogeneic HSC transplant from an HLA-MSD generally 
achieve high rates of immune reconstitution and good quality 
of life. For patients with SCID, HLA-MSD marrow can be 
infused without chemotherapy or radiation ‘conditioning’, and 
will appropriately restore T cell function in most patients. Most 
other PIDs require full or partial marrow ‘conditioning’ for 
proper engraftment of donor cells without rejection.

By contrast, HSCT from HLA-mismatched donors (e.g. a 
haploidentical/haplodisparate parent) carries a significant risk 
of severe GvHD, because the donor’s T cells contained in the 
graft would react against the non-shared HLA proteins (such as 
those inherited from the other parent). To prevent this, methods 
to deplete T lymphocytes from bone marrow in order to limit 
GvHD risks were developed in the mid 1970s (Box 16-3). Using 
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BOX 16-1 GENETIC CAUSES OF HUMAN SCID

SIGNALING DEFECTS

Common γ cytokine receptor chain (IL2RG gene) (XSCID) (~30%)
JAK3
IL-7Rα
CD3 chains (CD3δ, CD3ε, CD3ζ)
CD45

RECOMBINASE DEFECTS

RAG1/RAG2
Artemis (DLCRE1C)
DNA-dependent protein kinase catalytic subunit (DNA-PKcs)
Cernunnos

METABOLIC DEFECTS

Adenosine deaminase (ADA) (10–15%)
Purine nucleotide phosphorylase (PNP)
Adenylate kinase 2 (AK2)

BOX 16-2 HISTORICAL LANDMARKS FOR THE 
USE OF HSCT FOR SCID

First successful human BMT (1968)1

First use of matched unrelated donor (MUD) bone marrow 
(1973)2

First transplant with haploidentical (parent) bone marrow (1975)3

First approach using gene therapy (1990)4,5

First ‘cure’ using gene therapy (2000)6

BOX 16-3 METHODS FOR T CELL DEPLETION OF 
DONOR BONE MARROW

Complement-mediated lysis
Counterflow centrifugation elutriation
Density gradients
Polyclonal antibodies (ALG, ATG)
Monoclonal antibodies (anti-CD2, anti-CD3, anti-CD4, anti-CD5, 

anti-CD6, anti-CD7, anti-CD8, anti-CD52, TcRαβ, CD45RA)
Soy bean agglutinin/E-rosette with sheep red blood cells
Stem cell enrichment (e.g. anti-CD34)

such approaches to deplete T cells, marrow from parental 
donors, who are only matched by one HLA haplotype and 
therefore mismatched for a full HLA haplotype, has been fre-
quently used for SCID patients lacking an HLA-matched donor; 
50% to 80% of SCID patients have realized long-term survival.7–9 
The lower success rate with haploidentical transplants may 
reflect the morbidity and mortality associated with: (1) the 
increased risks of graft rejection and/or GvHD; (2) the T cell 
depletion that is utilized to prevent GvHD which slows immune 
reconstitution and prolongs the period of increased susceptibil-
ity to infections; and (3) the adverse effects secondary to the 
possible use of chemotherapy to make space and eliminate 
residual immunity.

One of the continuing controversies about the optimal 
approach to haploidentical HSCT for SCID concerns the neces-
sity, or lack thereof, of pretransplant conditioning with chemo-
therapy or other immune suppressive medications to facilitate 
long-term engraftment of donor HSCs. In the absence of con-
clusive data from randomized clinical trials, there are strong 
advocates of either of these approaches.

A few very active centers have performed haploidentical 
transplants for SCID patients for more than three decades, suc-
cessfully giving T cell-depleted bone marrow from a parent 
without any preconditioning therapy or immune suppressive 
medicines to prevent GvHD.8 Most of these patients have had 
successful T cell immune reconstitution lasting decades, 
although it will take longer observation to assess the durability 
of T cell function. However, more than half of them have had 
inadequate B cell reconstitution and were reported still to 
require regular administration of intravenous gammaglobulin, 
possibly indicating a failure to engraft sufficient numbers of 
HSCs in the absence of marrow conditioning.

Use of cytoreductive conditioning prior to HSCT for SCID 
typically leads to donor cell chimerism in all lineages, indicating 
replacement of the endogenous HSCs with those of the donor. 
This full donor engraftment may lead to more sustained pro-
duction of new T cells and may lead to increased numbers and 
activity of B and NK cells.10 However, the acute and long-term 
toxicities of the chemoablative regimens may lead to increased 
toxicity and mortality in the initial period, especially in patients 
with preexisting infections, and may cause long-term growth, 
endocrinologic and neurocognitive abnormalities.11,12

Historically, less has been done using matched unrelated 
donor marrow (MUD) or cord blood for transplantation of 
SCID patients who do not have an HLA-MSD. HSC transplan-
tation using MUD or cord blood carries increased risks for 
GvHD, compared to the use of marrow from an MSD.13 The 
frequency of severe GvHD in MUD marrow and cord blood 
HSC transplantation is in the range of 25–50% and 20–40%, 
respectively. In addition, HSC transplantation with cord blood 
has a risk for engraftment failure between 10% and 20%. These 
increased complications are likely to be due to more mismatches 
for non-HLA (minor) antigens. Generally, full cytoablation and 
GvHD prophylaxis (i.e. post-transplant immune suppression) 
are needed to prevent graft rejection or GvHD.14

In the past few years, a consortium of investigators from 
North America involved in the clinical care of patients with 
severe PIDs has organized as the Primary Immune Deficiency 
Treatment Consortium (PIDTC) to compile data on treatment 
and outcomes, mainly focussed on hematopoietic transplants.15 
Results were analyzed retrospectively for transplants performed 
between 2000 and 2009 in 240 patients with typical or ‘classical’ 
SCID.16 Outcomes for infants treated at less than 3.5 months of 
age were excellent (94% 5-year survival), independently of the 
source of HSC used. For patients older than 3.5 months of age 
at the time of transplant, the presence of ongoing infections, 
mostly viral, led to poorer survival (50% 5-year survival). 
Among patients who were infected at the time of HSCT, the 
outcome was worse in those who received pretransplant condi-
tioning (31.2% 5-year survival) than in those transplanted 
without conditioning (61.4% 5-year survival). Nevertheless, for 
surviving infants, T and B cell functions were more frequently 
better in those who received pretransplant conditioning, which 
raises a conundrum in defining the best approach (Box 16-4). 
Importantly, newborn screening for SCID is now available in 
many States and may permit rapid identification of affected 
babies, who can be referred to HSCT before developing infec-
tions. While this is expected to result in improved outcome, the 
role (and intensity) of pretransplant conditioning in this group 
of very young infants remains to be defined.

Because SCID is rare, and may be caused by various genetic 
defects, few studies have analyzed the outcome of HSCT in 
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post-HSCT autoimmune disease is frequently observed. Host 
WASp-deficient B cells that persist after transplantation due to 
mixed donor chimerism may not respond fully to regulatory 
cues and produce autoantibodies.22,23 Furthermore, low myeloid 
chimerism is associated with an increased risk of persistent 
thrombocytopenia.21 Overall, HLA-MSD HSCT in patients who 
are less than 5 years of age and achieve full donor chimerism 
has the best outcome, but if an MSD is unavailable, a matched 
unrelated donor HSCT is a viable option.

Chronic Granulomatous Disease
The pathophysiology, presentation, diagnosis and general man-
agement of chronic granulomatous disease (CGD) are discussed 
in Chapter 11 (and reference 24). It is estimated that the median 
lifespan of patients with CGD is 20 to 25 years and the mortality 
rate is 2% to 5% per year.25 Since many CGD patients live into 
adulthood, in contrast to the near certain early mortality of 
SCID, decisions are more difficult concerning the potential ben-
efits of transplant versus the risks that are associated with a 
myeloablative HSCT.26–28 Theoretically, reduced intensity con-
ditioning decreases the toxicity associated with the conditioning 
regimen and T cell depletion decreases the risks for GvHD.29 
Recently, a multicenter European study using reduced intensity 
conditioning and matched sibling or matched unrelated donors 
for CGD reported excellent outcomes for 56 CGD patients; 
overall survival was reported as 93% with event-free survival 
(surviving with donor engraftment) at 89%.30

Hemophagocytic Lymphohistiocytosis
Hemophagocytic lymphohistiocytosis (HLH) is a rare disorder 
that is characterized by highly activated macrophages and lym-
phocytes. Primary or familial HLH is inherited as an autosomal 
recessive disease, while secondary HLH is an acquired form that 
is usually associated with a viral illness. While initially consid-
ered to be a malignant disorder of histiocytes, more recent 
understanding of HLH classifies it as a PID, with defects in 
genes involved in transport and/or release of cytolytic granules, 
such as perforin, MUNC 13-4, STX11, STXBP2. Inability to kill 
activated cells results in persistent stimulation of the immune 
system with increased production of IFN-γ and uncontrolled 
activation of macrophages.

The first curative HSCT for HLH was performed in 1986.31 
Currently, standard treatment for the familial type involves 
induction immunochemotherapy with etoposide, dexametha-
sone and cyclosporin A, followed by HSCT. An earlier clinical 
trial, HLH-94, showed that the outcomes with MUD HSCT 
were equivalent to those with HLA-MSD HSCT (67% vs 68%). 
Patients who received transplants from mismatched related 
donors (usually haploidentical) had a survival rate of 43%.32,33 
More recently, significant improvement of outcome has been 
reported after HSCT for HLH with use of a reduced intensity 
conditioning (RIC) regimen. In a series of 40 patients who 
received HSCT for HLH at Cincinnati Children’s Hospital, 
3-year overall survival was 43% for those who received fully 
myeloablative conditioning (MAC) vs 92% for those who 
received RIC.34 This difference was mostly due to increased risk 
of early death (< 6 months after HSCT) in patients receiving 
MAC. Although RIC is associated with an increased rate of 
mixed chimerism, levels of 10–20% donor chimerism appar-
ently suffice to control HLH.

specific forms of SCID. An international consortium has 
reported on the outcome of HSCT in 106 patients with ADA 
deficiency.17 Overall survival after HSCT from MSD or matched 
family donors (86% and 81%, respectively) was better than 
from MUDs (66%; P < .05) or haploidentical donors (43%; 
P < .001). Survival was superior for patients who received 
unconditioned transplants than for those who received  
myeloablative conditioning (81% vs 54%, respectively; P 
< .003). However, unconditioned transplantation was associ-
ated with a higher risk of non-engraftment. Long-term studies 
showed that most surviving patients attained durable immune 
reconstitution.

Defects of V(D)J recombination due to RAG, Artemis, DNA 
PKcs, or Cernunnos mutations cause T−B−NK+ SCID. In addi-
tion, Artemis and DNA PKcs deficiency cause increased cellular 
radiosensitivity, which may lead to additional toxicity when 
conditioning regimens are used for HSCT. Schuetz et al have 
reported on the outcome of HSCT in patients with Artemis 
mutations vs patients with RAG1/2 deficiency.18 Survival after 
MSD HSCT was comparable in the two groups. However, 
patients with Artemis deficiency had an increased rate of  
late complications, including poor growth and requirement  
for nutritional support, autoimmune manifestations, growth 
hormone deficiency, hypothyroidism and dental anomalies.

Wiskott-Aldrich Syndrome
The pathophysiology, presentation, diagnosis and general man-
agement of Wiskott-Aldrich syndrome (WAS) are discussed in 
Chapter 9.

Bach and colleagues performed the first sibling HSCT for 
WAS.19 MSD HSCT provides the best outcome for WAS patients 
and is established as the standard of care when available.20 In 
recent years, advances in transplant methods have significantly 
improved outcome of MUD HSCT also in WAS patients less 
than 5 years old. In particular, in a recent multicenter interna-
tional study of 194 patients with WAS who received HSCT in 
the period 1990–2009, 5-year survival was 84%, and it was 
73.3% in those who received MUD HSCT at less than 5 years 
of age.21

With current approaches, the majority (72%) of WAS 
patients attain full chimerism after HSCT. However, mixed chi-
merism may be associated with complications. In particular, 

BOX 16-4 POTENTIAL TRANSPLANT DONOR AND 
APPROACHES FOR SCID INFANTS

MSD when available for all, without conditioning
Infants 3.5 months or less: MSD, MMFD, MUD (adult or cord 

blood) or autologous/gene therapy; with or without condi-
tioning, per center experience

Infants > 3.5 months without resistant viral infection: MSD, 
MMFD, MUD (adult or cord blood), or autologous/gene 
therapy; with or without conditioning, per center 
experience

Infants > 3.5 months with resistant infection: MSD, MMFD, MUD 
(adult or cord blood) or autologous/gene therapy; without 
conditioning. May develop full or partial T cell immunity, but 
good B and NK cell function unlikely. Second, conditioned 
transplant may be considered at time of improved health to 
improve immunity

MSD, Matched sibling donor; MMFD, Mismatched family donor, 
typically parent; MUD, Matched unrelated donor.
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therapy, or CD34+ HSCs from autologous bone marrow or 
umbilical cord blood.41 While there were no serious adverse 
events from the gene transfer in any of the subjects, there were 
also no significant clinical benefits. Overall, survival and 
immune function in these subjects were comparable to those in 
patients receiving only PEG-ADA therapy.

During the 1990s, incremental progress was made with tech-
niques of gene transfer and stem cell culture.42–46 Additionally, 
the use of RIC prior to allogeneic HSCT was shown to allow a 
moderate degree of engraftment of donor cells, with signifi-
cantly reduced acute toxicity.47,48 Such non-myeloablative con-
ditioning was postulated to be beneficial in the autologous gene 
therapy setting (Figure 16-2). Based on these advances, second-
generation clinical trials of gene therapy for SCID were begun 
in the late 1990s.

The investigators at the San Raffaele Telethon Institute for 
Gene Therapy in Milan, Italy, made a major advance in the field 
with their clinical trial of gene therapy for ADA-deficient SCID. 
Initial results were reported in 2002 on two ADA-SCID infants 
treated using retroviral-mediated ADA gene transfer to bone 
marrow CD34+ cells.49 Two important variables were changed, 
compared to earlier trials. First, the patients were given RIC, 
using a moderate dosage of busulfan (4 mg/kg, approximately 
1

4 of ‘full dose’) to eliminate some of the endogenous HSCs 
prior to infusion of the gene-corrected bone marrow cells. 
Second, the patients were not given PEG-ADA enzyme replace-
ment therapy, which was expected to allow the maximum selec-
tive advantage of gene-corrected T cells to manifest. Indeed, 
over the first 6 to 9 months, immune function was largely 
restored, with the development of antigen-specific T cell 
responses and antibody production. Measurements of gene 
marking showed that 75–100% of T, B and NK cells contained 
the transferred gene, consistent with the strong purported selec-
tive advantage for ADA-expressing lymphocytes. At the same 
time, 1–10% of myeloid cells contained the gene, which was a 

Other Primary Immune Deficiencies 
Amenable to Hematopoietic Stem 
Cell Transplantation
HSCT is the treatment of choice also for severe defects that 
affect late stages of T cell development (such as ZAP-70 defi-
ciency and MHC class II deficiency), other forms of combined 
immunodeficiency (X-linked hyper-IgM syndrome, DOCK8 
deficiency), immunodeficiency with severe immune dysregula-
tion (IPEX), and X-linked lymphoproliferative disease (XLP). 
At variance with SCID, these PIDs are characterized by the pres-
ence of autologous T cells, requiring use of conditioning in 
preparation for HSCT. Less severe PIDs, such as X-linked agam-
maglobulinemia (XLA), common variable immune deficiency, 
selective antibody defects, etc., have not been routinely sub-
jected to HSCT thus far, since the risks of HSCT may exceed 
those of the underlying disorder.

Gene Therapy Using Hematopoietic 
Stem Cells
GENE THERAPY FOR ADA-DEFICIENT SCID

Gene therapy was conceived as an alternative to allogeneic 
HSCT in which a patient’s own HSCs would have a normal copy 
of the disease-related gene inserted (Figure 16-1). Autologous 
gene therapy should avoid the immunologic complications of 
allogeneic HSCT (graft rejection and GvHD) but could yield 
the same clinical benefits. Based on the known therapeutic 
effects from non-myeloablated MSD transplants for SCID with 
only low engraftment of donor HSCs, it was postulated that in 
SCID there would be selective lymphoid expansion from a small 
number of gene-corrected HSCs that could amplify the effects 
of low efficiency gene transfer.

Six clinical trials of gene therapy for ADA-deficient SCID 
were performed in the 1990s.4,5,35–40 All of these studies used 
retroviral vectors to transfer a normal ADA cDNA, targeting 
either mature T lymphocytes that developed after PEG-ADA 

Figure 16-1 Gene therapy using autologous hematopoietic stem 
cells. Bone marrow is harvested from the PID patient. In the laboratory, 
the HSCs are enriched by immune affinity with a monoclonal antibody 
to the CD34 antigen. The CD34 enriched cells are cultured with hema-
topoietic growth factors to activate the cells and then gene addition or 
gene correction is performed. The HSCs are then transplanted by intra-
venous infusion back into the patient. 
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Figure 16-2 Outcome after HSCT with full, partial or no myeloablative 
conditioning. If HSCs are transplanted from an allogeneic donor or as 
gene-corrected (Gtx) autologous cells with no pretransplant condition-
ing, only minimal chimerism of donor cells will occur (lower left). If full 
myeloablation is given, essentially complete donor cell chimerism will 
be achieved (lower middle). If partial myeloablation is administered, as 
has been done in some gene therapy clinical trials, mixed chimerism 
will be achieved with a significant fraction of donor or gene-corrected 
cells engrafted (lower right). 

Patient’s bone
marrow HSCs

Donor or
auto/Gtx HSCs

Donor 
chimerism

Minimal Full Mixed

Full
myeloablationNone Partial

myeloablation



156 SECTION C Immune-Directed Therapies

integrates semirandomly into different chromosomal sites in 
each transduced cell; integrants adjacent to cellular genes that 
mediate proliferation or survival may be inappropriately trans-
activated by transcriptional elements of the vector, such as the 
potent enhancers present in the long terminal repeats (LTRs). 
It remains uncertain why the complication of insertional onco-
genesis with lymphoproliferation was seen in 25% of the XSCID 
subjects but in none of the more than 40 subjects with ADA-
deficient SCID.57–61

Faced with these mixed results with life-saving immune 
reconstitution in the majority of XSCID subjects using gene 
therapy, but the potential for a severe treatment-related com-
plication, the relative risks and benefits need to be compared to 
the current therapeutic alternative for these subjects – alloge-
neic HSCT from a haploidentical or MUD donor. SCID patients 
with allogeneic donors other than HLA-matched siblings have 
had survival rates of 50% to 80% with restored T cell immunity, 
as discussed previously. However, more than half of these 
patients may fail to produce protective antibodies, and there are 
risks of GvHD and post-transplant Epstein-Barr virus (EBV)-
driven lymphoproliferative disease (LPD). Gene therapy for 
XSCID using retroviral vectors led to immune restoration in 
90% 18 of 20) of patients, but with a 25% incidence of LPD.

Notably, this same approach for gene therapy has been 
applied to older XSCID subjects, most of whom had undergone 
prior HSCT from haploidentical donors that resulted in only 
partial immune reconstitution with ongoing poor health.62,63 
These adolescent subjects showed minimal responses to the 
gene therapy, suggesting that their older age was associated with 
inadequate thymic function to support de novo lymphopoiesis; 
it is uncertain if the prior transplants were associated with 
GvHD, which is known to impair thymic function.

The way forward for gene therapy for XSCID lies in evaluat-
ing new vector designs that lack the strong LTR enhancer ele-
ments (so-called ‘self-inactivating’, or ‘SIN’ vectors), which have 
been shown by in vitro and murine transplant studies to have 
significantly lowered risks for causing insertional oncogenesis.64 
Ideally, these improved vectors will lead to similar levels of 
immune reconstitution, with minimal or no occurrences of 
insertional oncogenesis. One such trial with use of a SIN 
γ-retroviral vector to treat infants with XSCID without condi-
tioning regimen is currently underway at five collaborating 
institutions in London, Paris, Boston, Cincinnati and Los 
Angeles. Initial results have shown ability to attain T cell 
immune reconstitution, and no clonal proliferations have been 
observed so far, although follow-up is still limited.9 More 
recently, De Ravin and colleagues opened a second clinical trial 
to treat older, partially reconstituted XSCID patients, in the 
present form using a lentiviral vector and RIC (6 mg/kg busul-
fan). Initial results indicate some improvements of B cell immu-
nity and overall wellbeing.65

GENE THERAPY FOR CGD

Another major PID that has been approached in several gene 
therapy clinical trials is CGD. The cDNA for the oxidases 
responsible for the X-linked form (gp91phox) and most 
common autosomal forms (p47 phox, p67 phox or p22 phox) 
were cloned and placed into retroviral vectors. Preclinical 
studies using patient-derived cells and murine gene knockout 
models provided evidence that gene transfer could at least par-
tially restore the defective oxidase function in myeloid cells.66,67 

level significantly higher than that seen in earlier studies in 
which cytoreductive chemotherapy was not given.

Further results of this approach have now been reported 
from Milan, with 8 of 10 subjects realizing excellent and sus-
tained immune reconstitution.50 Similar studies at University 
College London/Great Ormond Street Hospital in London, UK, 
and in the USA at Children’s Hospital Los Angeles, the Univer-
sity of California, Los Angeles, and the National Human 
Genome Research Institute, NIH, have led to similar clinically 
beneficial results.51,52 Of at least 40 ADA-SCID patients treated 
by gene therapy using retroviral vectors and non-myeloablative 
conditioning in these studies, all are surviving and approxi-
mately 75% have sufficient immune restoration to remain well 
without other treatment, such as enzyme replacement therapy 
or allogeneic HSCT. No complications from genotoxic effects 
of the vectors have been observed in any, in contrast to findings 
in other diseases (see below). Thus, for ADA-deficient SCID 
patients lacking an HLA-MSD, gene therapy has become a 
proven therapeutic modality.

GENE THERAPY FOR XSCID

The next PID approached as a candidate for gene therapy was 
X-linked SCID (XSCID), caused by mutations of the common 
cytokine receptor γ chain (γc or IL2Rγ). Investigators at the 
Hopital Necker- Enfants Malades in Paris, France, instituted a 
clinical trial of retroviral-mediated transfer of a normal human 
γc cDNA into CD34+ cells from bone marrow of infants with 
XSCID.9,53 In this trial, the transduced CD34+ cells were rein-
fused without any prior cytoreduction, counting on the very 
potent selective survival advantage of the γc-corrected lym-
phoid cells to repopulate the immune system from a low level 
of gene-modified HSCs. No adverse events were noted in the 
initial years in 9 treated subjects. The γc gene was present and 
expressed in T, NK and B cells. Over the initial 2 to 5 months, 
9 of 10 infants developed normal numbers of T and NK cells, 
with good immune function. While B cell numbers remained 
low, protective levels of antibodies were produced and some of 
the subjects were removed from routine gammaglobulin treat-
ment. The subjects were in good health over the first 1 to 2 years, 
without opportunistic infections, and were growing and devel-
oping without protective isolation. Ten XSCID infants were 
treated in a similar clinical trial by investigators at the Institute 
of Child Health, University College London, UK, with similarly 
good outcome.54

Longer-term follow-up of subjects in both the French and 
British trials was published and reported sustained T cell immu-
nity in those achieving initial reconstitution.55,56 However, B cell 
function allowing independence from IVIG replacement 
therapy was achieved in only 4 of 7 and 5 of 10, respectively, 
with essentially no gene-corrected B cells detected and a paucity 
of memory B cells; apparently, gene-corrected T cells are not of 
adequate help to induce full maturation and function in the 
non-gene-corrected B cells.

However, 5 subjects from these two trials subsequently devel-
oped a leukemia-like complication, with escalating white blood 
cell counts, 2.5–5 years after the gene therapy procedures. Four 
of these subjects have been successfully treated for the lympho-
proliferative syndrome and have retained the benefits of the 
gene therapy on immune reconstitution, but one died as a result 
of this complication. Investigations have implicated the process 
of insertional oncogenesis, in which the retroviral vector 
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Therapy in Milan, Italy, demonstrated good immune reconsti-
tution, significant improvement in platelet numbers (although 
they remained subnormal) and no safety problems in the initial 
period of observation.76 Another multicenter trial using the 
same vector but a slightly different conditioning regimen is 
under way in London, Paris and Boston.

PERSPECTIVES FOR GENE THERAPY IN OTHER 
PRIMARY IMMUNE DEFICIENCIES

Other PIDs that are under extensive study and are subject, or 
will be subject, to gene therapy clinical trials include SCID due 
to RAG1, RAG2 or Artemis deficiency, LAD and HLH. Other 
PIDs that involve defects in cytokine and signaling pathway 
components, such as the JAK3 kinase and ZAP-70 kinase, CD40 
ligand deficiency (X-linked hyper-IgM syndrome), IPEX, IL-7 
receptor and XLA will require new approaches to gene therapy 
to achieve more sophisticated control of the expression of the 
responsible gene than occurs using constitutive promoters such 
as viral LTRs.

NEW APPROACHES TO GENE THERAPY USING 
HEMATOPOIETIC STEM CELLS

Gene therapy for PIDs has progressed from an essentially inef-
fective method in the 1990s to its present status, where clear-cut 
efficacy has been achieved for several disorders, albeit with a 
risk for a significant degree of side-effects. Further advances will 
be based upon new insights into HSC biology and new methods 
for gene transfer. New understandings may eventually support 
efforts for ex vivo expansion of HSCs, which would allow the 
selective use of HSCs with favorable vector integration sites.

New major alternatives to the murine γ-retroviral vectors are 
vectors derived from lentiviruses or foamy viruses.77–79 These 
latter types of retrovirus are of primate origin (HIV-1 lentivi-
ruses from humans and the simian foamy virus from nonhu-
man primates) and are more efficient for transferring genes into 
human cells. These vectors can be made lacking the strong LTR 
enhancers that are problematic in the γ-retroviral vectors. Len-
tiviral vectors have entered clinical trials for T cells and CD34+ 
HSCs and are likely to be applied to several PIDs and other 
genetic blood disorders in the near future.66,73,76,80–84 A study in 
a canine model of LAD showed excellent clinical response using 
a foamy viral vector to transfer the relevant CD18 cDNA and 
may also be moving to the clinic.85 Another important tactic 
being explored for added safety is the addition to vectors of 
‘insulator’ sequences, which are DNA sequences that act as 
boundaries to prevent transcriptional cross-talk between adja-
cent genes in the chromosomes.86

GENE CORRECTION

All of the gene therapy efforts discussed so far have involved the 
use of methods for adding a functional copy of a gene to cells 
(in a nonphysiologic chromosome location). A promising  
new approach to gene therapy under investigation seeks to 
correct the disease-causing mutation in a patient’s own gene. 
Effective gene correction may have key advantages over gene 
addition. The corrected therapeutic gene would be in its normal 
location in the chromosomes, and so should be expressed in the 
normal developmental and quantitative pattern; this may be 
essential for safe and effective therapy of diseases due to defects 

Initial trials in X-linked CGD (the most common form of the 
disease) used murine leukemia virus (MLV)-based retroviral 
vectors, targeted G-CSF mobilized CD34+ peripheral blood 
stem cells (PBSC) and did not administer cytoreductive chemo-
therapy. Neutrophils were produced in vivo in multiple subjects 
that had their functional activity restored, based upon sensitive 
flow cytometric assays, but these were present at very low fre-
quencies and only transiently.68,69

A later study performed at the German Cancer Research 
Center added cytoreductive conditioning with 8 mg/kg of 
busulfan (approximately two times higher than the dose used 
in the ADA-deficient SCID studies) and used a retroviral vector 
derived from the murine spleen focus forming virus (SFFV) 
which has LTRs that are highly potent in myeloid progenitor 
cells expressing the normal human gp91phox.70 Two young men 
in their twenties with X-CGD and lifelong histories of chronic 
infections poorly responsive to intensive medical therapy were 
treated. They had clinically beneficial responses to the treat-
ment with resolution of the longstanding infections. The pro-
duction of gene-corrected, oxidase (+) neutrophils was readily 
detected; the frequencies of gene-containing neutrophils 
increased from 20% in the first few months after transplant to 
levels exceeding 60% over the next few months. Both patients 
developed monosomy 7 and myelodysplasia. One of these 
patients died as a result of gastrointestinal infection, at a time 
when there was loss of expression of oxidase activity in neutro-
phils, despite the continued presence of gene-containing cells.71

The highly dichotomous outcome of clinical benefit fol-
lowed by severe adverse event in these CGD patients is highly 
reminiscent of the XSCID studies. For CGD, the use of a vector 
with a potent myeloid-type LTR promoter led to myeloprolif-
eration, while there was lymphoproliferation in the XSCID 
studies where the MLV LTR is more active in lymphoid cells. It 
is known from research on wild-type retroviruses that the 
virus’s LTRs may play a major role in defining the disease 
tropism.72 Retroviral vectors used to drive high-level expression 
of a transgene in a specific lineage may predispose that lineage 
to insertional oncogenic effects.

The unexpected complications that occurred in these patients 
treated for PID led to major increases in the understanding of 
these risks, their underlying mechanisms and potential ways to 
overcome them. Some of these improved approaches will be 
discussed below. A lentiviral vector has been developed to 
express the gp91phox cDNA under transcriptional control of a 
chimeric promoter with expression relatively specific to mature 
myeloid cells; this vector could be active in granulocytes and 
monocytic cells but have a reduced potential to transform stem 
and progenitor cells.73 A multinational clinical trial using this 
new vector has recently started in Europe, with a US trial 
planned.

GENE THERAPY FOR WAS

A clinical trial for WAS performed in Germany using a first-
generation retroviral vector led to sustained engraftment and 
correction of WASp expression in lymphoid and myeloid cells 
and platelets in 9 out of 10 patients treated, resulting in improved 
immunologic and hematologic status. However, 7 of these 9 
patients developed leukemia due to insertional mutagenesis, 
which makes this approach unacceptable.74,75 Initial results from 
a trial for WAS using a lentiviral vector with the endogenous 
WAS gene promoter at San Raffaele Telethon Institute for Gene 
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in signaling proteins, including XLA, X-linked hyper-IgM syn-
drome and ZAP-70 kinase deficiency, as discussed above. Gene 
correction should avoid the problems of insertional oncogen-
esis from gene addition due to random insertion throughout 
the genome, resulting in activation of nearby genes.

Cells have multiple ways to repair damage to their chromo-
somal DNA, including homologous recombination (HR) that 
can lead to the genetic information on one strand being copied 
into a homologous, but nonidentical sequence (Figure 16-3). 
Flooding cells with high concentrations of nucleic acid 
sequences complementary to an endogenous gene sequence can 
cause the HR pathways to introduce corrective sequences into 
a cellular gene, for example to correct the single base-pair 
change in the human β-globin gene responsible for sickle cell 
disease.87 However, early efforts to direct gene repair by HR were 
limited by very low efficiency. More recently, the efficiency of 
HR has been markedly improved by the use of transiently 
expressed site-specific endonucleases targeted to introduce 
double-stranded DNA breaks near the intended site of HR. A 
succession of such engineered nucleases (zinc-finger nucleases 
[ZFNs], homing endonucleases, TALENS and CRISPR/Cas9) 
can be designed to have DNA recognition domains that bind to 
unique sites in the genome and introduce a double-stranded 
break to induce HR, guided by a ‘donor’ oligonucleotide.88–90 
Gene correction by HR may be developed to achieve correction 
of the genes involved in PIDs.89,91 It will need to be determined 
whether the efficacy and safety of gene correction provide a 
better therapeutic window than gene addition methods.

A future approach to gene therapy for these disorders  
may make use of the ability to ‘reprogram’ somatic cells to a 
pluripotent state (Figure 16-4). These induced pluripotent stem 

Figure 16-3 Gene modification using site-specific endonucleases. For correcting a genetic mutation (red ‘M’), site-specific endonucleases can be 
used to facilitate the repair process by producing a double-strand break (DSB) in the DNA near the mutation. The DSB may be resolved in several 
ways. If no donor is provided (left), non-homologous end joining may re-link the cut ends of the DNA, but often creates base-pair insertions or 
deletions, leading to gene disruption. If a homologous donor is introduced that contains the normal sequence (green ‘N’; center), homology-driven 
repair may use the donor as a template to repair the DSB, copying the normal sequence into the genome for gene correction. If a donor is provided 
that contains the relevant cDNA with a polyadenylation signal flanked by homology arms to the sequence at the DSB (right), the cDNA-polyA signal 
may be copied into the DSB, leading to gene insertion. 
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Figure 16-4 Gene therapy using autologous HSCs made from induced 
pluripotent stem cells. Somatic cells from a PID patient, such as skin 
fibroblasts or keratinocytes, can be obtained from a skin biopsy. These 
cells can be cultured and genetically corrected by gene addition or 
gene correction methods. The cells can then be de-differentiated to 
produce induced pluripotent stem cells (iPS). The iPS can then be 
directed to differentiate to HSCs that can be used to transplant the PID 
patient. The gene correction of the cultured somatic cells can be ana-
lyzed and selected for clones with complete appropriate gene correc-
tion and safe gene integration sites for use in the production of HSCs. 
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carries its own morbidities, some of which may be severe or 
even fatal, including GvHD, infections, toxicity associated with 
chemotherapy, and non-engraftment. Gene therapy utilizes 
autologous cells, so there is no risk for GvHD or graft rejection, 
and immune suppressive therapies are not needed. In addition, 
gene therapy may be successful and potentially have less toxicity 
due to the use of pretransplant conditioning regimens that are 
less than fully myeloablative and therefore less toxic. However, 
unexpected genotoxicity has occurred in some patients with the 
retroviral vectors used in previous trials.

Improvements in gene transfer to HSCs are under develop-
ment that should increase clinical efficacy and decrease the 
risks. Furthermore, direct gene correction may offer advantages 
over gene addition, if sufficient efficiency can be achieved.

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

cells (iPS) could be produced from patient cells that are effi-
ciently gene corrected in vitro. Then, the iPS could be directed 
to differentiate to HSCs for transplantation. This process has 
been demonstrated in a murine model of sickle cell disease, 
although several key steps have not been advanced to sufficient 
efficacy for human cells.92

Conclusions
Although advances in supportive therapy and enzyme therapy 
have made improvements in the treatment of primary immune 
deficiencies, they are not curative for these life-threatening ill-
nesses. HSCT and gene therapy provide the only curative 
options at this time. MSD HSCT remains the gold standard of 
treatment for many of these patients, but further data and expe-
rience have shown that closely matched unrelated bone marrow, 
peripheral blood stem cell and umbilical cord blood transplan-
tation have satisfactory results in some of these disorders. HSCT 
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KEY POINTS

• Biologics are mostly large molecules, usually proteins, 
that serve as therapeutics and are derived from living 
organisms.

• Biologics produced in vitro by recombinant technology 
are monoclonal antibodies, soluble receptor constructs, 
or cytokines. The first two categories are discussed in 
this chapter.

• Recombinant biologics bind their target with high affin-
ity, and have reduced potential for off-target effects 
compared to small molecule agents.

• Safety concerns with biologics arise from their effective-
ness in targeting physiologic molecules or cells, or from 
their ability to elicit an immune response against the 
drug itself.

• The molecular complexity and unavoidable heterogene-
ity of recombinant biologics make them expensive to 
produce and impossible to copy exactly in a generic 
form. In the future, biosimilars will be produced that 
mimic an existing approved biologic as far as possible.

Biologics are drugs that are derived from living organisms. In 
the broadest sense, this category encompasses any agent made 
by biological processes, including recombinant therapeutic pro-
teins, as well as blood, blood products, proteins or other mol-
ecules purified from living material, such as IVIG (see Chapter 
15), cells and gene therapies (Chapter 16), allergens (Chapter 
23) and vaccines. We discuss in this chapter therapeutic proteins 
that are monoclonal antibodies or soluble receptor constructs. 
They have all been developed by genetic engineering, and they 
are produced in vitro in large cultures of prokaryotic or eukary-
otic cells. Therapeutic cytokines manufactured by recombinant 
technology comprise another increasingly important subset of 
biologics. They are listed in Table 17-1 but will not be further 
described here.

The fundamental therapeutic rationale underlying the bio-
logics discussed in this chapter relates to the exquisite specificity 
of the humoral immune system’s antibodies or of certain physi-
ologic receptor-ligand interactions, coupled with the identifica-
tion of molecules or cells that are critical to the pathologic 
processes of disease. This permits the development of agents 
that will target selected steps in a disease pathway with very high 
affinity yet have little propensity to have ‘off-target’ interactions 
that could lead to serious side-effects. In addition to their speci-
ficity, many of the biologics closely resemble physiologic mol-
ecules, and as such, they may be administered in large quantities 
to achieve the substantial levels (hundreds of micrograms per 

mL) that can potentially block all of their targets in vivo. This 
pharmacodynamic efficiency of the biologics certainly accounts 
for their impressive efficacy in many uses. It also implies that 
the failure of a particular biologic to provide therapeutic benefit 
in a given situation makes it unlikely that the targeted molecule 
plays a non-redundant role in the disease process.

The complex nature of biologics in part accounts for their 
high cost, which limits their general use, particularly in develop-
ing countries. It also presents several other potential problems 
particular to this group of drugs. Their molecular complexity 
makes them relatively difficult to develop and often entails a 
degree of structural heterogeneity that may have unintended 
consequences.15 Any change in the manufacturing process must 
be assumed to change the final product to some extent. This 
makes the generation of generic forms of biologics essentially 
impossible. So-called ‘biosimilars’ can have the same amino 
acid sequence as the first-approved biologic, but the post-
translational modifications will not be identical.16,17 This vari-
ability demands that the regulatory requirements for approval 
must go beyond any demonstration of chemical identity and 
should include some biological measures of equivalence in 
pharmacokinetics, pharmacodynamics, clinical efficacy and 
safety. Such requirements would need to be less stringent than 
those applied to a new compound, or the potential financial 
benefit of the biosimilar (i.e. lower patient cost) would be abro-
gated. Biosimilar mimics of the compounds discussed in detail 
in this chapter have not yet appeared in the US market, and the 
path to approval will have to be developed individually in each 
case. Compounds that have the same targets but are indepen-
dently developed (e.g. adalimumab and infliximab), are of 
course not biosimilars, and each has to undergo its own exten-
sive developmental process. Nevertheless, the success and fail-
ures of a given compound will help guide the clinical 
development of others with the same target. In addition, the 
safety concerns that the US Food and Drug Administration 
(FDA) requires in the package inserts may reflect analogies with 
other compounds with the same target, even in the absence of 
adverse event data that are directly relevant.

Another general concern about biologics is immunogenicity. 
As large protein molecules, these drugs are potentially good 
immunogens. Most of the receptor constructs, such as rilona-
cept, are different from any autologous protein in the overall 
structure (anakinra is the exception), although they are made 
up of faithful portions of individual physiologic molecules. The 
monoclonal antibodies are more physiologic, but they also can 
provoke immune responses. Muromonab-CD3, the first mono-
clonal antibody approved in the USA in 1986, was derived from 
a mouse immunized with human T cells.18,19 It recognizes the 
CD3ε subunit of the T cell receptor-CD3 complex, and it is 
effective in treating allograft rejection. However, it frequently 
induces anti-mouse IgG antibodies (termed HAMA, or human 
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presence is not assayed in routine clinical care. In the early 
studies with infliximab, it was found that higher doses of drug, 
or giving it along with methotrexate, decreased the incidence of 
HACA formation.21 It is not known how well this paradigm may 
extend to other compounds.

Another class of adverse reactions to the biologics comes 
from their therapeutic potency. Although they are unlikely to 
have ‘off-target’ side-effects, they are often so thorough in inhib-
iting their target that the normal physiologic functions of that 
target are blocked. Thus, the anti-TNF agents can reactivate 
latent mycobacterial infections in a characteristic way,22 or ecu-
lizumab (anti-C5) can put patients at risk for serious infections 
with Gram-negative cocci by blocking the terminal comple-
ment cascade.23

The compounds discussed below are biologic monoclonal 
antibodies or receptor constructs that have an FDA-indicated 
use in the pediatric population as of mid-2014 (see Table 17-3). 
Other biologics approved only for adults have found common 
use in children. Some of them are listed in Table 17-4, but they 
will not be further discussed here.

anti-mouse antibodies), which is part of the reason it was with-
drawn from the market in 2010. Some murine monoclonal 
antibodies are still used clinically (e.g. ibritumomab in adults)20 
for short courses of therapy, but in general, further genetic 
modifications are undertaken to render the monoclonal more 
human and thus, less immunogenic.

A monoclonal antibody is usually selected from a mouse 
immunized with the appropriate human cells or protein. The 
variable regions of both the light and heavy chains are then 
joined, respectively, to the constant region domains of human 
κ or λ, and IgG (IgG1, IgG2 or IgG4) to a make a chimeric 
molecule that is about two thirds of human origin. Infliximab 
is an example. Such proteins can still not infrequently induce 
antibody responses, termed HACA, or human anti-chimera 
antibodies. Further humanization can be obtained by substitut-
ing the framework regions in the variable domains with human 
framework sequences. This leaves only the complementarity 
determining regions (hypervariable regions) from the original 
mouse monoclonal. These are the sequences that determine the 
antigen-binding site, so the specificity of the engineered mono-
clonal remains the same, but it now has only about 10% mouse 
sequences. An example of such a humanized monoclonal is 
eculizumab.

A fully human monoclonal antibody can be produced in  
two ways. In one approach, a mouse is used in which the immu-
noglobulin genes have been replaced with human genes.  
This mouse then makes antibody responses that use human 
antibody sequences. Canakinumab was produced in this way. A 
second approach uses a bacteriophage display library of human 
variable region sequences and selects for antigen binding in 
vitro. The selected genes are then combined with human con-
stant region genes to reconstitute a complete IgG antibody. 
Adalimumab was derived in this manner. Notwithstanding, 
these human monoclonals can provoke immune responses 
(termed HAHA, or human anti-human antibody), probably 
largely akin to anti-idiotype responses that are themselves spe-
cific for the reagents’ complementarity determining regions. 
Table 17-2 describes how the mouse/human composition of the 
monoclonal antibody produced is reflected in the spelling of 
the penultimate and antepenultimate syllables of its common 
name.

The immune responses to biologic agents that are often seen 
in a significant minority of patients may hasten the clearance 
of the drug, decrease its effectiveness or result in adverse reac-
tions such as hypersensitivity. In many cases, however, they do 
not seem to have apparent clinical significance, and their 

Compound Brand Name, Manufacturer Pediatric Indications Age Restriction

C1 esterase inhibitor Cinryze® Hereditary angioedema1,2 Adolescents
Epoetin alfa Epogen® Anemia3 None
Filgrastim (G-CSF) Neupogen® Neutropenia4,5 None
Interferon alfa-2b Intron® A Chronic hepatitis B6 ≥ 1 yr
Interferon gamma Actimmune® Chronic granulomatous disease, osteopetrosis7,8 None
Peginterferon alfa-2a Pegasys® Chronic hepatitis C9–11 ≥ 5 yr
Peginterferon alfa-2b Pegintron® Chronic hepatitis C12,13 ≥ 3 yr
Sargramostim Leukine® Bone marrow transplantation, chemotherapy14 None

*These compounds are not discussed in detail in the text.

TABLE 

17-1 Biologics Approved in Children, Recombinant Cytokines*

1. Ultimate syllable:
‘-mab’ = monoclonal antibody, e.g. basiliximab
‘-cept’ = receptor fusion protein, e.g. alefacept

2. Penultimate syllable before ‘mab’:
‘-xi-’ = chimeric (mouse or rat origin immunoglobulin variable 

regions; human constant regions)
‘-zu-’ = humanized (chimeric monoclonal antibody genetically 

engineered, so that the variable region sequences outside 
the complementarity determining regions [i.e. combining 
site] are human)

‘-u-’ = fully human (selected from an in vitro human phage 
display library or from a mouse engineered to have human 
immunoglobulin genes)

‘-mo-’ = murine
3. Antepenultimate syllable:

‘-li-’ or ‘-lim-’ = immune system (not consistently used)
Thus:
chimeric human/mouse antibodies are ximabs, e.g. infliximab
humanized antibodies are zumabs, e.g. alemtuzumab
fully human antibodies are umabs, e.g. adalimumab
murine antibodies are momabs, e.g. ibritumomab

*Reproduced from: Stiehm’s Immune Deficiencies, Edited by KE 
Sullivan and ER Stiehm, Elsevier, Amsterdam, 2014, page 891.

TABLE 

17-2 
Nomenclature of the Biologics, Based on 
Structure*
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Compound Brand Name Target Pediatric Uses

Abciximab ReoPro® GpIIb/IIIa receptor Kawasaki disease24,25

Alemtuzumab Campath® CD52 Hemophagocytic lymphohistiocytosis26,27

Belimumab Benlysta® BLyS SLE28

Bevacizumab Avastin® VEGF-A Retinopathy of prematurity, malignancies29,30

Golimumab Simponi® TNF-α Juvenile idiopathic arthritis, uveitis31,32

Natalizumab Tysabri® α4 integrin subunit Multiple sclerosis33

Rituximab Rituxan® CD20 SLE, transplant, lymphoma/leukemia, others34,35

Ustekinumab Stelara® IL-12, IL-23 Psoriasis36

*These compounds are not discussed in detail in the text. They are all the subject of ongoing (2014) clinical trials in children for the indicated 
uses, except abciximab, which is listed as being studied only for sickle cell crisis in children (http://www.clinicaltrials.gov).

BLyS – B lymphocyte stimulator, SLE – systemic lupus erythematosus, VEGF-A – vascular endothelial growth factor A.

TABLE 

17-4 Biologics not Approved in Children, but Commonly Used Off-Label*

Biologics Approved for Pediatric 
Therapeutic Use
Abatacept (Orencia®).  Abatacept is a soluble receptor mimic 
that consists of the extracellular domain of CTLA-4 (cytotoxic 
T lymphocyte antigen-4) linked to the Fc fragment of human 
IgG1.37 It is produced in vitro from a chimeric gene construct. 
CTLA-4 is found on activated CD4 and CD8 T cells, and it 
mediates an inhibitory signal through ligation to CD80 or 
CD86.38 However, the mechanism of action of abatacept results 
from its high-affinity binding to CD80 and CD86, which thereby 
prevents their interaction with the costimulatory molecule 
CD28, which is in turn constitutively expressed on CD4 and 
CD8 T cells. It was initially approved for use in adult rheuma-
toid arthritis in 2005. The pediatric indication for children 6 to 
17 years old with juvenile idiopathic arthritis was added in 2008 
on the basis of a 6-month withdrawal trial using 122 patients 
with polyarticular disease.39 These patients were also found to 

benefit in a longer-term open-label follow-up.40 Abatacept is 
administered intravenously once a month, either as monother-
apy or in conjunction with methotrexate. A preparation for 
subcutaneous self-administration is available only for adult use. 
Infections are a potential complication with abatacept therapy, 
although in general the risk may be less than with other biolog-
ics used for inflammatory arthritis.41–43 Hepatitis B reactivation, 
however, may be a particular concern.44,45

Adalimumab  (Humira®).  Adalimumab is a fully human 
recombinant monoclonal antibody that binds the soluble and 
cell-bound forms of TNF-α. It was initially approved for adult 
rheumatoid arthritis in 2002.46 An indication for juvenile idio-
pathic arthritis in children at least 4 years old was added in 2008 
on the basis of a 32-week withdrawal study of 128 patients with 
polyarticular disease.47 It is administered in weekly or biweekly 
subcutaneous doses, either as monotherapy or in combination 
with methotrexate. In adults (18 years and older), it is also 

Compound Target Pediatric Indications Age Restrictions FDA Approval‡

Abatacept CD80, CD86 Juvenile idiopathic arthritis ≥ 6 yr 2008

Adalimumab TNF-α Juvenile idiopathic arthritis ≥ 4 yr 2008

Anakinra IL-1R Neonatal onset multisystem inflammatory disease None 2014
Basiliximab CD25 Renal transplantation None 2001
Canakinumab IL-1β Familial cold autoinflammatory syndrome, Muckle-Wells 

syndrome, SJIA
CAPS ≥ 4 yr; SJIA ≥ 2 yr 2009

Denosumab RANKL Giant cell tumor Bone-mature adolescents 2013
Ecallantide Kallikrein Hereditary angioedema ≥ 12 yr 2009

Eculizumab C5 Atypical hemolytic uremic syndrome None 2009
Etanercept TNF-α, TNF-β Juvenile idiopathic arthritis > 2 yr 1999

Infliximab TNF-α Inflammatory bowel disease ≥ 6 yr 2006

Omalizumab IgE Asthma, chronic idiopathic urticaria ≥ 12 yr 2003

Palivizumab RSV F protein RSV prevention ≤ 24 months 1998

Raxibacumab Anthrax toxin Anthrax None 2012
Rilonacept IL-1β Familial cold autoinflammatory syndrome, Muckle-Wells 

syndrome
≥ 12 yr 2008

Tocilizumab IL-6R Polyarticular and systemic juvenile idiopathic arthritis ≥ 2 yr 2011

*These compounds are discussed in more detail in the text.
‡Year that FDA approval was first granted for a pediatric indication.

TABLE 

17-3 Biologics Approved for Children: Monoclonal Antibodies and Soluble Receptor Constructs*

SJIA – Systemic juvenile idiopathic arthritis, CAPS – cryopyrin-associated periodic syndromes, RANKL – receptor activator of nuclear factor κ B 
ligand, RSV – respiratory syncytial virus.

http://www.clinicaltrials.gov
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(including 23 pediatric patients overall). Strikingly, 97% of 
patients in the controlled study had a complete response by day 
29 of the open-label treatment phase. During the withdrawal 
period, none of the active drug-treated patients relapsed, while 
81% in the placebo arm had a disease flare. In 2013, canakinumab 
received approval for the additional indication of SJIA in  
children ≥ 2 years of age, based on a 29-day double-blind, 
placebo-controlled trial of 84 patients, and a double-blind, 
placebo-controlled withdrawal trial of 100 patients over up to 
two years of treatment.68 Although these trials indicated clinical 
efficacy, the magnitude of the effect was not nearly as impressive 
as for the CAPS trials. Canakinumab is administered subcuta-
neously every 8 weeks for CAPS and every 4 weeks for SJIA. The 
most important safety concern has been serious infections.

Denosumab (Xgeva®).  Denosumab is a fully human recombi-
nant monoclonal antibody specific for RANKL (receptor activa-
tor of NF-κB ligand). It blocks the binding of this ligand with 
RANK on pre-osteoclasts and thereby prevents their matura-
tion into osteoclasts.69–72 It thus favors bone formation over 
bone resorption. Animal studies have indicated that denosumab 
can interfere with bone development, so its pediatric use, 
approved in 2013, has been restricted to skeletally mature ado-
lescents with giant cell tumors of the bone.72 Two open-label, 
uncontrolled trials provided evidence of efficacy. In the first 
trial in 37 adults, 30 were considered to have responded by 
either histologic or radiologic criteria.73 In a second trial of 282 
patients, including 10 adolescents (13–17 years old), almost no 
disease progression was seen with a median follow-up of 9 to 
13 months, and about half the patients were considered to  
have a complete or partial tumor response (an exploratory 
outcome in this phase II study).74,75 However, an independent 
review of the data in the two trials concluded that only 25% of 
patients, including two of the six evaluable adolescents, showed 
a partial response (Xgeva® package insert). For treatment of 
giant cell tumors, denosumab is administered subcutaneously 
on days 1, 8, 15 and 30, and then monthly. The major safety 
concerns have been hypocalcemia and osteonecrosis. Note that 
denosumab is also marketed for treatment of osteopenia/
osteoporosis under a separate brand name (Prolia®), without a 
pediatric indication.

Ecallantide  (Kalbitor®).  Ecallantide is a 7,000 kDa protein 
that binds to the active site of kallikrein and thereby blocks the 
conversion of high molecular weight kininogen to bradykinin. 
Its structure is based on the first Kunitz domain (active site) of 
human tissue factor inhibitor (also known as lipoprotein associ-
ate coagulation inhibitor). It was selected by phage display to 
bind kallikrein with high affinity, and it is produced in yeast by 
recombinant technology.76,77 It was approved in 2009 for the 
treatment of acute episodes of hereditary angioedema (HAE) 
due to C1 esterase deficiency or dysfunction, based on two 
randomized, double-blind controlled trials in a total of 143 
HAE patients ≥ 10 years old.78-82 Not surprisingly, most of the 
enrolled patients in these trials were adults, and the pediatric 
population was skewed toward the older ages. Thus, the original 
labeling was for patients ≥ 16 years old; in 2014, the FDA 
extended the labeling to include adolescents ≥ 12 years old. The 
pivotal studies, which were single dose, did not report drug-
related serious adverse events, but the package labeling, which 
includes experience in retreated patients, cites a 4% incidence 
of anaphylaxis.83,84 This complication has not been specifically 

approved for use in ankylosing spondylitis, inflammatory bowel 
disease and psoriasis. Safety concerns for adalimumab are 
similar to those for the other biologics that target TNF-α and 
include bacterial, fungal and viral infections, malignancies, 
heart failure and the development of lupus- or multiple 
sclerosis-like syndromes.48,49 In adults with rheumatoid arthri-
tis, the presence of anti-adalimumab antibodies, found in about 
one quarter of treated patients, was associated with decreased 
efficacy and possibly increased adverse events.50,51

Anakinra (Kineret®).  Anakinra is a recombinant form of the 
physiologic human protein interleukin-1 receptor antagonist 
(IL-1Ra).52 It is structurally modified from the natural mol ecule, 
in that it lacks glycosylation and it has a methionine residue 
added to the amino terminus. It binds the IL-1 type 1 receptor 
without causing signaling and thereby prevents activation by 
the agonistic ligands IL-1α and IL-1β. In 2001, it was approved 
for treatment of adults with rheumatoid arthritis.53 Subse-
quently, based on the remarkable levels of serum IL-1 found in 
cryopyrin-associated autoinflammatory syndromes (CAPS), 
anakinra was tested in an open-label uncontrolled trial of 43 
neonatal-onset multisystem inflammatory disease (NOMID) 
patients of varying ages.54–56 All patients improved, and a subset 
relapsed upon withdrawal of the medication. Both the acute 
attacks and the progression of irreversible organ damage were 
inhibited. These findings led to the approval of NOMID as an 
additional indication for anakinra in 2014. Although anakinra 
has shown some evidence for efficacy in systemic juvenile idio-
pathic arthritis (SJIA), and is used in practice for this condition, 
it does not have FDA approval for this indication.57–58 Anakinra 
has a relatively short in vivo half-life (4–6 hours), and must be 
given daily by subcutaneous injection. The main safety concern 
has been an increased susceptibility to infection.

Basiliximab (Simulect®).  Basiliximab is a mouse/human chi-
meric monoclonal antibody specific for the α chain of the 
high-affinity IL-2 receptor (CD25).59 By blocking the cytokine 
IL-2 from binding to its receptor, basiliximab inhibits the acti-
vation of T lymphocytes. It is therefore effective for the preven-
tion of acute rejection after renal transplantation. It was 
approved for this use in adults in 1998.60–61 Although only open-
label studies have been documented in pediatric patients, an 
explicit indication for use in this population was added by the 
FDA in 2001.62–63 It is approved for use with an immunosup-
pressive regimen including cyclosporine and corticosteroids. It 
is administered as a single intravenous dose 2 hours before 
transplantation, and a second dose 4 days later. Infections are 
a prominent complication in this highly immunosuppressed 
patient group; however, the contribution of basiliximab per se 
to these adverse events is not clear.61,64 Anaphylaxis-like imme-
diate hypersensitivity reactions have been reported in post-
marketing surveillance.65,66

Canakinumab  (Ilaris®).  Canakinumab is a fully human 
recombinant monoclonal antibody specific for IL-1β. It there-
fore blocks the binding of this cytokine to its receptor. It received 
a priority review approval in 2009 for use in two CAPS – famil-
ial cold autoinflammatory syndrome (FCAS) and Muckle-Wells 
syndrome (MWS) – in patients ≥ 4 years of age. Supporting 
data came from an international double-blind, placebo  
controlled 24-week withdrawal study of 35 patients,67 and 
from uncontrolled experience with an additional 69 patients 
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every 8 weeks or every 12 weeks.108 Pediatric ulcerative colitis 
received approval in 2011 based on a very similar open-label 
study.109 A phase III trial of 122 children (ages 4–17) with poly-
articular JIA failed to meet its primary outcome for statistically 
significant efficacy at 14 weeks, so this indication does not 
appear on the label.110 Nevertheless, the general anecdotal expe-
rience has been positive, and infliximab is included among the 
TNF inhibitors recommended by the American College of 
Rheumatology for treatment of JIA.111–113 Childhood autoim-
mune uveitis is another relatively common off-label usage.114,115 
Safety issues with infliximab include infections, especially 
tuberculosis. A relatively high incidence of immune responses 
to infliximab (HACA) has been seen in children, as have serious 
infusion reactions.104 Infliximab is administered intravenously 
at weeks 0, 2 and 6, and then every 8 weeks.

Omalizumab  (Xolair®).  Omalizumab is a recombinant 
humanized monoclonal antibody that binds the constant region 
of free IgE.116 It thus blocks the binding of IgE to cell surface 
receptors on basophils and mast cells, but it does not cross-link 
IgE that is already cell bound. It causes a large increase in serum 
IgE, in the form of omalizumab-IgE complexes. It was approved 
in 2003 for the treatment of severe to moderate chronic allergic 
asthma in patients ≥ 12 years old who are not controlled with 
inhaled corticosteroids.117–119 It is not used in the setting of acute 
exacerbations. Two other trials evaluated omalizumab in chil-
dren between 6 and 12 years old. Although the one efficacy trial 
met its primary endpoint (rate of asthma exacerbations), other 
efficacy outcomes did not show statistical superiority over 
placebo. Based on safety concerns (see below), it was decided 
that it was not appropriate to extend the label indication to 
children < 12 years old. In 2014, the indication for chronic 
idiopathic urticaria was added with the same age limitation.120 
Data to support this label change came from two phase III 
studies with a total of 640 patients treated over 12 or 24 weeks. 
The major safety issues with omalizumab have been anaphy-
laxis, serum sickness, parasitic infestations and malignancy. 
Omalizumab is administered subcutaneously every 2 to 4 weeks.

Palivizumab (Synagis®).  Palivizumab is a humanized mono-
clonal antibody specific for the envelope fusion protein (RSV-F) 
of respiratory syncytial virus.121 It thus prevents cell entry 
by the virus and cell-to-cell fusion of RSV-infected cells. Its 
approval in 1998 was based on demonstration of its efficacy 
in preventing serious RSV infection in two double-blind, 
randomized, placebo-controlled trials with 2,789 children ≤ 2 
years of age who were considered to be at high risk because 
of congenital heart disease, bronchopulmonary dysplasia or 
prematurity.122,123 Palivizumab was given intramuscularly in 
five monthly injections beginning prior to the RSV season. 
The incidence of hospitalization with proven RSV infection 
was decreased about 50% in both studies. Children who were 
hospitalized for RSV infection despite having received the 
active drug did not show a milder course of disease. The 
package insert states that palivizumab is indicated for pro-
phylaxis against serious lower respiratory tract RSV in high-
risk children. The major safety concern has been anaphylaxis 
(rare) and other hypersensitivity reactions. Palivizumab is not 
indicated for the treatment of RSV infection.124

Raxibacumab.  Raxibacumab is a fully human monoclonal 
antibody that is directed at the protective antigen (PA) moiety 
of the anthrax toxin (from Bacillus anthracis) and that prevents 

seen in the published pediatric experience, but the number of 
individuals < 18 years old analyzed is relatively small (N = 29).82

Eculizumab (Soliris®).  Eculizumab is a humanized recombi-
nant monoclonal antibody that binds the C5 complement com-
ponent and prevents its activation by cleavage.85 This blocks the 
release of the inflammatory C5a fragment and prevents the 
subsequent initiation of the terminal complement cascade 
(C5b–C9). It was approved in 2007 for the treatment of adults 
with paroxysmal nocturnal hemoglobinuria (PNH).86 In 2009, 
eculizumab received an accelerated approval for treatment of 
atypical hemolytic uremic syndrome (aHUS) on the basis of 
two prospective, open-label, uncontrolled trials with a total of 
37 treated patients, of which 6 were adolescents,87 and a retro-
spective experience with 17 pediatric patients age 2 months to 
17 years (unpublished, summarized in the package insert). Most 
patients in all the studies showed improvement in blood counts 
and renal function, and freedom from need for plasma therapy. 
It is not known if eculizumab will be effective in infection-
induced HUS.88 Treatment is by intravenous administration, 
initially every week and then every 2 weeks, continued indefi-
nitely. Whether therapy can be stopped successfully in some 
patients is subject to further investigation,89 as is the potential 
use of eculizumab in children with PNH.90 In analogy with the 
congenital terminal component complement deficiencies,91 
eculizumab therapy is associated with increased susceptibility 
to infections with Gram-negative organisms, including Neisse-
ria meningitidis.92

Etanercept (Enbrel®).  Etanercept is a soluble form of the p75 
receptor for TNF. It is a recombinant chimeric homodimer con-
sisting of two polypeptide chains that splice the TNF receptor 
subunit to the Fc portion of IgG1. It binds both TNF-α and 
TNF-β (also known as lymphotoxin alpha, LTα) in both the 
soluble and transmembrane forms. It was first approved for the 
treatment of adult rheumatoid arthritis in 1998.93 In 1999, the 
indication for polyarticular JIA in patients ≥ 4 years old was 
added on the basis of an open-label study of 69 patients, fol-
lowed by a controlled, double-blind 4-month withdrawal study 
on the 51 patients who initially responded.94 In 2007, the age 
indication was lowered to ≥ 2 years on the basis of open-label 
unpublished experience (mentioned in the package insert). 
Etanercept is administered by subcutaneous injection 1 to 2 
times per week. Safety concerns listed in the package insert 
include infections, malignancies (particularly lymphomas)22 
and the development of autoimmune disease such as multiple 
sclerosis or lupus. Etanercept therapy may have a lower risk for 
activation of tuberculosis, compared to monoclonal antibodies 
against TNF.95 In addition, the association of malignancies with 
etanercept and other anti-TNF agents has been questioned in 
recent analyses.96–99 Etanercept also has adult indications for 
ankylosing spondylitis, psoriasis and psoriatic arthritis.100–102 It 
does not have the same effectiveness in inflammatory bowel 
disease as the monoclonal antibody anti-TNF agents.103

Infliximab  (Remicade®).  Infliximab was the first anti-TNF 
monoclonal antibody to be approved, starting in 1998 with the 
indication for Crohn’s disease in adults.104–105 Adult rheumatoid 
arthritis was included in 1999106 and adult ulcerative colitis in 
2005.107 Treatment of children (≥ 6 years old) with Crohn’s 
disease was added to the label in 2006, based on an open-label 
trial of an initial 10-week treatment period, followed by ran-
domization of responding patients to maintenance treatment 
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label came from a three-phase study of 188 patients ages 2 to 
17. An active 16-week lead-in period resulted in 166 patients 
achieving an ACR30 and progressing to the 40-week random-
ized, placebo-controlled withdrawal period with disease flare  
as a primary outcome measure.135 Twenty-six percent of 
tocilizumab-treated patients experienced a flare, compared to 
48% of placebo-treated patients. Responses were maintained 
over a further 48-week open-label extension. Significant adverse 
events have included neutropenia, elevated cholesterol and liver 
function tests, and serious infections.136,137 Macrophage activa-
tion syndrome was seen in some of the clinical trials, with an 
overall incidence of one to two per 100 patient years, which was 
not felt to represent an increased risk.138 Tocilizumab is admin-
istered to children in the intravenous preparation, every 4 weeks 
for polyarticular JIA and every 2 weeks for systemic JIA.

Conclusions
Targeted recombinant biologicals have been developed over the 
last three decades. They generally take advantage of the exqui-
site specificity and avidity of binding of the antibody response 
or physiologic receptor-ligand interactions. We have discussed 
here 15 compounds that have received FDA approval since 1998 
for use in pediatric populations, mostly for inflammatory con-
ditions but also for malignancy, transplant rejection, hypersen-
sitivity and certain infections. More than half of these agents 
were licensed after 2005 (see Table 17-3). Ongoing trials of new 
agents in children are currently exploring novel targets such as 
IL-5,139 CD22,140 EGFR (epidermal growth factor receptor),141 
IGF-1R (insulin-like growth factor-1 receptor),142 IFN-γ,143 and 
GD2 (disialoganglioside, expressed on neuroblastoma and 
some other malignancies).144 Many more targets are being 
explored in adult populations, and undoubtedly some success-
ful compounds will find their use extended to younger 
patients.145 Biological targeting mechanisms other than recom-
binant proteins, including those using genetically modified 
living cells, have shown early promise, such as the use of CAR 
(chimeric antigen receptor)-modified T cells.146 Gene therapy 
approaches with nucleic acid constructs of DNA or RNA have 
great appeal in principle, but are still far from realizing their 
potential.147 Undoubtedly, further genetic and molecular under-
standing of the complexities of in vivo pathways will uncover 
additional therapeutic options using the targeting specificity of 
biologics. This field can be expected to change rapidly in the 
coming years.

Helpful Websites
Immune Deficiency Foundation website (www.primaryimmune 
.org)

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

the toxin from entering cells. It is indicated for the treatment of 
inhalation anthrax, in combination with appropriate antibiot-
ics. It is also indicated for anthrax prophylaxis if alternatives are 
not feasible. It is administered as a single intravenous dose. Its 
approval in 2012 was based on its low toxicity profile in over 
500 normal (adult) volunteers, and therapeutic efficacy in 
monkey and rabbit models of anthrax.125–127 For evident ethical 
and logistical issues, it has never been tested in humans for its 
approved indication. It is available only from the Centers for 
Disease Control and Prevention(CDC).

Rilonacept (Arcalyst®).  Rilonacept is a genetically engineered 
cytokine ‘trap’ that binds IL-1β with very high affinity.128–130 
With lower affinity, it also binds IL-1α and IL-1Ra. Rilonacept 
was approved in 2008 for treatment in patients ≥ 12 years old 
with CAPS. Approval was based on two sequential randomized 
controlled trials with the same 47 adult patients (44 with FCAS; 
3 with MWS): part A consisted of a 6-week placebo-controlled 
treatment period; this was immediately followed by part B, 
which began with 9 weeks of patient-blinded active treatment, 
followed by 9 weeks of placebo-controlled randomized with-
drawal.131 The institution of rilonacept produced a rapid and 
sustained reduction in patient-reported symptoms (the primary 
outcome) in the great majority of subjects, while the group 
withdrawn to placebo experienced a return in symptoms begin-
ning at around 3 weeks. Treatment also normalized serum 
markers of inflammation, including CRP and serum amyloid 
protein. Pediatric data were not required with the initial approval, 
as rilonacept was given an orphan drug designation. Clinical 
responses were maintained over a subsequent 72-week open-
label extension study of 44 subjects from the pivotal trial plus 57 
new patients.132 The additional patients included eight children, 
age 12 to 17. Two deaths in adult patients were caused by pneu-
mococcal meningitis and coronary artery disease, respectively, 
but were not considered to be drug related. The most common 
drug-related adverse event has been injection site reactions. 
About one quarter of treated patients have been found to develop 
anti-rilonacept antibodies, usually in low titer.132 In two patients 
this was associated with pharmacokinetic changes, but the clini-
cal significance of these findings is not yet apparent. Rilonacept 
is administered by weekly subcutaneous injections.

Tocilizumab  (Actemra®).  Tocilizumab is a recombinant 
humanized monoclonal antibody that binds the soluble and 
membrane-bound forms of the IL-6 receptor and prevents its 
interaction with IL-6. It was approved for the treatment of adult 
rheumatoid arthritis in 2010.133 An indication for systemic JIA 
was added in 2011, and for polyarticular JIA in 2013. Support-
ing data for the SJIA label came from a 12-week randomized, 
placebo-controlled trial of 112 children ages 2 to 17, in which 
the tocilizumab-treated patients showed substantially more 
improvement than the placebo group (e.g. ACR70 of 71% vs 
8%). Improvement was maintained over a 40-week open-label 
extension study.134 Supporting data for the polyarticular JIA 
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KEY POINTS

• Allergen-specific IgE antibody is a marker of allergic 
sensitization and a risk factor for allergic disease but, 
alone, it does not make the definitive diagnosis of aller-
gic disease. Confirmation of allergic sensitization with a 
positive IgE anti-allergen analysis increases the likeli-
hood that the patient’s symptoms may be a result of an 
immediate-type hypersensitivity response.

• Quantitative IgE antibody levels to selected foods (milk, 
egg, fish and peanut) if above a predefined IgE antibody 
threshold may eliminate the need for tedious and 
expensive food challenges (DBPCFC). Caution, however, 
needs to be exercised as the predictive threshold levels 
vary among clinical studies, due to differences in study 
populations, protocols and statistical analyses employed.

• Food antigen-specific IgG and IgG4 antibody levels are 
not diagnostically useful as they do not correlate with 
the results of oral food challenges.

• Clinically successful aeroallergen immunotherapy is 
almost always accompanied by high (micrograms/mL) 
levels of allergen-specific IgG antibody in serum.

• Mast cell tryptase is a serine esterase that is used as a 
marker of mast cell activation during anaphylaxis. Immu-
noreactive tryptase levels in serum of healthy adults  
are typically <5 µg/L. Elevated mature tryptase levels 
(>10 µg/L) are detectable 1 to 4 hours after the onset 
of systemic anaphylaxis with hypotension.

The	diagnosis	of	human	allergic	disease	begins	and	ends	with	
the	patient’s	clinical	history	and	physical	examination.1	When	
the	clinical	history	identifies	allergic	symptoms	that	are	in	tem-
poral	relationship	to	a	definable	and	relevant	allergen	exposure,	
immunoglobulin	 E	 (IgE)	 antibody	 sensitization	 is	 then	 con-
firmed	 with	 in	 vivo	 skin	 tests	 (puncture/intradermal,	 see	
Chapter	19)	or	in	vitro	blood	tests	(allergen-specific	IgE	anti-
body	 serological	 assays).	 If	 there	 is	 a	 mismatch	 between	 the	
history	and	these	primary	diagnostic	tests	for	sensitization,	then	
a	secondary	provocation	test	(open	or	placebo-controlled	food	
challenge,	nasal	challenge,	bronchial	challenge)	may	adjudicate	
the	veracity	of	the	history-driven	diagnosis.2	This	chapter	dis-
cusses	the	laboratory’s	contribution	to	the	diagnostic	algorithm	
and	 analytes	 that	 serve	 as	 diagnostic confirmatory tests	 when	
there	 is	 high	 suspicion	 of	 allergic	 disease	 based	 on	 a	 clinical	
history.

Immediate (Type 1)  
Hypersensitivity Response
Prausnitz	 and	 Kustner	 first	 described	 the	 immediate-type	
hypersensitivity	allergic	reaction	using	an	in	vivo	test	in	which	
serum	from	Kustner,	who	was	allergic	to	fish,	was	injected	into	
the	skin	of	Prausnitz.3	An	immediate	wheal	and	flare	reaction	
in	the	skin	was	then	induced	when	extracted	fish	antigen	was	
injected	into	the	same	skin	site.	A	serum	factor	or	atopic	reagin	
was	later	shown	to	be	a	novel	immunoglobulin	(IgE).4,5

Box	18-1	summarizes	the	immune	system	components	that	
are	involved	in	the	induction	of	IgE	antibody	and	elicitation	of	
the	effector	mechanisms	of	type	1	hypersensitivity.	Inhalation,	
skin	or	parenteral	exposure	to	allergens	 is	 the	 initiating	event,	
during	which	these	foreign	molecules	are	presented	to	antigen-
presenting	 cells	 on	 mucosal	 surfaces.	Antigen-presenting	 cells	
process	antigenic	epitopes	to	T helper cells	that	secrete	cytokines	
(IL-4,	IL-10,	IL-13)	which	induce	B cell	 lymphocyte	prolifera-
tion.	As	allergen-specific	IgE	antibody	is	produced,	it	circulates	
and	 binds	 onto	 FcεR1	 receptors	 on	 mast cells	 and	 basophils.	
Upon	 re-exposure,	 allergen	 cross-links	 receptor	 bound	 IgE,	
causing	an	influx	in	calcium,	which	triggers	preformed	mediator 
release	 (histamine, proteases)	and	newly	synthesized	mediators	
(leukotrienes, prostaglandins).	 The	 pharmacological	 effects	 of	
these	mediators	on	blood	vessels	and	airways	produce	a	spec-
trum	of	clinical	symptoms	including	hay	fever,	asthma,	eczema	
and	 anaphylaxis.	 Released	 cytokines	 (IL-4,	 IL-5,	 IL-6)	 from	
degranulating	 mast	 cells	 serve	 to	 enhance	 the	 inflammatory	
response	and	IgE	production.

An	 investigation	 that	 employed	 engineered	 antibodies	 and	
allergens	showed	that	the	concentration,	specific	activity	(spe-
cific	IgE	to	total	IgE	ratio),	affinity	(tightness	of	binding)	and	
clonality	 (epitope	 specificity)	 of	 the	 IgE	 antibody	 response	
independently	 impact	 on	 effector	 cell	 activation.6	 The	 study	
concluded	that	higher	levels	of	basophil	activation	occur	with	
higher	overall	total	serum	IgE	levels,	higher	Derp2-specific	IgE	
to	 total	 IgE	 ratios,	 broader	 clonality	 and	 higher	 IgE	 antibody	
affinities.	 Future	 serological	 assays	 for	 IgE	 antibody	 need	 to	
monitor	more	effectively	these	four	important	humoral	immune	
response	parameters.7

Allergens
Allergens	are	substances,	usually	glycoproteins,	that	are	released	
from	weeds,	grasses,	 trees,	animal	danders,	molds,	house	dust	
mites,	parasites,	insect	venoms,	occupational	substances,	drugs	
and	foods.	They	are	capable	of	inducing	IgE	antibody	(sensiti-
zation)	in	atopic	or	genetically	predisposed	individuals.	Each	of	
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markers	 for	 a	 particular	 allergen	 specificity.	 Examination	 of		
the	combined	protein	 family	(PFAM)	database	and	structural	
database	of	allergenic	proteins	(SDAP)	identified	approximately	
12	000	protein	families,	of	which	only	approximately	2%	or	236	
PFAMs	are	known	to	contain	allergenic	proteins.	Of	these	fami-
lies,	 31	 protein	 families	 contain	 multiple	 allergenic	 proteins	
(homologs,	orthologs).	Thus,	allergens	comprise	a	 small	 frac-
tion	of	 the	 total	 number	 of	 protein	 families	 and	 they	possess	
particular	biological	structures	and	functions.	They	tend	to	be	
pervasive	or	abundant	in	nature	and	stable	to	processing	(e.g.	
heat	 and	 digestion)	 as	 a	 result	 of	 multiple	 cysteine	 linkages.	
They	tend	to	form	aggregates	or	polymers	and	many	tend	to	be	
plant	 defense	 related.	 Importantly,	 not	 every	 member	 of	 a	
protein	family	is	allergenic	or	cross-reactive.	Box	18-2	lists	the	
nine	 principal	 allergen	 families	 that	 manifest	 cross-reactivity	
due	to	structural	similarity.	In	addition,	it	presents	their	prin-
cipal	biological	function	in	nature	and	illustrative	members	of	
these	allergen	families.

Since	 1968,	 complex	 physiological	 extracts	 of	 allergenic	
materials	have	been	used	as	reagents	in	serological	assays	for	IgE	
antibody	quantification	in	serum	as	they	in	theory	contain	all	
the	principal	allergenic	components	 for	 that	 specificity.	There	
has	 been	 increasing	 interest	 in	 the	 use	 of	 native	 and	 recom-
binant	 component	 allergens	 as	 serological	 reagents	 because	
component	resolved	diagnosis	may	better	resolve	genuine	sen-
sitization	 from	 cross-reactivity	 in	 polysensitized	 patients.	 In	
food	allergy,	components	can	be	particularly	useful	for	certain	
foods	such	as	peanut	as	they	can	facilitate	the	assessment	of	risk	
for	a	severe	versus	more	mild	allergic	reaction	and	thus	reduce	
the	need	for	an	oral	food	challenge.	By	identifying	the	specific	
components	to	which	an	individual	is	sensitized,	more	targeted	
immunotherapy	may	also	be	conducted.	Thus,	instead	of	mea-
suring	IgE	antibody	to	crude	cat	dander	extract,	clinically	used	
singleplex	 and	 multiplex	 microarray	 assays	 can	 measure	 IgE	
antibody	 specific	 to	 component	 allergens	 produced	 by	 cats,	
namely	 Fel	 d	 1	 (uteroglobin),	 Fel	 d	 2	 (cat	 albumin),	 Fel	 d	 3	
(cystatin),	Fel	d	4	(lipocalin),	Fel	d	5	(cat	IgA),	Fel	d	6	(cat	IgM)	
and	Fel	d	7	(cat	IgG).	Use	of	component	allergens	allows	one	
to	dissect	more	effectively	the	IgE	antibody	response	into	aller-
gen	 families	 that	 share	 structural	 homologies	 and	 thus	 cross-
react	with	each	other.

Possibly	the	most	well-studied	family	of	cross-reactive	aller-
gens	 is	 the	pathogenesis	related	proteins	(PR10	family)	which	
are	present	 in	pollens,	pomaceous	and	stone	fruits,	vegetables	
and	nuts.	These	17	kDa	proteins	function	as	ribonucleases	and	
carriers	of	steroids.	Most	PR10	proteins	are	sensitive	to	heat	and	
digestion.	The	group	1	allergen	from	birch	tree	pollen,	Bet	v1,	
has	 a	 number	 of	 homologs.	 These	 include	 allergenic	 proteins	
from	alder	tree	pollen	(Aln	g	1),	hazelnut	pollen	(Cor	a	1),	apple	
(Mal	d	1),	peach	(Pru	p	1),	soybean	(Gly	m	4),	peanut	(Ara	h	
8),	 celery	 (Apr	 g	 1),	 carrot	 (Dau	 c	 1)	 and	 kiwi	 (Act	 d	 8).	 A	
primary	sensitivity	to	Bet	v	1	may	result	in	oral	allergy	symp-
toms	 after	 exposure	 to	 any	 of	 these	 structurally	 similar	 aller-
genic	 molecules.	 The	 chip-based	 microarray	 system	 discussed	
below	is	a	comprehensive	tool	for	identifying	IgE	antibodies	in	
a	given	patient’s	serum	that	cross-react	with	components	from	
seemingly	disparate	allergen	sources.

Diagnosis of Type 1 Hypersensitivity
The	 diagnostic	 algorithm	 for	 human	 allergic	 disease	 begins		
with	 a	 thorough	 clinical	 history	 and	 physical	 examination.	 A	

these	 source	 materials	 may	 be	 extracted	 with	 a	 physiological	
buffer	 to	 produce	 a	 final	 product	 (extract)	 that	 contains	 a	
complex	mixture	of	allergenic	and	nonallergenic	material.	With	
the	advent	of	molecular	cloning	techniques	in	the	late	twentieth	
century,	many	clinically	important	allergenic	components	have	
been	 identified	 and	 purified	 out	 of	 these	 complex	 allergen	
extracts.	 A	 systematic	 allergen	 nomenclature	 for	 allergenic	
extracts	 and	 components	 has	 been	 adopted	 that	 involves	 the	
first	three	letters	of	the	genus	and	first	letter	of	the	species	and,	
for	 the	allergen	component,	 a	number.	This	 scheme	has	been	
established	to	identify	each	unique	allergen	extract	and	compo-
nent	 specificity.	 For	 instance,	 Ara	 h	 1	 signifies	 the	 group	 1	
allergen	in	peanut	(Arachis hypogaea)	which	is	a	carbohydrate-
bearing	7S	vicilin-like	globulin.

Allergenic	 components	 are	 adopted	 into	 the	World	 Health	
Organization/International	Union	of	Immunological	Societies	
(WHO/IUIS)	 Nomenclature	 committee	 database	 once	 they	
have	 an	 established	 purity	 to	 homogeneity,	 physical-chemical	
characterization	by	molecular	weight,	isoelectric	point	and	gly-
cosylation	pattern,	nucleotide	and/or	amino	acid	sequence	and	
immunoreactivity	 to	 IgE	 antibody.8	 Allergenic	 molecules	 are	
further	classified	into	protein	families	according	to	their	struc-
ture	 and	 function.	 Different	 allergenic	 molecules	 often	 share	
common	 epitopes	 which	 can	 result	 in	 immunological	 cross-
reactivity.	 Other	 allergenic	 molecules	 can	 serve	 as	 unique	

BOX 18-1 PRINCIPAL IMMUNE SYSTEM 
COMPONENTS INVOLVED IN THE 
INDUCTION OF IgE ANTIBODY AND 
EFFECTOR MECHANISMS OF TYPE I 
HYPERSENSITIVITY*

ANTIGEN PRESENTATION

Allergen (exposure, entry at mucosal surfaces or local lymph 
nodes)

Antigen presenting cells (processing and presentation)
TH2 lymphocytes

Cytokines (promoters of IgE production: IL4, IL-10, IL-13; 
inhibitors of IgE production: IFγ)

B cell lymphocytes

IgE PRODUCTION AND SENSITIZATION

IgE (allergen-specific IgE antibody)
Connective tissue fixed and mucosal mast cells with FcεRI 

receptors
Circulating basophils with FcεRI receptors

MAST CELL ACTIVATION AND MEDIATOR RELEASE

Re-exposure to allergen induces calcium ion influx into mast 
cells

Mast cell releases preformed and newly synthesized mediators
Release of trypase
Exocytosis of preformed histamine
Synthesis of newly formed lipid mediators from arachidonic 

acid
Prostaglandin D2

Leukotriene B4, C4, D4

HUMORAL IMMUNE RESPONSE

Chronic antigenic challenge (inadvertent or intentional [immu-
notherapy]) induces antigen-specific IgG and IgA antibodies 
in blood and secretions)

*Analytes in italics are routinely measured in the clinical diagnostic 
allergy laboratory and thus they are discussed in the text. Analytes 
that are underlined are considered research analytes and they are 
not routinely measured in the clinical immunology laboratory.
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BOX 18-2 PRINCIPAL CROSS-REACTIVE FOOD-AEROALLERGEN FAMILIES

Profilin: An actin-binding protein in tree/grass/weed pollen and 
foods of plant origin that is involved in the dynamic turnover and 
restructuring of the actin cytoskeleton (12–15 kDa); sensitive to 
heat and digestion

Birch (Betula verrucosa) Bet v 2
Natural rubber latex (Hevea brasiliensis) Hev b 8
Mercury (Mercurialis annua) Mer a 1
Timothy grass (Phleum pratense) Phl p 12

Serum albumin: Protein in milk, blood and epithelia of animals that 
functions to transport hemin and fatty acids to muscle tissue and 
maintains oncotic pressure; sensitive to heat and digestion

Cow (Bos domesticus) Bos d 6
Dog (Canis familiaris) Can f 3
Horse (Equus caballus) Equ c 3
Cat (Felis domesticus) Fel d 2
Chicken (Gallus domesticus) Gal d 5

Pathogenesis related proteins: PR10 Family (Bet v 1 homologs)-
present in pollens, pomaceous and stone fruits, vegetables  
and nuts which functions as a ribonuclease and carrier of  
steroids (17 kDa); most PR10 proteins are sensitive to heat and 
digestion

Birch (Betula verrucosa) Bet v 1−
Hazel pollen (Corylus avellana) Cor a 1.010−
Hazelnut (Corylus avellana) Cor a 1.040
Apple (Malus domesticus) Mal d 1
Peach (Prunus persica) Pru p 1
Soybean (Glycine max) Gly m 4
Peanut (Arachis hypogaea) Ara h 8
Kiwi (Actinidia deliciosa) Act d 8
Celery (Apium graveolens) Api g 1

Procalcin: present in weed/grass/tree pollens but not foods that 
functions to bind calcium and regulate calcium levels; moderately 
stable

Birch (Betula verrucosa) Bet v 4−
Timothy grass (Phleum pratense) Phl p 7

Nonspecific lipid transfer proteins: present in fruits, vegetables, nuts 
and pollen which functions to shuttle phospholipids and other fatty 
acids between cell membranes; stable to heat and digestion 
(7–9 kDa)

Peanut (Arachis hypogaea) Ara h 9
Hazelnut (Corylus avellana) Cor a 8
Walnut (Juglans spp) Jug r 3
Peach (Prunus persica) Pru p 3
Mugwort (Artemisia vulgaris) Art v 3
Olive pollen (Olea europaea) Ole e 7
Plane tree (Platanus acerifolia) Pla a 3

Lipocalin: present in furry animals; functions to transport small hydro-
phobic molecules such as steroids, bilins, retinoids and lipids; 
stable protein

Cat (Felis domesticus) Fel d 4, 7
Dog (Canis familiaris) Can f 1, 2, 4, 6

Parvalbumin: present in fish and amphibians; binds calcium and is 
involved in calcium signaling in fast-contracting muscles; stable to 
heat and digestion

Cod fish (Gadus morhua) Gad c 1
Shrimp (Crangon crangon) Cra c 4, 6

Tropomyosin: Present in crustaceans, mites, cockroaches and nema-
todes and functions as an actin-binding muscle protein that regu-
lates actin mechanics in muscle contraction; stable to heat and 
digestion

Anisakis – herring worm (Anisakis simplex) Ani s 3
German cockroach (Blattella germanica) Bla g 7
Dust mite (Dermatophagoides pteronyssinus) Der p 10
Shrimp (Penaeus monodon) Pen m 1

Storage proteins: present in seeds and nuts; function as nutrient 
storage (e.g. 2 S albumin) and are stable to heat and digestion

Peanut (Arachis hypogaea) Ara h 1, 2, 3, 6
Hazelnut (Corylus avellana) Cor a 9
Walnut (Juglans spp) Jug r 1, 2
Soybean (Glycine max) Gly m 5, 6

suggestive	 history	 is	 followed	 by	 in	 vivo	 skin	 testing,	 in	 vitro	
serological	assays	and/or	provocation	challenge	tests	as	confir-
matory	measures	for	the	detection	of	IgE	antibodies	(Box	18-3).	
The	inter-relationship	between	each	of	these	components	of	the	
diagnostic	plan	is	illustrated	in	this	chapter	using	natural	rubber	
latex	as	a	model	allergen	system.

CLINICAL HISTORY

Latex	 allergy	 diagnosis	 begins	 with	 a	 comprehensive	 clinical	
history.9	A	child	may	present	with	complaints	of	hives,	rhino-
conjunctivitis,	asthma	or	anaphylaxis	that	are	temporally	asso-
ciated	with	exposure	to	a	product	that	contains	natural	rubber.	
The	allergist	probes	the	child’s	general	atopic	and	specific	latex	
allergy	history	using	questions	designed	to	identify	predispos-
ing	risk	factors	such	as	an	atopic	state	(seasonal	rhinitis,	early-
onset	asthma,	eczema,	food	allergy),	the	frequency,	consistency	
and	magnitude	of	latex	exposure,	the	presence	of	concomitant	
food	 allergy	 and	 hand	 dermatitis.10,11	 Exposure	 to	 rubber-
containing	products	provides	clues	which	strengthen	the	clini-
cal	 suspicion	 of	 latex	 allergy.	 The	 rapid	 onset	 of	 allergic	

symptoms	 around	 toy	 balloons,	 dental	 dams	 or	 other	 dipped	
rubber	 products	 (latex	 gloves,	 rubber	 toys)	 that	 contain	 high	
levels	 of	 allergen	 is	 supportive.12	 In	 contrast,	 respiratory	 or	
upper	 airway	 symptoms	 around	 latex	 paint	 that	 does	 not	
contain	natural	rubber	diminish	the	likelihood	of	latex	allergy.	
The	type	of	exposure,	time	of	onset,	and	duration	and	severity	
of	the	symptoms	can	help	differentiate	between	an	immediate	
type	1	 (protein-allergen	 induced)	and	delayed	 type	4	 (rubber	
chemical	induced)	hypersensitivity.	Finally,	a	genetic	predispo-
sition	for	atopic	disease	or	parental	history	of	allergy,	chronic	
infectious	 or	 acute	 viral	 illness,	 relative	 contribution	 of	 Th1/
Th2	cells	to	the	immune	response	and	the	nutritional	status	of	
the	individual	are	other	potential	risk	factors.

DIAGNOSTIC LABORATORY METHODS

Analytes	that	are	measured	in	the	clinical	immunology	labora-
tory	to	support	the	diagnosis	and	management	of	patients	sus-
pected	of	having	allergic	disease	are	summarized	in	Box	18-4.	
Historically,	total	serum	IgE	was	used	as	a	diagnostic	marker	for	
allergic	disease.13	However,	the	wide	overlap	in	the	total	serum	
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anti-human	IgE,	bound	radioactivity	is	measured	in	a	gamma	
counter.	The	counts	per	minute	level	associated	with	the	solid	
phase	is	proportional	to	the	amount	of	allergen-specific	IgE	in	
the	initial	serum	specimen.

The	 basic	 RAST	 chemistry	 has	 remained	 essentially	
unchanged	 for	 approximately	 50	 years.	 However,	 there	 have	
been	major	advances	in	assay	automation	and	reagent	quality.	
For	 instance,	 the	number	and	quality	of	allergen	extracts	and	
especially	 component	 allergens	 used	 in	 preparing	 allergosor-
bents	have	increased	as	a	result	of	extensive	research	using	new	
methods	of	extraction	and	quality	control.	The	paper	disc	solid	
phase	in	the	one	current	assay	(Aligent-Hycor,	IgE	Turbo-MP)	
is	being	replaced	by	newer	matrix	materials	such	as	the	cellulose	
sponge	 (Phadia	 ImmunoCAP)	 and	 biotinylated	 allergens	
(Siemens	 Immulite)	 that	 bind	 to	 avidin-coated	 beads.	 These	
advances	have	enhanced	the	binding	capacity	and	reduced	the	

IgE	 levels	between	atopic	and	nonatopic	populations14	caused	
it	 to	be	superseded	by	allergen-specific	IgE	as	 the	single	most	
important	 laboratory	 analyte	 in	 the	 diagnostic	 work-up	 for	
allergic	 disease.	 Since	 2003,	 all	 patients	 receiving	 anti-IgE	
therapy	(Xolair)	must	first	have	a	total	serum	IgE	to	determine	
whether	or	not	they	are	a	candidate	for	the	treatment.	Accord-
ing	to	the	Xolair	indication,	if	the	patient’s	total	IgE	falls	between	
30	 and	 700	kIU/L,	 (IU	 –	 international	 unit	 of	 IgE	 which	 is	
equivalent	 to	 approximately	 2.4	 nanograms	 of	 IgE)	 then	 the	
clinician	can	use	the	total	serum	IgE	level	to	compute	the	start-
ing	Xolair	dose	using	package	insert	criteria.

The	 radioallergosorbent	 test	 (RAST)	 was	 the	 first	 assay	
developed	 in	 1968	 for	 the	 detection	 of	 allergen-specific	 IgE	
antibodies	 in	human	serum.15	The	RAST	is	a	noncompetitive,	
heterogeneous	 (separation	 step	 included),	 solid-phase	 immu-
noradiometric	(radiolabeled	antibody)	assay	in	which	allergen	
is	covalently	coupled	to	a	solid	phase	(e.g.	cellulose	paper	disc).	
In	an	initial	incubation,	human	serum	is	added	to	the	allergo-
sorbent,	during	which	time	antibodies	of	all	human	isotypes,	if	
present,	bind	to	immobilized	antigens.	Following	a	buffer	wash,	
bound	IgE	is	detected	with	125I-labeled	anti-human	IgE	Fc.	After	
a	 second	 buffer	 wash	 to	 remove	 unbound	 radiolabeled	

BOX 18-3 KEY CONCEPTS

Diagnosis

• Allergen-specific IgE antibody is a marker of allergic sensitiza-
tion and a risk factor for allergic disease but, alone, it does 
not make the diagnosis of allergic disease. It is performed as 
a confirmatory test in support of a clinical history that strongly 
suggests an allergic disorder.

• Allergen-specific IgE antibody is measured by non-isotopic 
autoanalyzers that employ a two-stage noncompetitive immu-
noassay format. In the assay, allergen-specific antibodies are 
bound to a solid phase allergosorbent and bound IgE anti-
bodies are detected with labeled anti-human IgE. A heterolo-
gous total serum IgE calibration curve is used to interpolate 
response levels into quantitative estimates of allergen-specific 
IgE.

• Quantitative IgE antibody results are reported in kUA/L, trace-
able to the World Health Organization IgE Reference Prepara-
tion (1 U = 2.4 nanograms of IgE).

• The multi-allergen screen is a qualitative assay that measures 
allergen-specific IgE antibody to multiple aeroallergens and/
or food allergens in a single test. The multi-allergen screening 
assay produces qualitative (positive or negative) results that 
lead to subsequent investigation of the patient’s serum or skin 
for IgE antibodies specific for individual clinically defined aller-
gen specificities.

• A competitive inhibition format of IgE antibody assays is used 
to define the relative potency of allergen extracts used in skin 
testing, to identify the extent of cross-reactivity of human IgE 
antibody for structurally similar allergens (e.g. vespid vs 
Polistes wasp venom allergens) and in Hymenoptera venom 
allergy to select appropriate venoms for immunotherapy.

• Quantitative IgE antibody levels to selected foods (milk, egg, 
fish and peanut) if above a predefined IgE antibody threshold 
may eliminate the need for tedious and expensive food chal-
lenges (DBPCFC). Caution, however, needs to be exercised 
as the predictive threshold levels vary among clinical studies, 
due to differences in study populations, protocols and statisti-
cal analyses employed.

• Food antigen-specific IgG and IgG4 antibody levels are not 
diagnostically useful as they do not correlate with the results 
of oral food challenges.

BOX 18-4 ANALYTES MEASURED IN THE 
CLINICAL IMMUNOLOGY LABORATORY

DIAGNOSIS

Allergen-specific IgE
Multi-allergen-specific IgE screen (adult and pediatric forms)
Individual allergen specificities (extracts and component 

allergens)
Total serum IgE1

Precipitating antibodies specific for proteins in organic dusts
Tryptase (total and mature) (mast cell protease and used as a 

marker for mast cell-mediated anaphylaxis)
Other tests: complete blood count (CBC), sputum examination 

for eosinophils and neutrophils

MANAGEMENT

Allergen-specific IgG (Hymenoptera)
Indoor aeroallergen quantitation in surface dust

Der p 1/Der f 1 (Dust mite, Dermatophagoides)
Fel d 1 (Cat, Felis domesticus)
Can f 1 (Dog, Canis familiaris)
Bla g 1/Bla g 2 (Cockroach: Blattella germanica)
Mus m 1 (Mouse: Mus musculus)
Rat n 1 (Rat: Rattus norvegicus)

Cotinine (metabolite of nicotine measured in serum, urine and 
sputum and used as a marker of smoke exposure)

RESEARCH ANALYTES

IgE specific autoantibodies
Eosinophil cationic protein
Mediators2,3

Preformed biogenic amine: histamine
Newly formed

leukotriene C4 (LTC4)
prostaglandin D2 (PGD2)

Proteoglycans2

Heparin
Chondroitin sulfate E

Proteases2

Mast cell chymase
Mast cell carboxypeptidase
Cathepsin G

Fibroblast growth factor (bFGF)2

Cytokines
Tumor necrosis factor (TNF)-alpha
Interleukins (ILs) 4, 5, 6, 133

1Total serum IgE is the only one of these tests listed that is regu-
lated under the CLIA 88. 2Primarily released from mast cells. 
3Primarily released from basophils.
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natural	rubber	products.	The	addition	of	recombinant	Hev	b	5	
by	 one	 manufacturer	 to	 the	 latex	 reagent	 has	 increased	 the	
diagnostic	sensitivity	of	their	 latex-specific	IgE	antibody	assay	
by	10%,	with	no	apparent	loss	of	specificity.21	However,	prob-
lems	can	arise	when	recombinant	protein	supplementation	of	
an	allergen	extract	is	performed	without	the	knowledge	of	the	
clinician	 who	 ultimately	 uses	 the	 results	 in	 patient	 manage-
ment.	When	hazelnut	extract	that	is	used	on	an	allergosorbent	
was	supplemented	with	recombinant	Cor	a	1,	it	caused	enhanced	
detection	of	IgE	antibody	to	its	structurally	similar	birch	pollen	
homolog	Bet	v	1.22	This	led	to	exceptionally	high	levels	of	IgE	
anti-hazelnut	in	patients	with	a	concomitant	birch	pollen	sen-
sitivity	which	were	challenging	to	interpret	by	clinicians.

In	 2002,	 microarray	 chip	 technology	 emerged.23	 Its	 com-
mercialized	version,	 the	 ImmunoCAP	ISAC	or	 immuno-solid	
phase	 allergen	 chip	 (Thermofisher	 Scientific/Phadia),	 has	 112	
native/recombinant	 component	 allergens	 that	 are	 spotted	 in	
triplicate	 onto	 glass	 slides.	 Thirty	 microliters	 of	 serum	 are	
pipetted	onto	the	chip	and	antibodies	specific	for	the	allergens	
attached	 to	 the	chip	bind	during	a	2-hour	 incubation	period.	
Following	a	buffer	wash,	bound	IgE	is	detected	with	a	fluores-
cently	 labeled	antihuman	IgE	conjugate.	The	chip	 is	read	 in	a	
fluorometer	 and	fluorescent	 signal	 units	 are	 interpolated	 into	
ISU	or	immuno-solid	phase	allergen	chip	(ISAC)	units	as	semi-
quantitative	 estimates	 of	 specific	 IgE	 antibody	 in	 the	 original	
serum.	The	analytical	sensitivity	of	the	ISAC	varies	as	a	function	
of	the	allergen	specificity.	It	is	generally	less	than	the	Immuno-
CAP	 singleplex	 system	 when	 the	 same	 component	 allergen	 is	
coupled	to	the	sponge.	The	strength	of	the	microarray	system	
is	 its	 ability	 to	 identify	 cross-reactivity	 among	 structurally	
similar	allergens	 from	different	biological	 substances	as	noted	
in	 Box	 18-2.	 Knowledge	 of	 the	 extent	 of	 IgE	 cross-reactivity	
must	be	factored	into	the	diagnostic	process	within	the	context	
of	the	patient’s	clinical	history.

A	point-of-care	IgE	antibody	lateral	flow	test	is	a	novel	alter-
native	IgE	antibody	assay	technology	that	is	used	in	Europe	but	
has	failed	to	obtain	acceptance	in	North	America.	In	this	assay,	
a	drop	of	whole	blood	from	a	finger	prick	is	inserted	into	the	
sample	 well	 of	 the	 cassette.	 A	 current	 commercialized	 device	
(ImmunoCAP	 Rapid,	 Phadia)	 allows	 serum	 proteins	 to	 flow	
with	 the	fluid	 front	across	a	nitrocellulose	strip	 that	has	been	
impregnated	 with	 10	 lines	 of	 extract-based	 aeroallergens	 (cat	
dander,	 D. farinae, D. pteronyssinus,	 Bermuda	 grass,	 short	
ragweed,	oak	tree,	Alternaria,	 timothy	grass,	elm	tree	and	dog	
dander).	If	IgE	antibody	is	bound,	 it	 is	detected	with	anti-IgE	
colloidal	gold	that	subsequently	migrates	up	the	same	nitrocel-
lulose	strip	following	the	addition	of	developing	solution	to	a	
second	well	 in	 the	cassette.	This	device	 is	 intended	 for	use	by	
primary	care	physicians	who	would	then	refer	their	IgE-positive	
patients	 to	 an	 allergist	 for	 a	 comprehensive	 diagnostic	
work-up.

PERFORMANCE OF IgE ANTIBODY 
CONFIRMATORY TESTS USING A DEFINED 
POSITIVE CUT-OFF POINT

The	practicing	medical	professional	needs	to	know	how	well	the	
available	IgE	antibody	confirmatory	assays	perform	analytically	
and	diagnostically.	The	analytical	performance	of	the	available	
clinical	 assays	 is	 readily	 defined	 since	 they	 are	 all	 calibrated	
using	the	same	WHO	total	serum	IgE	reference	preparation.	In	
general,	available	clinically-used	assays	detect	allergen-specific	

nonspecific	 binding	 levels	 of	 allergosorbents.	 Various	 poly-
clonal	 and	monoclonal	 anti-IgE	detection	antibody	combina-
tions	 insure	maximal	assay	sensitivity	while	maintaining	their	
required	 specificity	 for	 human	 IgE.	 Microprocessor-driven	
automation	has	improved	intra-assay	precision	and	inter-assay	
reproducibility.	 Nonisotopic	 labels	 have	 lengthened	 the	 shelf-
life	 of	 immunochemical	 reagents	 and	 have	 made	 the	 assays	
more	user-friendly.	The	various	assays	now	use	a	common	cali-
bration	 system	 in	 which	 a	 (heterologous16)	 total	 serum	 IgE	
curve	is	used	to	convert	allergen-specific	IgE	assay	response	data	
into	quantitative	dose	estimates	of	IgE	antibody	in	kUA/L	units.	
All	 these	 modifications	 have	 resulted	 in	 assays	 with	 superior	
analytical	sensitivity	and	specificity.	They	are	more	quantitative,	
reproducible	 and	 automated	 than	 their	 earlier	 counterparts.	
These	 improvements	 have	 made	 the	 serological	 assay	 for	 IgE	
antibody	 diagnostically	 competitive	 with	 its	 in	 vivo	 puncture	
skin	test	counterpart.	The	intradermal	skin	test	still	appears	to	
possess	an	inherent	advantage	in	terms	of	analytical	sensitivity	
and	 a	 major	 disadvantage	 involving	 the	 loss	 of	 diagnostic	
specificity.1,17

A	consensus	guideline	(I/LA20-A3)	on	allergen-specific	IgE	
assays	has	been	established	by	an	international	body	of	scien-
tists	from	academia,	industry	and	government	regulatory	agen-
cies.18	This	effort	has	led	to	a	more	uniform	strategy	among	the	
various	assay	manufacturers	 in	reporting	 IgE	antibody	results	
using	a	common	unit	(kUA/L)	with	a	calibration	system	that	is	
linked	to	the	World	Health	Organization	IgE	reference	prepara-
tion.	In	spite	of	 the	use	of	a	common	calibration	scheme,	the	
clinically	used	assays	measure	different	populations	of	IgE	anti-
body.19,20	This	observed	inter-assay	difference	is	believed	to	stem	
from	 the	use	of	 extracts	 containing	different	 compositions	of	
allergens.	The	consequence	is	that	published	IgE	antibody	data	
generated	 with	 one	 assay	 cannot	 be	 directly	 extrapolated	 to	
published	predictive	outcomes	that	are	based	on	IgE	antibody	
levels	from	a	second	assay	method.	Specific	IgE	antibody	levels	
measured	in	different	commercial	assays	are	currently	not	inter-
changeable	or	equivalent.18

Until	 recently,	all	allergen	preparations	used	 in	clinical	 IgE	
antibody	 assays	 have	 been	 mixtures	 of	 proteins	 derived	 from	
biological	extracts	of	raw	material	that	varies	in	its	composition	
(molecular	weight,	charge	[isoelectric	point],	relative	content)	
and	 allergenic	 potency	 as	 a	 function	 of	 a	 number	 of	 factors.	
These	 factors	 include	 the	 season	 in	which	 the	 raw	material	 is	
collected,	the	degree	of	difficulty	in	identifying	a	pure	source	of	
raw	material,	the	presence	of	morphologically	similar	raw	mate-
rials	that	may	cross-contaminate	and	differences	in	the	allergen	
extraction	process	used	by	different	manufacturers.	Once	pre-
pared,	 allergen	 extracts	 undergo	 extensive	 quality	 control	
involving	 isoelectrofocusing,	 SDS-polyacrylamide	 gel	 electro-
phoresis,	crossed	immunoelectrophoresis	and	immunoblotting.	
Issues	of	 stability	during	 storage,	heterogeneity	of	 the	human	
IgE	 antibody	 containing	 quality	 control	 sera	 and	 different	
acceptance	 criteria	 for	 extract-based	 allergen-containing	
reagents	 also	 contribute	 to	 inter-method	 variability.	 Thus,	
allergosorbents	 from	different	manufacturers	can	be	expected	
to	bind	different	distributions	of	IgE	antibodies	 for	any	given	
allergen	specificity.

Some	allergen	extracts	used	in	IgE	antibody	assays	have	been	
supplemented	with	recombinant	allergens	that	are	either	in	low	
quantity	or	missing.	One	 successful	 supplementation	 involves	
the	crude	latex	extract	in	which	recombinant	Hev	b	5	has	been	
added	since	it	is	labile	and	does	not	survive	the	extraction	from	
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IgE	 antibody	 down	 to	 0.1	kUA/L	 (≈0.24	ng	 of	 IgE)	 and	 false	
positive	nonspecific	binding	typically	occurs	only	with	extremely	
high	total	IgE	levels	(e.g.	>20	000	IU/mL).18	Analytical	specific-
ity	is	a	function	of	the	quality	of	the	allergen	component	and	
anti-IgE	used	in	the	assay.

The	allergen-specific	IgE	antibody	analysis	is	a	test	for	aller-
gic	sensitization	and	not	for	making	the	definitive	diagnosis	of	
allergic	 disease.	 Confirmation	 of	 allergic	 sensitization	 with	 a	
positive	IgE	anti-allergen	analysis	increases	the	likelihood	that	
the	patient’s	 symptoms	may	be	a	result	of	an	 immediate	 type	
hypersensitivity	response.	Thus,	it	is	difficult	to	define	the	rela-
tive	‘diagnostic’	sensitivity	and	specificity	of	IgE	antibody	assays	
because	these	parameters	require,	first,	differentiating	individu-
als	who	have	allergic	disease	from	those	who	do	not	have	aller-
gic	disease.	There	exists	no	perfect	‘gold	standard’	method	for	
defining	the	presence	of	human	allergic	disease.	The	diagnostic	
algorithm	indicates,	however,	that	the	clinical	history	should	be	
the	 primary	 decision	 criterion	 in	 making	 the	 final	 diagnosis		
of	 allergic	 disease.	 Unfortunately,	 a	 patient’s	 history	 is	 not	
infallible.

Gendo	and	Larson	have	proposed	three	strategies	for	defin-
ing	the	presence	of	human	allergic	disease,	with	the	expressed	
purpose	of	judging	the	performance	of	confirmatory	IgE	anti-
body	 tests.24	The	‘clinical	 criteria	gold	 standard’	correlates	 the	
patient’s	 symptoms	 and	 signs	 with	 clinical	 criteria	 that	 have	
been	established	by	expert	opinion.	It	is	easy	to	use	and	appli-
cable	 to	most	patients	but,	unfortunately,	 it	 is	prone	 to	 recall	
bias.	Box	18-5	lists	the	principal	patient	and	medical	care	pro-
fessional	factors	that	can	influence	the	accuracy	of	the	clinical	
criteria	 based	 gold	 standard	 approach.	 The	 ‘composite	 gold	
standard’	combines	 the	clinical	history	and	physical	examina-
tion	information	with	one	or	more	IgE	antibody	confirmatory	
test	 results	 (skin	 tests	 or	 serological	 tests).	 This	 approach	 is	
generally	more	robust	than	just	using	the	history	alone,	however	
it	 tends	 to	 overestimate	 the	 index	 test’s	 diagnostic	 sensitivity	
and	specificity	if	the	index	test	is	a	part	of	the	composite	gold	
standard.	Box	18-5	lists	variables	that	influence	the	accuracy	of	
skin	test	and	serological	test	results.	The	third	and	possibly	most	
rigorous	strategy	for	defining	the	presence	of	allergic	disease	is	
the	‘challenge	gold	standard’.	Use	of	a	challenge	test	to	verify	the	
presence	 of	 an	 allergic	 disease	 process	 on	 the	 surface	 sounds	
ideal.	However,	it	too	can	be	problematic	due	to	differences	in	
threshold	 of	 organ	 sensitivity,	 a	 lack	 of	 standardization	 of	
methods	and	outcome	measures,	and	the	use	of	a	higher	aller-
gen	dose	than	is	found	in	nature	to	elicit	a	clinically	measurable	
response.	 Because	 skin	 and	 serological	 tests	 and	 provocation	
testing	 are	 analytical	 methods,	 they	 are	 inherently	 vari-
able.10,18,19,25	 Thus,	 the	 validity	 of	 their	 results	 must	 always	 be	
critiqued,	 especially	 if	 inconsistent	 with	 the	 history-based	
diagnosis.

A	 number	 of	 clinical	 studies	 have	 used	 one	 of	 these	 three	
gold	standard	approaches	to	define	the	presence	of	aeroallergen-
related	allergic	disease.17,26,27	With	the	cases	defined,	the	investi-
gators	 computed	 the	 diagnostic	 sensitivity	 and	 specificity	 of	
puncture	skin	tests	and/or	serological	tests	for	IgE	antibody	to	
a	limited	number	of	aeroallergen	specificities.	Since	the	patient	
population	 studied,	 positive	 cut-off	 criteria,	 reagent	 sources	
used	and	statistical	methods	varied	among	the	studies,	general-
ized	conclusions	from	the	data	in	these	studies	are	not	possible.	
Within	the	limits	of	these	studies,	the	performance	of	the	punc-
ture	skin	test	ranged	from	55%	to	98%	(diagnostic	sensitivity)	
and	 70%	 to	 90%	 (diagnostic	 specificity)	 using	 the	 clinical	 or	

BOX 18-5 VARIABLES THAT INFLUENCE THE 
ACCURACY OF THE ALLERGY 
DIAGNOSIS

The allergen-specific IgE antibody analysis is a test for allergic 
sensitization and not for making the definitive diagnosis of allergic 
disease. Multiple factors also influence the translation of allergen 
exposure into an allergic symptom.

PATIENT FACTORS

Recognition of symptoms: recall bias related missing data, lack 
of knowledge or ability to accurately describe symptoms

Environment: rural, suburban, urban, pet ownership, smoking
Extent of allergen exposure: time between exposure and 

symptom recognition, exposure route (ingestion, inhalation, 
injection, adsorption)

Demographics: age (adult vs child-parent), gender, social eco-
nomic status, language, race, family history of atopy

Prevalence of allergic disease in question in the population

MEDICAL CARE PROFESSIONAL FACTORS

Extent of education, training and experience
Physical examination skills
Questionnaire tools/skills: sensitivity and specificity
Differential interpretation of diagnostic test results

SKIN TEST FACTORS

Allergen extracts: potency, stability, standardization or charac-
terization, concentration used, irritant in allergen extract, con-
taminant allergen in extract

Technique: puncture, intradermal, skin test device, number of 
skin tests, reporting scale [0 to 4+] vs mm of wheal/erythema, 
comparison to saline control or histamine control, skin test 
spacing application, insufficient penetration of the needle, 
testing in the week after anaphylaxis

Technologist and physician: education, training, experience in 
grading and interpretation of results

Quality control: negative control, positive control
Patient: dermagraphism, interfering premedication (antihista-

mines, tricyclic antidepressants, long-term oral steroids, 
topical steroids)

System factors: quality assurance practices, records, office pro-
cedures, level of documentation of results

SEROLOGICAL TEST FACTORS

IgE antibody assay method: analytical sensitivity, degree of 
automation, method of standardization and quality control, 
reproducibility, linearity, units

Reagents: allergen containing reagent, anti-IgE detection 
reagent, buffers, protein matrix effects, recombinant allergen 
supplementation

Specimen/allergen specificity factors: specific to total IgE  
ratio, cross-reactive carbohydrate reactivity, high IgE nonspe-
cific binding levels, allergen heterogeneity (analytical 
specificity)

Technical staff: education, training and experience
System factors: laboratory quality control practices, records, 

office procedures, level of documentation of results, labora-
tory certification

composite	gold	standard	to	identify	allergic	disease.	In	the	same	
studies,	the	performance	of	the	serological	tests	for	IgE	antibody	
with	 the	 same	 allergen	 specificities	 ranged	 from	 55%	 to	 80%	
(diagnostic	sensitivity)	and	82%	to	99%	(diagnostic	specificity)	
using	 the	 clinical	 or	 composite	 gold	 standard.	 Performance	
improved	 slightly	 for	 both	 the	 skin	 test	 and	 serology	 when	 a	
challenge-based	gold	standard	was	used	to	define	the	presence	
of	 clinical	 disease.	 In	 a	 2014	 comparative	 study,26	 substantial	
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When	compared	to	a	positive	cat	inhalation	challenge	outcome,	
IgE	 antibody	 levels	 by	 the	 ImmunoCAP	 system	 displayed	 a	
diagnostic	sensitivity	of	69%,	specificity	of	100%,	positive	pre-
dictive	value	of	100%	and	negative	predictive	value	of	73%.	In	
the	 dust	 mite	 system,	 a	 significant	 correlation	 was	 observed	
between	 the	 concentration	 of	 dust	 mite	 specific	 IgE	 and	 the	
concentration	 of	 sensitizing	 mite	 allergen	 in	 the	 individual’s	
mattress	dust	(P	=	 .001).30	The	authors	reported	a	77%	prob-
ability	 of	 being	 exposed	 to	 high	 dust	 mite	 allergen	 (>10	µg	
per	g	of	dust)	when	the	serum	IgE	anti-mite	levels	were	greater	
than	 2	kUA/L	 and	 vice	 versa.	 Finally,	 using	 specific	 IgE	 as	
a	continuous	variable,	the	risk	of	current	wheeze	and	reduced	
lung	function	in	children	increases	significantly	with	increasing	
summed	 measurements	 of	 dust	 mite,	 cat	 and	 dog	 specific		
IgE	antibody.31	These	data	 indicate	 that	quantitative	estimates	
of	 serum	 IgE	 antibody	 can	 identify	 individuals	 who	 are	 not		
only	sensitized	but	also	who	are	in	need	of	avoidance	practices	
which	 they	 accomplish	 through	 environmental	 control	 mea-
sures.	 Other	 illustrations	 of	 the	 importance	 of	 quantitative	
allergen-specific	 IgE	 to	 respiratory	 allergy	 are	 reviewed	 else-
where.32	As	a	general	rule	for	inhalant	allergen	specificities,	the	
skin	 test	 and	 quantitative	 IgE	 antibody	 immunoassay	 can		
be	viewed	as	interchangeable.	One	exception	is	in	the	monitor-
ing	 of	 patients	 on	 immunotherapy	 where	 a	 decrease	 in	 the	
positivity	 of	 the	 puncture	 skin	 test	 titration	 alone	 has	 been	
shown	to	predict	continued	remission	after	cessation	of	allergen	
immunotherapy.33

Multi-Allergen IgE Antibody Screening Assays
When	a	patient	provides	an	equivocal	history	for	allergic	disease,	
it	 can	 be	 difficult	 to	 pinpoint	 with	 reasonable	 certainty	 the	
appropriate	 IgE	 antibody	 specificities	 for	 further	 diagnostic	
investigation.	A	 multi-allergen	 screen	 is	 a	 single	 IgE	 antibody	
analysis	that	has	the	highest	negative	predictive	value	for	atopic	
disease	of	any	single	laboratory	test	currently	available.	Multiple	
companies	 have	 multi-allergen	 screens	 which	 cover	 a	 broad	
number	of	specificities	(e.g.	10–15	common	indoor	and	outdoor	
aeroallergens	that	induce	most	upper	and	lower	airway	related	
allergic	 disease).	 Other	 multi-allergen	 screens	 are	 specifically	
targeted	 at	 a	 limited	 number	 of	 specific	 allergens	 in	 a	 group	
such	as	the	foods	(e.g.	chicken	egg,	cow’s	milk,	peanut,	soybean,	
wheat).	A	negative	multi-allergen	screen	reduces	the	likelihood	
that	allergic	disease	is	the	cause	of	the	child’s	clinical	problems.	
Multi-allergen	screen	results	are	particularly	useful	in	the	diag-
nosis	of	pediatric	allergic	diseases	where	there	is	a	need	to	detect	
allergen-specific	IgE	antibody	in	serum	as	a	marker	for	sensiti-
zation.	For	this	reason,	the	biomarkers	committee	of	a	National	
Institute	 of	 Health	 organized	 workshop	 on	 asthma	 outcomes	
has	recommended	that	the	multi-allergen	screen	be	performed	
on	all	participants	in	asthma	clinical	trials	to	define	their	atopic	
status.34

In	 one	 illustrative	 study,35	 143	 children	 and	 adolescent	
patients	were	assigned	an	allergy	status	(103	positive,	40	nega-
tive)	based	on	a	combined	history,	skin	prick	test	and	specific	
IgE	antibody	(UniCAP,	Thermofisher	Scientific/Phadia)	 to	six	
common	 inhalants	 (mite,	 oak,	 ragweed,	 grass,	 dog,	 cat	 and	
Alternaria).	 The	 multi-allergen	 screen	 (Phadiatop,	 Thermo-
fisher	Scientific/Phadia)	run	on	these	same	sera	correctly	identi-
fied	 the	 allergy	 status	 of	 all	 subjects,	 verifying	 the	 diagnostic	
sensitivity	and	specificity	of	Phadiatop	in	differentiating	sensi-
tized	individuals	from	those	who	are	not	sensitized	to	common	
inhalant	allergens.

discordance	was	demonstrated	between	IgE	antibody	serology	
and	skin	testing	results	performed	on	the	same	individuals.	The	
two	 methods	 of	 IgE	 antibody	 detection	 appeared	 to	 comple-
ment	 each	 other	 and	 ideally	 they	 should	 not	 be	 interpreted	
interchangeably.26	 Importantly,	 using	 the	 IgE	 antibody	 results	
from	either	serology	or	skin	testing	alone	can	lead	to	a	misdi-
agnosis	 of	 every	 fourth	 allergically	 sensitized	 patient	 as	
nonsensitized.

For	 food	 allergy	 diagnosis	 where	 the	 skin	 testing	 food	
extracts	are	highly	variable,	serological	IgE	antibody	assays	may	
be	 more	 reliable	 and	 reproducible.	 If	 the	 confirmatory	 test	
result	is	inconsistent	with	the	history-based	diagnosis,	it	should	
be	 repeated	with	 the	 same	or	an	alternative	confirmatory	 test	
for	verification.	Both	skin	and	serological	tests	for	IgE	antibody	
are	analytical	methods	with	their	inherent	variability,	and	thus	
repetitive	confirmation	is	often	needed	to	minimize	error	asso-
ciated	with	random	or	systematic	bias.

PERFORMANCE OF IgE ANTIBODY 
CONFIRMATORY TESTS USING A PROBABILITY 
OF CLINICAL DISEASE

Current	assay	technology	produces	quantitative	estimates	of	IgE	
antibody	in	serum	as	international	units	per	mL	that	are	trace-
able	 to	 the	 WHO	 International	 Reference	 Preparation	 for	
human	 IgE.	 Rather	 than	 examine	 the	 dichotomized	 IgE	 anti-
body	data	as	a	positive	or	negative	result	using	a	positive	cut-off	
value,	 the	 alternative	 has	 been	 to	 examine	 the	 risk	 of	 clinical	
allergy	associated	with	different	IgE	antibody	levels	as	a	series	
of	probabilities.	A	1997	study	retrospectively	 investigated	sera	
from	 196	 children	 and	 adolescents	 (mean	 age	 5.2	 years,	 60%	
male)	 with	 atopic	 dermatitis	 who	 were	 evaluated	 for	 food	
allergy	over	a	10-year	period.28	Levels	of	IgE	antibodies	specific	
for	 cow’s	 milk,	 chicken	 egg,	 peanut,	 wheat,	 soy	 and	 fish	 were	
correlated	with	a	diagnosis	of	food	allergy	as	defined	by	positive	
double-blind,	placebo-controlled	food	challenges	or	a	convinc-
ing	 history	 of	 food-induced	 anaphylaxis.	 They	 were	 able	 to	
identify	IgE	antibody	levels	using	the	Phadia	FEIA	CAP	system	
that	could	predict	clinical	reactivity	(positive	food	challenges)	
with	>95%	certainty	for	egg	(6	kUA/L),	milk	(32	kUA/L),	peanut	
(15	kUA/L),	and	fish	(20	kUA/L).	The	significance	of	this	report	
rests	in	its	potential	for	identifying	truly	food	allergic	individu-
als	and	thus	eliminating	the	need	for	food	challenges	in	children	
suspected	 of	 having	 IgE-mediated	 food	 allergy.	 In	 a	 2001	
report,29	a	prospective	study	was	performed	with	sera	from	100	
children	and	adolescents	(mean	age:	3.8	years,	62%	male)	who	
had	been	referred	for	evaluation	of	food	allergy.	This	prospec-
tive	study	verified	the	retrospective	study	based	on	95%	predic-
tive	decision	points	for	egg,	milk,	peanut	and	fish	allergy.	The	
study	also	confirmed	that	use	of	the	positive	criteria	correctly	
diagnosed	food	allergy	in	>95%	of	children	using	the	serum	IgE	
antibody	level.	The	study	showed	that	quantitative	food-specific	
IgE	antibody	measurements	can	be	 judiciously	used	 to	define	
the	probability	or	risk	of	symptomatic	allergies	related	to	egg,	
milk,	peanut	and	fish	in	the	pediatric	population.	The	impor-
tant	conclusion	of	these	studies	is	that	careful	use	of	quantita-
tive	serological	IgE	antibody	test	results	may	eliminate	the	need	
for	food	challenges	in	some	children.

For	 inhalant	 allergies,	 quantitative	 cat	 allergen-specific	 IgE	
antibody	 measurements	 have	 been	 shown	 to	 be	 equivalent	 to	
puncture	skin	tests	and	superior	in	performance	to	intradermal	
skin	tests	in	the	diagnosis	of	clinical	reactivity	to	cat	allergen.17	
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appears	to	be	too	analytically	sensitive	and	diagnostically	non-
specific.	 Thus,	 the	 classical	 precipitin	 assays	 continue	 to	 be	
widely	used	for	detecting	IgG	precipitins	to	antigens	in	pigeon	
serum,	 Aureobasidium pullulans,	 thermophilic	 actinomyces,	
Aspergillus fumigatus	and	extractable	proteins	from	fecal	mate-
rial	 produced	 by	 parakeets	 and	 a	 variety	 of	 exotic	 household	
birds.

Management of Type 1 
Hypersensitivity
The	 management	 of	 individuals	 with	 allergic	 disease	 involves	
the	combined	use	of	pharmacotherapy,	 immunotherapy,	anti-
IgE	 therapy	 and	 avoidance	 therapy.	 A	 number	 of	 analytical	
measurements	performed	by	 the	clinical	 immunology	 labora-
tory	 can	 aid	 the	 clinician	 in	 optimizing	 an	 immunotherapy	
regimen	by	monitoring	 the	humoral	 (IgG	antibody)	 immune	
responses	 in	 patients	 on	 venom	 immunotherapy	 (Box	 18-6).	
Anti-IgE	 therapy	 begins	 with	 a	 total	 serum	 IgE	 to	 determine	
proper	dosing.	Assays	to	monitor	the	level	of	free	(non-anti-IgE	
bound)	 IgE	 in	 circulation	 of	 patients	 on	 omalizumab	 have	
remained	research	assays43	as	there	is	currently	no	documented	
clinical	 indication	 for	 their	 use.	 Finally,	 indoor	 aeroallergen	
levels	may	be	measured	in	surface	reservoir	dust	before	reme-
diation	 to	 document	 the	 need	 for	 and	 monitor	 the	 extent	 of	
allergen	avoidance	measures	and	after	remediation	to	verify	that	
the	environment	has	been	cleaned	of	allergen	sources.

OPTIMIZING VENOM IMMUNOTHERAPY

When	 considering	 the	 medically	 important	 Hymenoptera,	
cross-reactivity	 has	 been	 known	 to	 exist	 between	 the	 vespid	
venoms	(yellow	jacket,	white	faced	hornet	and	yellow	hornet)	
and	Polistes	wasp	venom	proteins.	Results	 from	a	competitive	
inhibition	format	of	the	Polistes	wasp	venom-specific	IgE	anti-
body	serology	have	allowed	allergists	to	select	the	venom	speci-
ficities	more	effectively	and	to	minimize	the	number	of	venoms	
that	must	be	administered	during	immunotherapy.44	This	tar-
geted	venom	therapy	is	especially	important	for	children	where	
unnecessary	administration	of	Polistes	wasp	venom	may	lead	to	
de	novo	sensitization	to	Polistes	allergens.	More	recently,	com-
ponent	resolved	diagnosis	using	recombinant	venom	allergens	
permits	more	effective	identification	of	cross-sensitization	that	
results	from	dual	sensitization	to	honeybee	and	vespid	venoms.	
This	allows	venom	immunotherapy	to	be	performed	with	the	
relevant	single	venom	rather	than	multiple	venoms.45

AEROALLERGEN MEASUREMENTS OF  
INDOOR ENVIRONMENTS TO FACILITATE 
AVOIDANCE THERAPY

Dust	 mite	 (Dermatophagoides pteronyssinus,	 D. farinae),	 cat	
epithelium/dander	 (Felis domesticus),	 dog	 epithelium/dander	
(Canis familiaris),	 German	 cockroach	 (Blattella germanica),	
mouse	(Mus musculus),	 rat	 (Rattus norvegicus)	and	molds	are	
known	 sources	of	potent	 indoor	aeroallergens.46	Allergic	pro-
teins	from	each	of	these	biosources	are	being	used	as	‘indicator’	
allergens	for	relative	levels	in	surface	reservoir	dust	in	the	home,	
workplace	or	school	(Box	18-6).

A	surface	dust	specimen	is	collected	from	air	ducts,	floors	or	
other	horizontal	surfaces	(bed,	upholstered	furniture)	using	an	

Mast Cell Tryptase

Serum	levels	of	tryptase	can	be	useful	as	a	marker	of	mast	cell	
activation	 in	 making	 the	 definitive	 diagnosis	 of	 anaphylaxis.	
Tryptase	is	a	134	000	Da	serine	esterase	with	four	subunits,	each	
containing	 an	 enzymatically	 active	 site.36	 When	 tryptase	
becomes	 dissociated	 from	 heparin,	 it	 spontaneously	 degrades	
into	enzymatically	 inactive	monomeric	subunits.	It	 is	released	
from	activated	mast	cells	in	parallel	with	pre-stored	histamine	
and	other	newly	generated	vasoactive	mediators.	The	total	pro-
tryptase	concentration	in	blood	is	considered	a	measure	of	the	
mast	cell	number	and	it	is	estimated	by	subtracting	the	mature	
tryptase	 from	 the	 total	 tryptase	 concentration.	 In	 contrast,	
mature	 tryptase	 levels	 in	 blood	 are	 considered	 a	 measure	 of	
mast	cell	activation.

An	enzyme	immunoassay	is	available	to	measure	total	trypt-
ase	levels	in	human	serum.	It	uses	a	capture	monoclonal	anti-
body	that	binds	both	protryptase	and	mature	tryptase.37	Mature	
tryptase	is	measured	with	a	solid	phase	noncompetitive	immu-
noassay	that	uses	a	mature	tryptase	specific	capture	monoclonal	
antibody.	 Prior	 to	 analysis,	 tryptase	 in	 the	 blood	 is	 converted	
into	 an	 enzymatically	 inactive	 form.	 Total	 serum	 tryptase		
concentrations	in	healthy	(nondiseased)	individuals	range	from	
1	to	10	ng/mL	(average	5	ng/mL).	If	baseline	total	serum	trypt-
ase	 levels	 exceed	 20	ng/mL,	 systemic	 mastocytosis	 should		
be	suspected.	A	mature	tryptase	<1	ng/mL	is	observed	in	non-
diseased	individuals	and	mature	tryptase	levels	>1	ng/mL	indi-
cate	 mast	 cell	 activation.	 For	 optimal	 results,	 blood	 samples	
should	be	collected	from	0.5	to	4	hours	following	the	initiation	
of	 a	 suspected	mast	 cell	mediated	 systemic	 reaction.38	A	peak	
mature	 tryptase	>10	ng/mL	 in	 a	 postmortem	 serum	 suggests	
systemic	anaphylaxis	as	one	probable	cause	of	death.	Systemic	
anaphylaxis	 induced	 by	 an	 insect	 sting	 can	 produce	 mature	
tryptase	levels	that	peak	at	>5	ng/mL	by	30	to	60	minutes	after	
the	 sting	 and	 then	 decline	 with	 a	 biological	 half-life	 of	 ≈2	
hours.39

Serum Markers of Hypersensitivity Pneumonitis
Extrinsic	allergic	alveolitis	or	hypersensitivity	pneumonitis	is	an	
inflammatory	reaction	involving	the	lung	interstitium	and	ter-
minal	 bronchioles.40	 A	 heavy	 exposure	 to	 antigenic	 organic	
dusts	 (e.g.	 molds,	 bird	 droppings)	 can	 induce	 chills,	 fever,	
malaise,	cough	and	shortness	of	breath	within	hours	of	expo-
sure.	While	histology	of	 the	 lung	 lesions	 indicates	 that	 a	 cell-
mediated	pathology	is	involved	in	hypersensitivity	pneumonitis,	
most	individuals	have	high	levels	of	IgG	antibody	in	their	serum	
to	the	offending	antigen	that	is	used	as	a	marker	of	the	disease.	
Precipitating	IgG	antibody	specific	for	antigens	in	organic	dusts	
has	been	measured	in	human	serum	to	support	the	differential	
diagnosis	 of	 this	 condition.	 The	 classical	 double	 diffusion	
(Ouchterlony)	analysis	is	routinely	performed	to	detect	precipi-
tating	antibodies	in	the	diagnosis	of	this	disease.	In	this	assay,	
crude	antigen	extract	and	antibody	(control	or	patient’s	serum)	
are	delivered	into	closely	spaced	wells	in	a	porous	agarose	gel.	
Visible	white	precipitin	lines	confirmed	by	lines	of	identity	with	
known	human	antibody	controls	are	considered	a	positive	test.	
Precipitating	 antibodies	 or	 precipitins	 were	 detected	 in	 the	
serum	 of	 nearly	 all	 ill	 patients	 in	 one	 study,	 but	 also	 in	 the	
serum	of	50%	of	asymptomatic	individuals	exposed	to	the	rel-
evant	organic	dusts.40,41	More	recently,	enzyme	 immunoassays	
for	 IgG	 antibody	 to	 selected	 organic	 dust	 antigens	 have	 been	
reported.42	 In	many	cases,	however,	 the	enzyme	immunoassay	



	 18  Laboratory Diagnosis of Human Allergic Disease 175

microbiological	culture	plate	containing	Sabouraud’s	dextrose	
agar.	Visual	 inspection	of	 the	plate	at	24	and	48	hours	allows	
the	total	number	of	mold	colonies	to	be	quantified.	The	colony	
count	 at	 24	 hours	 is	 an	 estimate	 of	 the	 mold	 burden	 of	 the	
environment.	Repetitive	subculturing	and	morphological	iden-
tification	allows	speciation	of	the	predominant	molds;	however,	
this	is	infrequently	performed.	Rather,	once	a	mold	contamina-
tion	has	been	 identified,	 remediation	by	 cleaning	with	bleach	
and	reducing	humidity	is	generally	instituted.

There	are	no	established	mold	spore	contamination	ranges	
that	can	be	considered	safe,	partly	because	mold	is	ever	present,	
different	individuals	have	different	relative	sensitivities	and	the	
target	airborne	mold	allergens	are	difficult	to	sample	and	verify.	
Thus,	it	is	not	possible	to	identify	an	environment	that	will	place	
a	mold-allergic	person	at	risk	for	symptoms.	Multiple	variables	
associated	 with	 mold	 spore	 heterogeneity,	 differential	 growth	
based	on	nutrients	and	environmental	conditions,	the	degree	of	
aerosolization,	and	variable	specificity	of	the	patient’s	IgE	anti-
body	complicate	 the	 interpretation	of	a	mold	 spore	measure-
ment	when	attempting	to	predict	a	clinical	outcome	from	any	
environmental	exposure.	Sometimes	the	indoor	mold	levels	are	
compared	to	the	outdoor	mold	levels	collected	at	the	same	time	
to	 judge	 if	 airborne	 mold	 spores	 are	 significantly	 higher	 and	
thus	playing	a	more	significant	role	 in	the	allergy	and	asthma	
symptoms	experienced	indoors.	Mold	spore	levels	above	25	000	
colonies	per	gram	of	fine	dust	have	been	identified	in	one	study	
as	a	level	that	places	a	home	in	the	75th	percentile	for	random	
homes	monitored	across	the	USA.	When	this	proposed	thresh-
old	 level	 is	 exceeded,	 the	 allergic	 individual	 is	 encouraged	 to	
remediate	their	environment,	which	often	involves	replacing	air	
duct	 filters,	 removing	 plants	 and	 decreasing	 indoor	 humidity	
and	removing	carpeted	floors,	upholstered	furniture	and	stuffed	
toys.

Conclusions
The	diagnostic	 allergy	 laboratory	exists	 to	provide	 serological	
testing	that	supports	the	clinician	in	the	diagnosis	and	manage-
ment	of	patients	suspected	of	type	1	hypersensitivity	reactions.	
To	this	end,	the	most	important	analyte	measured	in	the	clinical	
laboratory	 is	 allergen-specific	 IgE	 antibody.	 Selection	 of	 the	
laboratory	and	the	IgE	antibody	assay	methods	and	standards	
that	it	employs	to	insure	quality	are	the	ultimate	responsibility	
of	the	referring	physician.48	Performance	on	national	diagnostic	
allergy	proficiency	surveys	and	successful	inspections	leading	to	
federal	 licensure	 under	 the	 Clinical	 Laboratory	 Improvement	
Act	of	1988	are	benchmarks	that	can	be	used	by	the	healthcare	
professional	 to	 insure	 that	 the	 clinical	 laboratory	 provides	
quality	diagnostic	allergy	testing.
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inexpensive	dust	collector	that	is	attached	to	a	standard	house-
hold	vacuum	cleaner.	Crude	dust	is	sent	to	a	clinical	immunol-
ogy	laboratory	where	it	is	sieved,	extracted	and	quantified	using	
a	 monoclonal	 antibody-based	 immunoenzymetric	 assay	 in	
plates	(ELISA)	or	on	fluorescent	beads	(BioPlex).	A	high	level	
of	 one	 or	 more	 indoor	 aeroallergens	 identifies	 an	 allergen	
source	 that	 can	 sensitize	 or	 induce	 an	 allergic	 reaction	 in	 a	
sensitized	individual.	Levels	of	Der	p	1/f	1	allergen	>2000	ng/g	
of	 fine	 dust	 have	 been	 associated	 with	 an	 increased	 risk	 for	
allergic	 symptoms	 in	 sensitized	 individuals.	 In	 contrast,	 cat	
allergen	levels	>8000	ng/g	of	Fel	d	1	in	fine	dust	have	been	sug-
gested	as	the	threshold	for	sensitization.	Comparable	risk	targets	
have	also	been	used	for	dog	(Can	f	1)	allergen	levels	in	indoor	
environments.	For	cockroach,	mouse	and/or	rat	urinary	aller-
gen,	any	detectable	allergen	 in	 the	 indoor	environment	places	
cockroach,	mouse	or	 rat	allergic	 individuals	at	 risk	 for	 symp-
toms	and	further	sensitization.47

MOLD/FUNGUS EVALUATION IN  
INDOOR ENVIRONMENTS

Accurate	quantitation	of	the	mold	content	of	an	environment	
is	a	challenge.	Alternaria, Aspergillus, Cladosporium	and	Penicil-
lium	comprise	the	majority	of	indoor	molds.47	The	total	spore	
counts	(nonviable	and	viable)	can	be	determined	by	collecting	
particulate	 from	 an	 air	 impactor	 or	 suction	 device	 and	 then	
assessing	the	spore’s	morphology	for	the	purpose	of	speciating	
the	mold.	Viable	fungal	spores	that	grow	when	environmental	
conditions	 are	 favorable	 are	 considered	 by	 some	 allergists	 as	
more	clinically	important	since	they	can	colonize	indoor	envi-
ronments	and,	in	some	cases,	the	respiratory	tract.	In	one	clini-
cal	 laboratory,	 a	 qualitative	 viable	 mold	 spore	 analysis	 is	
performed	 on	 5	mg	 of	 fine	 dust	 that	 is	 distributed	 over	 a	

BOX 18-6 KEY CONCEPTS

Management

• Clinically successful aeroallergen immunotherapy is almost 
always accompanied by high (µg/mL) levels of allergen-
specific IgG antibody in serum.

• Quantitative venom-specific IgG antibody levels can be useful 
in individualizing venom doses and injection frequencies for 
patients on maintenance venom immunotherapy for up to 4 
years.

• Mast cell tryptase is a serine esterase that is used as a marker 
of mast cell activation during anaphylaxis. Immunoreactive 
tryptase levels in serum of healthy adults are typically <5 µg/L. 
Elevated levels (>10 µg/L) are detectable 1 to 4 hours after 
the onset of systemic anaphylaxis with hypotension.

• Indoor allergens from dust mites, animals (cat, dog, mouse, 
rat), cockroaches and a limited number of molds are quanti-
fied in processed house dust to investigate individual risk for 
allergic symptoms or sensitization and to monitor effects of 
environmental control.
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KEY POINTS

• Skin testing is the preferred method for in vivo detec-
tion of IgE-mediated sensitivity due to its objective end-
point and the ability to test for multiple sensitivities in 
one session.

• Positive skin tests are present in most patients with 
asthma and allergic rhinitis but are also common in 
subjects without symptoms. Therefore the presence of 
a positive skin test is not sufficient to make a clinical 
diagnosis of allergy.

• Some patients have typical symptoms of allergic rhinitis 
but negative skin and in vitro tests for the relevant  
allergens. This local nasal allergy can be confirmed by 
the presence of a positive nasal challenge with the 
allergen.

• Positive skin tests are most common and largest in sub-
jects in the third decade. They are considerably less 
common and smaller in young children and older adults.

• Prick/puncture skin tests are less sensitive than intrader-
mal tests with the same concentration of extract but 
they correlate better with clinical symptoms caused by 
inhalant allergens.

Introduction
In	the	USA,	in	vivo	testing	for	the	diagnosis	of	allergy	is	virtually	
synonymous	with	skin	testing.	The	preference	for	skin	testing	
over	 allergen	 challenges	 to	 the	 conjunctiva,	 nose	 or	 lungs	 is	
attributable	to	skin	testing	being	less	time	consuming	and	more	
comfortable	for	the	patient.	It	provides	an	objective	end-point,	
rather	than	the	subjective	end-points	typical	with	conjunctival	
and	nasal	challenges.	Finally,	many	allergens	can	be	 tested	 for	
in	a	single	session,	compared	to	the	limitation	to	a	single	aller-
gen	with	mucosal	challenges.	There	is	little	to	suggest	that	the	
information	gained	from	mucosal	testing	is	different	from	that	
obtained	by	skin	testing.	Results	of	nasal	challenges	have	been	
shown	to	correlate	closely	with	skin	tests,1	as	do	the	results	of	
bronchial	challenges,	when	the	additional	factor	of	nonspecific	
airway	responsiveness	 to	histamine	 is	 included.2	A	 joint	com-
mittee	of	the	American	Academy	of	Allergy,	Asthma	and	Immu-
nology	 and	 the	 American	 College	 of	 Allergy	 Asthma	 and	
Immunology	 has	 developed	 a	 Practice	 Parameter	 for	 Allergy	
Diagnostic	 Testing	 which	 is	 comprehensive	 and	 based	 on	 the	
most	current	published	literature	on	this	topic.3

Prevalence of Positive Skin Tests
Reaction	 of	 the	 skin	 to	 extracts	 of	 environmental	 allergens	 is	
common,	 but	 not	 invariable,	 in	 patients	 with	 the	 so-called	
‘atopic	 diseases’	 –	 perennial	 and	 seasonal	 rhinitis,	 bronchial	
asthma	and	atopic	eczema.	Of	656	asthmatic	patients	referred	
for	an	allergy	evaluation	in	London,	544	(84%)	had	at	least	one	
positive	 immediate	 reaction	 to	 prick	 skin	 testing	 with	 22	
common	allergens.4	Skin	 test	 reactivity	was	more	common	 in	
those	 with	 onset	 of	 asthma	 prior	 to	 10	 years	 of	 age,	 whereas	
those	with	onset	after	the	age	of	30	years	were	more	commonly	
skin	test	negative.	A	similar	percentage	with	positive	skin	tests	
has	been	reported	in	patients	evaluated	for	rhinitis5	and	eczema.6

Positive	reactions	on	skin	testing	are	also	common	in	studies	
of	 unselected	 residents	 in	 westernized	 societies	 and	 there	 is	 a	
suggestion	 that	 the	 prevalence	 is	 increasing,	 including	 in	 the	
USA.7	Allergy	skin	testing	was	administered	in	the	second	and	
third	 National	 Health	 and	 Nutrition	 Examination	 Survey	
(NHANES)	from	1976	to	1980	and	1988	to	1994.	In	NHANES	
III,	10	allergens	were	tested	in	all	subjects	aged	6	to	19	years	and	
a	 random	 half-sample	 of	 subjects	 aged	 20	 to	 59	 years.	 In	
NHANES	 III,	 54.3%	 had	 a	 positive	 prick	 skin	 test	 to	 one	 or	
more	allergens.	Among	those	with	positives,	the	median	number	
was	3.0.	For	the	six	allergens	common	to	NHANES	II	and	III,	
prevalences	 were	 2.1	 to	 5.5	 times	 higher	 in	 NHANES	 III	 and	
the	percentage	of	sensitized	subjects	increased	in	all	age	groups.	
Although	 the	 extracts	 were	 not	 identical,	 it	 is	 likely	 that	 the	
pollen	extracts,	at	least,	were	of	comparable	strength.

It	 is	 clear	 that	 these	 positive	 reactions	 are	 not	 limited	 to	
persons	 with	 clinical	 allergy.	 A	 study	 was	 conducted	 in	 200	
young	 and	 middle-aged	 adults,	 employing	 a	 battery	 of	 13	
extracts	 (10	 pollens,	 2	 mites	 and	 cat).8	 Three	 groups	 were	
recruited	for	prick	skin	testing.	In	those	with	a	personal	history	
of	rhinitis	or	asthma,	90%	had	at	least	one	positive	prick	skin	
test.	In	those	with	no	personal	history	of	rhinitis	or	asthma,	but	
a	close	relative	with	one	of	these	conditions,	46%	had	at	 least	
one	positive	prick	skin	test.	Even	in	those	who	denied	rhinitis	
or	asthma	personally,	or	in	close	relatives,	29%	had	at	least	one	
positive	prick	skin	test.

Factors Affecting the Size and 
Prevalence of Positive Skin Tests
AGE

Epidemiological	 studies	 in	 Tucson	 demonstrated	 the	 varying	
prevalence	of	positive	immediate	prick	skin	test	reactions	with	
age	 in	 their	 population.9	 When	 tested	 with	 a	 battery	 of	 five	
allergens	or	mixes,	only	22%	of	those	who	were	3	and	4	years	
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PHYSIOLOGIC FACTORS

The	size	of	the	reaction	of	the	skin	has	been	reported	to	vary	
with	the	time	of	day,	the	season	of	the	year,	the	menstrual	cycle,	
the	subject’s	handedness	and	with	the	part	of	the	body	used	for	
testing.	Although	it	had	been	reported	that	there	was	a	circadian	
pattern	to	skin	reactivity,	a	study	of	20	children	and	20	adults	did	
not	 find	 any	 significant	 variation	 during	 the	 normal	 clinic	
hours.17	Subjects	were	tested	in	duplicate	with	serial	dilutions	of	
short	ragweed	and	histamine	at	8	a.m.	and	4	p.m.	No	significant	
differences	between	the	two	sessions	were	observed	at	any	dilu-
tion	of	either	test	material.	The	size	of	the	skin	reactions	to	his-
tamine	and	allergens	was	examined	over	the	course	of	a	year.18	
It	was	found	that	reactions	to	both	allergens	and	histamine	were	
greater	in	October	and	February	than	in	July	and	August.

Fifteen	allergic	women	with	seasonal	rhinitis	and/or	asthma	
and	15	nonallergic	female	controls	were	skin	tested	three	times	
during	their	menstrual	cycle.19	There	were	significantly	greater	
reactions	to	histamine	and	morphine	in	both	allergic	and	non-
allergic	women	and	to	Parietaria	extract	in	allergic	women	on	
days	12	to	16	of	the	cycle,	corresponding	to	ovulation	and	peak	
estrogen	 levels.	 The	 size	 of	 the	 reaction	 to	 histamine	 on	 the	
forearms	was	compared	with	handedness	in	176	subjects.20	Sig-
nificant	differences	between	the	size	of	the	wheal	and	flare	on	
the	 two	 forearms	 were	 observed.	 Subjects	 who	 were	 right-
handed,	 with	 only	 right-handed	 relatives,	 had	 significantly	
larger	reactions	on	the	left	arm.	Subjects	who	were	either	left-
handed	 or	 ambidextrous	 had	 significantly	 larger	 reactions	 on	
the	right	arm.

REACTIVITY OF THE SKIN IN DIFFERENT  
AREAS OF THE BODY

The	back	 is	commonly	used	 for	percutaneous	 testing,	 since	 it	
provides	 a	 large	 surface	 that	 can	 accommodate	 many	 tests.	
Although	it	may	be	acceptable	to	consider	the	back	as	homo-
genous	 for	 clinical	purposes,	 there	 is	 a	 significant	gradient	of	
reactivity,	 with	 the	 upper	 back	 being	 less	 reactive	 than	 the	
middle,	which	in	turn	is	less	reactive	than	the	lower	third.	The	
wheal	diameter	with	allergens	was	30%	less	and	with	histamine	
19%	less	on	the	upper	compared	with	the	lower	back.21	Often	
the	forearm	is	employed	as	an	alternative	site	for	percutaneous	
testing	because	there	is	no	need	for	the	patient	to	disrobe	and	
testing	 may	 be	 done	 with	 the	 patient	 sitting	 in	 a	 chair	 rather	
than	lying	down.	It	has	been	long	recognized	that	the	forearm	
is	 not	 as	 reactive	 as	 the	 back.	 In	 one	 study,	 allergen-induced	
wheal	 diameter	 was	 27%	 smaller	 and	 flare	 diameter	 14%	
smaller.22	While	the	difference	is	not	great,	 it	 is	estimated	that	
2.3%	 of	 tests	 positive	 on	 the	 back	 would	 be	 negative	 if	 per-
formed	on	the	forearm.22

VIRAL INFECTIONS

Skin	testing	with	inhalant	allergens	was	performed	in	16	adults	
before	 and	 up	 to	 21	 days	 following	 experimental	 inoculation	
with	respiratory	syncytial	virus	(RSV).23	Even	subjects	with	no	
measurable	 skin	 test	 reactions	 at	 baseline	 showed	 increased	
wheal	and	flare	areas	in	response	to	histamine	and	allergen	skin	
tests	after	RSV	infection.	The	altered	skin	test	response	persisted	
for	up	to	21	days	after	RSV	inoculation.	It	was	suggested	that	
up-regulation	of	pathways	relating	to	neurogenic	inflammation	
may	have	played	a	role.

old	had	at	least	one	positive	test.	The	peak	prevalence	of	reactiv-
ity	 was	 seen	 in	 the	 first	 half	 of	 the	 third	 decade,	 when	 52%	
reacted	to	at	least	one	test.	The	prevalence	of	a	positive	skin	test	
then	declined	slowly	until	the	age	of	50	years,	following	which	
there	was	a	more	 rapid	 fall-off,	 reaching	a	 low	of	16%	 in	 the	
subjects	over	75	years	of	age.	Further	studies	in	this	population	
related	the	presence	of	prick	skin	test	reactivity	to	the	reactivity	
of	the	skin	to	histamine	and	to	the	serum	total	immunoglobulin	
E	(IgE)	levels.10	Dividing	the	population	studied	into	four	age	
groups,	they	found	that	total	IgE	was	highest	in	those	who	were	
9	to	19	years	of	age	and	declined	progressively	in	the	other	three	
groups	(20	to	34,	35	to	50,	and	over	50	years).	Histamine	reac-
tivity	 in	 the	 skin	 was	 lowest	 in	 the	 9-	 to	 19-year-old	 group,	
however,	and	was	higher	in	the	three	older	groups.	The	preva-
lence	of	positive	skin	tests,	reflecting	in	part	the	interaction	of	
specific	IgE	and	reactivity	of	the	skin	to	histamine,	was	highest	
in	the	20-	to	34-year-old	group.

The	evolution	of	skin	prick	test	reactivity	was	followed	in	a	
birth	cohort	on	the	Isle	of	Wight.11	The	prevalence	of	a	positive	
prick	skin	test	to	any	allergen	was	19.7%	at	age	4	years,	26.9%	
at	age	10	years	and	41.3%	at	age	18	years.	In	Sweden,	664	adults	
(age	20	to	60	years)	were	prick	skin	tested.12	The	highest	preva-
lence	of	positive	prick	skin	tests	was	55%	in	those	20–29	years	
of	age	and	the	lowest	prevalence	was	26%	in	those	50	to	60	years	
of	age.	When	 they	 repeated	 the	prick	 skin	 tests	10	years	 later,	
the	 yearly	 incidence	 of	 any	 newly	 positive	 prick	 skin	 test	 was	
0.5%	while	the	rate	of	conversion	of	prick	skin	tests	from	posi-
tive	to	negative	was	3.2%	per	year.

Supporting	data	for	the	above	observations	come	from	sepa-
rate	studies	of	levels	of	specific	IgE	and	cutaneous	reactivity	to	
histamine	by	age.13,14	A	retrospective	review	was	conducted	of	
results	in	326	patients	whose	serum	was	analyzed	for	total	and	
specific	IgE.13	The	highest	levels	for	grass	and	house	dust	mite-
specific	IgE	were	observed	in	those	who	were	10	to	15	years	of	
age.	 A	 prospective	 study	 of	 cutaneous	 reactivity	 to	 histamine	
was	conducted	in	365	subjects	from	1	to	85	years	of	age.14	The	
size	of	the	prick	skin	test	to	histamine	increased	progressively,	
peaking	in	those	who	were	21	to	30	years	of	age.	There	was	then	
very	 little	 difference	 until	 the	 age	 of	 50	 years.	 Following	 this,	
there	 was	 a	 decline	 in	 the	 mean	 reaction	 size.	 Representative	
values	with	the	27	mg/mL	concentration	of	histamine	were:	age	
0	to	3	years,	3.8	mm;	age	21	to	30	years,	6.2	mm;	and	age	61	to	
70	years,	4.5	mm.

Reactivity	of	 the	skin	to	histamine	and	codeine	was	exam-
ined	in	children	from	infancy	to	the	age	of	2	years.15	Prick	skin	
tests	 with	 both	 histamine	 and	 codeine	 (a	 nonimmunologic	
mast	cell	degranulating	agent)	were	particularly	small	up	to	the	
age	 of	 6	 months,	 although	 after	 1	 month	 of	 age	 there	 was	
usually	 some	 reactivity	 to	 both	 reagents.	 Due	 to	 the	 reduced	
reactivity	to	histamine	in	children	under	2	years,	adjustment	of	
the	interpretation	for	the	size	of	the	positive	histamine	control	
is	important.

Varying	reactivity	to	histamine	can	have	a	significant	effect	
on	 skin	 test	 reactions,	 even	 in	 adults.16	 In	 an	 epidemiological	
study,	893	adult	subjects	were	prick	skin	tested	with	14	allergens	
and	10-fold	dilutions	of	histamine,	ranging	from	1	mg/mL	to	
0.001	mg/mL.	In	those	positive	only	to	the	highest	concentra-
tion	of	histamine,	56%	had	all	negative	skin	 tests	 to	allergens	
and	only	15%	had	six	or	more	positive	skin	tests.	By	compari-
son,	of	 those	 responding	 to	0.01	and	0.001	mg/mL	histamine	
concentrations,	only	11%	had	all	negative	skin	tests	to	allergens	
and	60%	had	six	or	more	positive	tests.
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The	 monoclonal	 antibody	 against	 IgE,	 omalizumab,	 has	
been	reported	to	reduce	skin	test	reactions.34	In	19	subjects	with	
perennial	allergic	rhinitis,	3	months	of	 treatment	with	omali-
zumab	0.030	mg/kg/IU/mL	reduced	 free	 IgE	 levels	>98%	and	
the	 cumulative	 whealing	 response	 to	 titrated	 prick	 skin	 tests	
(150–10	000	AU/mL	of	house	dust	mite	extract)	by	78–83%.

Allergy	 immunotherapy	 has	 been	 observed	 to	 reduce	 the	
immediate	reaction	to	allergen	skin	testing.35	The	reductions	in	
the	immediate	skin	test	are	accompanied	by	reductions	in	nasal	
and	conjunctival	sensitivity.35	Allergen	immunotherapy	reduces	
the	late	cutaneous	reaction	even	more	than	the	immediate.36

QUANTITY AND QUALITY OF EXTRACTS

The	size	of	the	reaction	is	a	function	of	the	patient’s	sensitivity	
and	the	amount	of	the	relevant	allergen	injected.	The	relation-
ship	between	dose	and	response	is	best	expressed	as	a	log	:	log	
relationship.37	The	slope	is	steeper	when	the	size	of	the	reaction	
is	expressed	as	the	log	of	the	area,	as	opposed	to	the	log	of	the	
diameter.	 When	 log-linear	 dose	 responses	 are	 calculated,	 the	
resulting	 curve	 is	 S-shaped,	 but	 linear	 in	 the	 midrange.38	 A	
10-fold	 increase	 in	the	concentration	of	allergen	or	histamine	
will	produce	approximately	a	1.5-fold	increase	in	mean	diam-
eter37	or	a	doubling	of	the	area	of	the	wheal.37

In	 the	 USA,	 standardized	 extracts	 are	 available	 for	 several	
grasses,	 ragweed,	 Dermatophagoides pteronyssinus	 and	 farinae,	
and	 cat.	 In	 general,	 other	 pollen	 extracts,	 although	 not	 stan-
dardized,	 are	of	good	potency.	Most	 extracts	of	dog	dander,39	
probably	most	or	all	fungi40	and	all	extracts	of	cockroach41	are	
relatively	weak.	In	the	case	of	fungi	and	cockroach,	proteases	in	
the	 extracts	 may	 degrade	 susceptible	 proteins	 within	 the	
extract.42	One	exception	to	the	low	potency	of	most	dog	extracts	
is	 the	 acetone-precipitated	 dog	 extract	 manufactured	 by	
Holister-Steir	 (Spokane,	 WA).	 This	 extract	 contains	 30	 to	 40	
times	as	much	major	allergen	as	the	other	commercially	avail-
able	 dog	 extracts.	 The	 increased	 allergen	 content	 has	 been	
shown	to	result	 in	an	increased	number	of	positive	prick	skin	
tests	in	comparative	skin	testing.39

A	 unique	 problem	 appears	 to	 exist	 with	 extracts	 of	 some	
foods.	Many	patients	with	documented	food	sensitivity	will	fail	
to	react	to	commercial	extracts	or	in	vitro	tests	prepared	from	
these	extracts	but	will	react	to	testing	with	fresh	extracts	of	the	
foods.43–46	 Reactions	 to	 fresh	 foods,	 but	 not	 commercial	 food	

MEDICATION (see Table 19-1)

Histamine	 is	 a	major	mediator	of	 the	 immediate	 skin	 test,	 so	
drugs	 that	 have	 antihistaminic	 properties	 suppress	 skin	 test	
reactions.	Studies	have	assessed	the	duration	of	this	suppression	
after	the	medication	is	discontinued,	since	this	is	often	an	impor-
tant	consideration	for	diagnostic	allergy	skin	testing.	Persisting	
suppression	 after	 multiple	 doses	 of	 first	 generation	 antihista-
mines	was	studied.24	The	mean	time	for	skin	reactivity	to	return	
to	normal	after	stopping	the	drug	was	3	days	for	chlorphenira-
mine	and	tripelennamine	and	5	days	for	hydroxyzine.	However,	
some	 patients	 remained	 suppressed	 for	 6	 to	 8	 days.	 After	 a		
single	 dose	 of	 the	 second-generation	 antihistamine,	 fexofena-
dine,	 skin	 reactivity	 had	 returned	 to	 normal	 after	 24	 hours.25	
Single	25	mg	doses	of	the	tricyclic	antidepressants,	desipramine	
and	doxepin,	produced	suppression	which	lasted	an	average	of	
2	and	6	days	respectively.26	It	was	recommended	that	doxepin	be	
withheld	at	least	7	days	before	skin	testing.	Multiple	dosing	of	
the	H2	antagonist,	ranitidine,	produced	significant	suppression	
of	both	the	wheal	and	flare	of	the	histamine	skin	test.27	Suppres-
sion	was	only	18%	of	 the	mean	diameter,	 so	withholding	 the	
drug	on	the	day	of	testing	should	be	adequate.

In	15	subjects,	the	leukotriene	receptor	antagonist,	montelu-
kast,	 significantly	 reduced	 the	 flare	 reaction	 to	 histamine,	
codeine	and	allergen.28	There	was	a	nonsignificant	trend	toward	
reduction	in	wheal	size	with	all	three	agents.	Other	investigators	
found	nonsignificant	reductions	in	both	wheal	(9.6%)	and	flare	
(7.3%)	following	administration	of	montelukast.29

There	is	no	consensus	regarding	the	effect	of	corticosteroids	
on	allergy	skin	tests.	In	a	prospective	study,	topical	application	of	
corticosteroids	 for	 4	 weeks	 reduced	 the	 area	 of	 the	 allergen-
induced	 wheal	 by	 72%	 and	 the	 flare	 by	 62%.30	 The	 reduction	
could	at	least,	in	part,	be	explained	by	an	85%	reduction	in	the	
number	of	detectable	skin	mast	cells	in	the	treated	skin.	A	pro-
spective	study	of	1	week	of	oral	corticosteroids,	24	mg	daily	of	
methylprednisolone,	found	no	effect	on	reactivity	to	ragweed.31	A	
retrospective	analysis	of	25	patients	who	had	been	on	oral	steroids	
for	longer,	but	varying	periods,	suggested	that	they	had	dimin-
ished	 skin	 reactivity	 to	 codeine,	 a	 nonimmunologic	 mast	 cell	
degranulating	agent.32	However,	a	prospective	study	of	33	patients	
who	received	oral	steroids	for	at	least	1	year	(median	dose	20	mg	
of	prednisone	per	day,	median	duration	of	2	years)	revealed	no	
suppression	of	skin	reactions	to	either	codeine	or	allergen.33

Treatment Degree Duration Clinical Significance

  H1 antihistamine ++++ 2–7 days Yes
  H2 antihistamine None
  H1 antihistamine 0–+ None
  Imipramines ++++ Up to 21 days Yes
  Phenothiazines + to ++ Up to 10 days Yes
  Systemic 0 None
  Long-term inhaled 0 None
  Topical skin + to ++ Up to 7 days Yes

Dopamine + None

Clonidine ++ None

Montelukast 0 None
Allergen immunotherapy 0 to ++ None

UV light treatment (PUVA) +++ Up to 4 weeks Yes

Modified from Bousquet J, et al. Practical guide to skin prick tests in allergy to aeroallergens. Allergy 2011;67:18–24.

TABLE 
19-1 Inhibitory Effect of Various Treatments on Skin Prick Tests
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prick	skin	tests	and	7.7%	of	those	with	negative	skin	tests	had	
developed	allergic	rhinitis.54	The	larger	the	prick	skin	test	as	a	
freshman,	the	more	likely	the	development	of	allergic	rhinitis.	
Furthermore,	after	7	years,	new-onset	asthma	had	developed	in	
5%	of	the	prick	skin	test	positive	group,	versus	1.5%	in	the	skin	
test	negative	group.54

DIAGNOSTIC USEFULNESS OF THE 
INTRACUTANEOUS TEST

Although	 the	 intracutaneous	 test,	 at	 the	 strength	 customarily	
performed,	is	more	sensitive,	it	may	be	questioned	whether	this	
increased	sensitivity	is	clinically	necessary.	The	prick	skin	test,	
performed	with	good	quality	extracts,	is	positive	in	many	sub-
jects	 who	 do	 not	 have	 a	 personal	 or	 even	 a	 family	 history	 of	
allergy.8	A	number	of	studies	have	addressed	the	clinical	useful-
ness	of	 intracutaneous	 testing.	 In	 the	Tucson	epidemiological	
study,	311	subjects	had	prick	skin	testing	followed,	if	negative,	by	
intracutaneous	testing	with	1	:	1000	w/v	extract	to	14	common	
allergens.55	Subjects	were	divided,	by	history,	 into	allergic	and	
nonallergic	groups.	Prick	test	reactivity	correlated	with	the	pres-
ence	of	allergy	symptoms.	Conversely,	positive	reactions	to	intra-
cutaneous	testing,	which	followed	a	negative	prick	test	for	that	
allergen,	showed	no	correlation	with	either	the	patient’s	clinical	
allergic	status	or	the	level	of	total	serum	IgE.	Studies	in	smaller	
groups	of	patients	have	supported	these	epidemiological	data.

Two	studies	examined	the	intracutaneous	test	as	a	predictor	
of	 symptoms	 with	 natural	 exposure	 to	 the	 allergen.56,57	 In	 a	
study	of	the	clinical	usefulness	of	intradermal	skin	tests	to	grass,	
four	groups	were	compared:	three	of	the	groups	had	a	history	
of	seasonal	allergic	rhinitis,	one	with	positive	prick	skin	tests	to	
timothy,	one	with	negative	prick	but	a	positive	intradermal	test	
to	timothy,	and	one	with	both	prick	and	intracutaneous	tests	to	
timothy	negative.	The	fourth	group	was	a	nonallergic	control.56	
On	the	basis	of	nasal	challenge	with	timothy,	grass	pollen	aller-
gic	reactions	were	present	in	68%	of	those	with	positive	prick	
skin	 tests	 to	 timothy	and	none	of	 the	nonallergic	controls.	 In	
both	the	group	with	positive	and	those	with	negative	intracu-
taneous	tests	to	timothy,	11%	were	positive.	Subjects	were	then	
followed	 through	 the	 grass	 pollen	 season.	 Their	 symptom	
scores,	recorded	in	a	diary,	were	examined	for	a	correlation	with	
grass	pollen	counts.	A	positive	correlation	was	present	in	64%	
of	 those	with	positive	skin	prick	tests	and	none	of	 the	nonal-
lergic	controls.	A	positive	correlation	of	symptoms	and	pollen	
count	was	present	in	22%	of	those	with	a	positive	intracutane-
ous	test	and	21%	of	those	with	a	negative	 intracutaneous	test	
to	timothy.	Both	criteria	for	allergy	to	timothy,	a	positive	nasal	
challenge	and	a	correlation	between	symptoms	and	grass	pollen	
counts,	were	met	in	46%	of	those	with	positive	prick	skin	tests,	
but	in	none	in	the	other	three	groups.	Thus,	under	the	condi-
tions	of	this	study,	the	presence	of	a	positive	intradermal	skin	
test	response	to	timothy	in	the	presence	of	a	negative	prick	skin	
test	response	to	timothy	did	not	indicate	the	presence	of	clini-
cally	significant	sensitivity	to	timothy	grass.56

In	the	second	study,	subjects	were	challenged	with	cat	expo-
sure	 for	1	hour.57	Both	positive	prick	 skin	 tests	and	RASTs	 to	
cat	 were	 highly	 predictive	 of	 development	 of	 symptoms	 on	
exposure	 to	 the	cat	 room.	Subjects	with	a	negative	prick	 skin	
test	were	just	as	likely	to	have	a	positive	challenge	result	if	they	
had	a	negative	(31%)	as	 if	 they	had	a	positive	 intracutaneous	
skin	test	to	cat	(24%).	The	authors	concluded	that,	at	least	with	
regard	 to	 cat	 allergy,	 these	 results	 strongly	 suggest	 that	 major	

extracts,	 have	 been	 reported	 with	 fruits	 and	 celery,44,45	 with	
shellfish	and	fish,44,46	and	even	with	peanuts	and	walnuts.44	This	
report	notwithstanding,	peanut	extracts	have	been	reported	to	
be	reliable	in	other	studies.45,47	In	76	children	aged	5	months	to	
15	years,	there	were	31	positive	blinded	food	challenges	out	of	
96	foods	which	yielded	positive	prick	skin	tests.47	All	the	positive	
challenges	 were	 to	 peanuts,	 eggs,	 milk	 or	 soy.	 There	 were	 no	
positive	 open	 feeding	 challenges	 to	 foods	 that	 had	 not	 been	
positive	on	prick	skin	testing.

Methods of Skin Testing
PRICK VERSUS INTRADERMAL TESTING

There	are	two	approaches	to	allergen	skin	testing.	One	is	per-
cutaneous	introduction	of	the	allergen	through	a	break	in	the	
skin	by	pricking,	puncturing	or	scratching.48	In	the	last	of	these,	
a	 linear	 scratch	 is	 made	 without	 drawing	 blood.	 The	 scratch	
may	be	performed	first	with	 the	extract	 then	dropped	on	 the	
abraded	 skin,	 or	 the	 scratch	 may	 be	 made	 through	 a	 drop	 of	
extract.	The	scratch	test	has	now	largely	been	abandoned	due	
to	greater	discomfort,	poorer	reproducibility	and	the	possibility	
of	 leaving	 multiple	 linear	 depigmented	 areas	 for	 some	 time	
afterward.49	The	prick	test	is	performed	by	introducing	the	tip	
of	the	device	 into	the	epidermis	at	approximately	a	45-degree	
angle	through	a	drop	of	extract;	the	tip	is	then	lifted,	creating	
a	 small,	 transient	break	 in	 the	epidermis.	Prick	 testing	can	be	
performed	 with	 either	 solid	 needles	 or	 hollow	 hypodermic	
needles.	Puncture	testing	is	performed	by	pressing	the	tip	of	the	
device	 at	 a	 90-degree	 angle	 to	 the	 skin.	 Usually	 the	 device	
employed	has	a	sharp	point	approximately	1	mm	long,	with	a	
widening	above	to	limit	penetration	into	the	skin.

The	 alternative	 to	 percutaneous	 testing	 is	 intracutaneous	
testing.	 A	 hypodermic	 syringe	 and	 needle	 is	 employed.	 The	
needle	 is	 threaded	 into	 the	 dermis	 where,	 typically,	 0.01	 to	
0.02	mL	of	extract	is	injected.	Intradermal	testing	is	more	sensi-
tive	than	prick/puncture.	For	equivalent	reactions	at	threshold-
sized	reactions,	the	extract	for	prick/puncture	testing	must	be	
1000-fold	more	concentrated.48	Also,	direct	comparisons	indi-
cate	that	intradermal	testing	is	more	reproducible	than	percuta-
neous	testing.48	Nevertheless,	there	are	many	arguments	in	favor	
of	the	percutaneous	test	as	the	routine	for	allergy	testing.	These	
include	 economy	 of	 time,	 patient	 comfort	 and	 safety.	 These	
apply	 to	 percutaneous	 versus	 intracutaneous,	 no	 matter	 what	
relative	concentrations	of	extract	are	employed.	If,	in	addition,	
the	intradermal	test	is	performed	with	a	concentration	greater	
than	1	:	1000	that	of	the	percutaneous	test,	in	order	to	increase	
its	sensitivity,	additional	considerations	arise	as	to	whether	this	
increased	sensitivity	is	clinically	necessary	or	useful.

DIAGNOSTIC USEFULNESS OF THE 
PERCUTANEOUS TEST

The	prick	skin	test	has	served	well	 in	epidemiological	studies.	
Prick	 skin	 test	 reactivity	 to	 indoor	 allergens,	 but	 not	 pollens,	
has	 been	 shown	 to	 be	 a	 risk	 factor	 for	 asthma	 in	 children50,51	
and	adolescents	and	adults.52	Prick	skin	test	reactivity	in	asymp-
tomatic	freshmen	in	college	carried	an	increased	risk	for	devel-
opment	 of	 allergic	 rhinitis.53,54	 Three-year	 follow-up	 revealed	
that	18.2%	of	those	with	positive	prick	skin	tests	had	developed	
allergic	rhinitis	compared	to	1.8%	of	those	with	negative	prick	
skin	 tests.53	At	7-year	 follow-up,	31.9%	of	 those	with	positive	
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if	 used	 for	 this	 purpose,	 should	 be	 performed	 at	 least	 in	
duplicate.65

The	reliability	of	different	means	of	expressing	the	results	of	
prick	skin	testing	was	compared	in	patients	sensitive	to	dogs.66	
A	determination	of	sensitivity	to	dog	was	made	in	202	children	
based	on	a	composite	score	from	history,	RAST	and	bronchial	
or	conjunctival	allergen	challenges.	The	 results	with	 the	 three	
common	 means	 of	 expressing	 results	 (wheal	 diameter,	 wheal	
diameter	compared	to	the	histamine	control	and	titrated	prick	
skin	tests)	were	compared	for	sensitivity,	specificity	and	overall	
efficacy.	Although	the	overall	efficacy	of	the	histamine	reference	
was	greatest	in	this	study,	most	allergists	would	prefer	to	have	
the	 maximum	 sensitivity,	 which	 was	 provided	 by	 a	 wheal	
≥3	mm	 diameter,	 in	 order	 not	 to	 miss	 any	 truly	 sensitive	
patients.	Other	methods,	or	clinical	judgment,	should	then	be	
used	to	distinguish	between	those	who	are	only	sensitized	and	
those	who	are	clinically	allergic.66

DEVICES FOR PERCUTANEOUS SKIN TESTING

Intracutaneous	 skin	 tests	 are	 performed	 using	 a	 hypodermic	
syringe	and	needle.	Percutaneous	 tests	are	performed	with	an	
ever-increasing	 variety	 of	 devices.19,67–72	 Some	 devices	 have	 a	
single	stylus	with	a	single	or	several	points	and	are	used	either	
to	 prick	 or	 puncture	 through	 a	 drop	 of	 extract	 or	 to	 carry	 a	
drop	of	 extract	 from	the	extract	bottle,	 so	 that	application	of	
extract	and	the	puncture	occur	in	one	step.	The	puncture	tech-
nique	may	be	combined	with	twisting,	which	generally	results	
in	 more	 pain	 and	 a	 greater	 chance	 of	 a	 false	 positive	 test.73,74	
Increasingly,	devices	are	being	introduced	which	have	multiple	
heads,	 so	 that	 up	 to	 10	 tests	 can	 be	 accomplished	 with	 one	

therapeutic	decisions	such	as	environmental	control	or	immu-
notherapy	should	never	be	based	on	a	positive	intracutaneous	
skin	test	result	alone.57

It	 is	 clear	 from	 these	 studies	 that	 the	 intradermal	 skin	 test	
adds	 little	to	the	diagnostic	evaluation	of	allergy	when	allergy	
extracts	of	reasonable	quality	are	available	for	skin	testing.	This	
probably	 includes	 almost	 all	pollen	 extracts,	 house	dust	mite,	
cat	and	acetone-precipitated	dog	extracts.	What	of	the	extracts	
of	 poorer	 quality,	 particularly	 cockroach,	 fungi	 and	 some	
dander	extracts?	A	study	of	 the	diagnosis	of	allergy	 to	mouse	
extract	is	informative	in	this	regard.58	In	this	study,	49	workers	
reported	 symptoms	 on	 mouse	 exposure.	 The	 mouse	 extract	
contained	only	2.37	µg	of	Mus	m	1	per	mL,	about	6%	the	major	
allergen	 content	 in	 cat	 extract.	 Using	 a	 nasal	 challenge	 as	 the	
gold	 standard,	 sensitivity	 was	 only	 47%	 for	 measurement	 of	
mouse	IgE	(mIgE),	67%	for	 the	prick	skin	test,	and	100%	for	
an	 intradermal	 test	at	a	1	:	100	dilution	of	 the	extract.	On	the	
other	hand,	 specificity	was	91%	for	mIgE,	94%	for	prick	skin	
test,	but	only	65%	for	 intradermal	testing.	The	prick	skin	test	
performed	best,	but	with	this	weak	extract,	intradermal	testing	
was	required	to	identify	some	clinically	sensitized	workers.

EXPRESSING THE RESULTS OF SKIN TESTING

The	results	of	both	percutaneous	and	intracutaneous	skin	tests	
are	often	reported	in	only	semi-quantitative	terms.	Results	may	
be	 recorded	 only	 as	 positive	 or	 negative,	 or	 graded	 0	 to	 4+	
without	 any	 indication	 of	 what	 size	 reactions	 these	 numbers	
represent.59	 At	 the	 very	 least,	 a	 record	 of	 skin	 testing	 should	
indicate	certain	 information	that	will	allow	another	physician	
to	 interpret	 the	 results.	 In	 addition	 to	 the	 concentration	 of	
extract	 employed,	 the	 form	 should	 indicate	 whether	 the	 tests	
are	 percutaneous	 or	 intracutaneous	 and,	 if	 the	 former,	 which	
device	was	employed	for	testing,	whether	testing	was	performed	
on	the	back	or	the	arm,	and	the	size	of	the	positive	and	negative	
reactions.	 Finally,	 if	 an	 arbitrary	 grading	 system	 is	 employed,	
the	range	of	reaction	for	each	grade	should	be	clearly	indicated	
on	the	form	(see	Table	19-2).

A	superior	method	of	expressing	results	 is	 to	measure	and	
record	actual	size	of	the	reaction.	This	need	not	be	excessively	
time	 consuming.	 Although	 the	 area	 of	 the	 wheal	 is	 the	 most	
accurate,	measurements	of	the	product	of	the	orthogonal	diam-
eters,	the	sum	of	the	orthogonal	diameters	and	even	the	longest	
diameter	correlate	very	well	with	area,	with	r	values	greater	than	
0.9.60	In	fact,	the	longest	diameter	has	been	reported	to	correlate	
better	with	the	wheal	area	than	the	mean	of	two	perpendicular	
diameters.61	An	additional	advantage	of	measuring	the	diameter	
of	the	wheal	is	the	observation	that,	with	17	of	18	standardized	
extracts,	the	risk	of	having	allergic	symptoms	increased	signifi-
cantly	with	larger	wheal	diameter.62

The	Scandinavian	Society	of	Allergology	recommended	that	
skin	 test	 results	 be	 standardized	 in	 relation	 to	 the	 size	 of	 the	
reaction	to	histamine,	employing	0.1	mg/mL	of	histamine	 for	
intradermal	 testing	 and	 1	mg/mL	 of	 histamine	 for	 prick	 skin	
testing.63	If	the	diameter	of	the	reaction	to	allergen	was	the	same	
size	as	the	histamine	reaction,	the	grade	was	3+,	if	half	that	size	
2+,	and	if	twice	as	large	4+.	A	subsequent	study	suggested	that	
the	histamine	control	should	be	10	mg/mL,	because	of	the	small	
reactions	with	high	coefficient	of	variation	with	the	1	mg/mL	
histamine	prick	skin	test.64	Even	the	20–30%	coefficient	of	vari-
ation	for	reactions	to	10	mg/mL	raises	questions	regarding	the	
desirability	 of	 basing	 grading	 on	 a	 histamine	 control,	 which,		

CRITERIA TO READ PRICK/PUNCTURE SKIN TESTS
Negative 0 No reaction or no different from control
One plus + Erythema < a nickel in diameter
Two plus ++ Erythema > a nickel in diameter
Three plus +++ Wheal with surrounding erythema

Four plus ++++ Wheal with pseudopods and 
surrounding erythema

CRITERIA TO READ INTRACUTANEOUS TESTS  
WHEN CONTROL ≥2 MM
Negative 0 No different from control
One plus + Wheal 11

2  to 2 times control or definite 
erythema > a nickel in size

Two plus ++ Wheal 2–3 times control

Three plus +++ Wheal >3 times control
Four plus ++++ Wheal with pseudopods

CRITERIA TO READ INTRACUTANEOUS TESTS  
WHEN CONTROL <2 MM
Negative 0 No difference from control
One plus + 3–4 mm wheal with erythema or 

erythema > a nickel in size
Two plus ++ 4–8 mm wheal without pseudopods

Three plus +++ >8 mm wheal without pseudopods
Four plus ++++ Wheal with pseudopods and erythema

Modified from Vanselow NA. In: Sheldon JM, et al, editors. A Manual 
of Clinical Allergy. 2nd ed. WB Saunders; 1967.

TABLE

19-2 
Semiquantitative Reporting of Skin  
Test Results
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intracutaneous	 testing,	 and	 perhaps	 also	 to	 testing	 with	 the	
active	constituents	in	the	hymenoptera	venom.

Special Considerations
SAFETY OF SKIN TESTING

Deaths	have	been	reported	with	skin	 testing.77,78	For	 the	most	
part	these	were	reactions	to	testing	with	horse	serum	or	other	
potent	allergens	and,	almost	without	exception,	they	were	asso-
ciated	 with	 intradermal	 testing.77	 Severe	 reactions	 can	 occur,	
however,	even	with	prick	skin	testing	in	very	sensitive	patients	
treated	with	undiluted	 commercial	 or	 fresh	 food	extracts.79	A	
fatal	reaction	was	reported	 in	a	young	woman	with	moderate	
asthma,	probably	poorly	controlled,	following	application	of	90	
food	 allergens	 employing	 the	 Dermapik	 (Greer	 Laboratories,	
Lenoir,	NC)	skin	 testing	device.78	 In	a	private	practice,	10	400	
patients	were	skin	tested	first	by	prick,	followed,	if	negative,	by	
intradermal	 testing.80	 Two	 systemic	 reactions	 occurred,	 both	
with	intradermal	testing.	One	was	in	a	patient	who	had	had	a	
negative	prick	skin	test,	and	the	other	in	a	patient	who	did	not	
have	preliminary	prick	skin	testing.	The	experience	with	allergy	
skin	 testing	 at	 the	 Mayo	 Clinic	 between	 1992	 and	 1997	 was	
reviewed.77	 Puncture	 skin	 testing	 was	 performed	 in	 16	505	
patients,	while	1806	received	puncture	tests	followed	by	intra-
cutaneous	 tests	 for	 selected	 allergens	 (hymenoptera	 venom,	
penicillin	and	other	drugs).	Five	patients	experienced	systemic	
reactions	 following	 puncture	 tests,	 while	 one	 patient	 experi-
enced	a	systemic	reaction	to	an	intracutaneous	test	following	a	
negative	puncture	test.	Two	of	the	five	patients	who	experienced	
systemic	reactions	to	puncture	testing	had	positive	reactions	to	
latex.	One	patient	reacted	to	both	latex	and	aeroallergens,	while	
two	 reacted	 only	 to	 aeroallergens.	 Thus,	 for	 prick/puncture	
testing	to	aeroallergens,	systemic	reactions,	none	of	which	were	
life	 threatening,	 occurred	 with	 an	 incidence	 of	 about	 0.02%.	
Another	university	allergy	clinic	reported	an	incidence	of	sys-
temic	symptoms	with	prick	skin	testing	of	0.4%,	but	none	were	
associated	with	severe	asthma	or	hypotension.81

LOCAL ALLERGY

Patients	sometimes	present	with	what	sounds	like	a	convincing	
clinical	 history	 for	 an	 allergic	 respiratory	 condition,	 but	 they	
have	negative	skin	tests	to	the	suspected	allergen	and	sometimes	
to	all	allergens.	There	are	several	studies	that	report	that	patients	
may	be	sensitive	to	an	allergen	and	have	IgE	antibodies	to	that	
allergen	 in	 their	nasal	 secretions,	even	though	prick	skin	 tests	
and	serum	in	vitro	tests	for	that	same	allergen	are	negative.	The	
question	of	local	nasal	allergy	has	been	extensively	studied	by	a	
group	from	Malaga,	Spain.	Fifty	adult	subjects	with	persistent	
rhinitis	who	had	negative	prick	 skin	 tests	 and	no	 specific	 IgE	
for	perennial	allergens	and	who	had	negative	intradermal	skin	
tests	for	house	dust	mites	(PNAR)	were	compared	to	30	subjects	
with	persistent	allergic	rhinitis	(PAR)	and	30	nonallergic	con-
trols.82	Subjects	with	PNAR	and	PAR	did	not	differ	in	symptoms	
or	nasal	cytology.	All	of	the	PAR,	54%	of	the	PNAR	and	none	
of	the	normal	controls	had	a	positive	nasal	challenge	with	house	
dust	mite	allergen	Dermatophagoides pteronyssinus	(DP).	Nasal	
DP-specific	 IgE	 was	 found	 in	 23/30	 with	 PAR	 and	 6/50	 with	
PNAR,	all	of	whom	had	positive	nasal	challenges	with	DP.	Sub-
sequently	 they	 studied	 32	 patients	 with	 apparent	 nonallergic	
spring	 symptoms.	 Positive	 nasal	 challenges	 to	 grass	 or	 olive	

application	(Figure	19-1).	Generally	 the	multiple-headed	skin	
test	 devices	 are	 designed	 to	 first	 be	 dipped	 into	 the	 extract	
bottles,	then	applied	to	the	skin	so	that	testing	is	accomplished	
in	one	step.	Both	the	single	and	multiple	test	devices	for	percu-
taneous	testing	vary	in	the	degree	of	trauma	that	they	impart	
to	the	skin,	therefore	they	vary	in	the	size	of	positive	reactions	
and	also	in	the	likelihood	of	producing	a	reaction	at	the	site	of	
the	 negative	 control.	 Thus,	 different	 devices	 require	 different	
criteria	 for	what	 is	 the	minimum	wheal	diameter	 that	consti-
tutes	a	positive	reaction.

Before	selecting	a	device	for	clinical	use,	it	is	prudent	to	test	
the	device	at	multiple	sites	on	multiple	subjects	with	histamine	
to	 rule	 out	 false	 negative	 tests	 and	 with	 saline	 to	 assess	 the	
maximum	wheal	size	resulting	from	the	trauma	induced	by	the	
device.

PLACEMENT OF ADJACENT TESTS

There	are	 two	 reports,	both	describing	 intracutaneous	 testing	
with	 hymenoptera	 venom,	 which	 indicate	 that	 false	 positive	
tests	can	result	from	an	adjacent	positive	histamine	control.75,76	
The	 influence	 of	 large	 positive	 reactions	 to	 histamine	 or	 to	
inhalant	allergen	on	adjacent	prick	skin	tests	was	prospectively	
studied.22	There	was	no	evidence	of	 falsely	positive	prick	skin	
tests	attributable	to	the	large	adjacent	reactions,	even	when	the	
test	sites	were	only	separated	by	2	cm.	Thus,	it	appears	that	the	
augmentation	 that	 has	 been	 observed	 may	 be	 limited	 to	

Figure 19-1  Examples of multi-headed devices for prick/puncture skin 
testing.  From  top  to  bottom:  Skintestor  OMNI  (Greer  Laboratories, 
LeNoir,  NC),  MultiTest  II  (Lincoln  Diagnostics,  Decatur,  IL)  and  Com-
forTen (HollisterStier Spokane, WA). 
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were	compared	to	232	subjects	with	similar	positive	prick	skin	
tests	but	negative	histories	of	respiratory	symptoms	caused	by	
the	aeroallergens	producing	the	positive	prick	skin	tests.	Finally,	
there	were	243	nonallergic	controls.	Patients	also	had	 in	vitro	
testing	 for	 the	 allergens	 that	 produced	 the	 positive	 prick	 skin	
tests.	The	 investigators	 constructed	 receiver	operating	charac-
teristic	curves	for	sensitivity	versus	specificity	for	both	in	vitro	
and	prick	skin	tests.	They	found	maximum	diagnostic	accuracy	
at	cut-offs	of	11.7	kU/L	in	the	Pharmacia	CAP	system	(where	
threshold	for	sensitivity	is	0.35	kU/L).	The	maximum	diagnos-
tic	accuracy	of	prick	skin	testing	was	a	wheal	area	of	32.2	mm	
(roughly	6	mm	diameter).	They	also	reported	that	the	diagnos-
tic	 accuracy	 of	 in	 vitro	 testing	 exceeded	 that	 of	 the	 prick		
skin	test.

Despite	similar	sensitivity	and	performances	by	the	in	vitro	
and	 percutaneous	 tests,	 the	 quantitative	 relationship	 between	
them	in	individuals	is	relatively	weak.	Reactivity	on	intracuta-
neous	 skin	 testing	 and	 in	 vitro	 testing	 was	 measured	 in	 43	
patients	 with	 rhinitis	 and/or	 asthma	 employing	 five	 purified	
major	allergens.91	The	overall	correlation	for	skin	testing	versus	
serum	IgE	was	only	0.68.	For	the	same	level	of	specific	IgE,	the	
amount	of	the	allergen	required	in	different	subjects	for	a	posi-
tive	prick	skin	test	varied	by	as	much	as	100-fold.	Skin	reactivity	
was	adversely	affected	by	total	IgE	and	correlated	positively	with	
reactivity	of	the	skin	to	histamine.	Skin	testing	correlated	better	
than	 in	 vitro	 testing	 with	 histamine	 release,	 suggesting	 that	
‘releasability’	 as	 well	 as	 differences	 in	 reactivity	 of	 the	 skin	 to	
released	mediators	might	account	for	part	of	the	residual	varia-
tion	in	the	correlation	between	skin	test	results	and	levels	of	IgE	
antibodies.

An	 additional	 factor	 may	 be	 the	 affinity	 for	 IgE-allergen	
binding.92	Reactions	on	prick	skin	testing	to	ragweed	and	Der-
matophagoides pteronyssinus	 were	 compared	 to	 serum	 Amb	 a	
1-	and	Der	p	1-specific	IgE	levels	in	165	members	from	families	
with	histories	of	clinical	atopy.	Those	donors	with	positive	skin	
test	reactions	tended	to	have	higher	concentrations	of	specific	
IgE	than	those	donors	with	negative	skin	tests.	However,	there	
was	considerable	overlap	between	the	skin	test	positive	and	skin	
test	 negative	 groups,	 without	 a	 clear	 demarcation	 between	
them,	 and	 mean	 values	 between	 prick	 skin	 test	 positive	 and	
prick	skin	test	negative	groups	were	not	statistically	significant.	
Donors	with	positive	skin	test	reactions	had,	on	average,	higher	
binding	 affinities	 than	 those	 with	 negative	 skin	 test	 results.	
These	values	differed	significantly	for	the	two	groups	(P	<	.001).	
The	product	of	affinity	and	concentration,	termed	the	antibody	
capacity,	provided	a	much	clearer	demarcation	between	donors	
who	 were	 skin	 test	 positive	 and	 those	 who	 were	 skin	 test	
negative.

RELATION OF SKIN TESTS TO NASAL 
ALLERGEN CHALLENGE AND IN VITRO 
ASSESSMENT OF SPECIFIC IgE

Nasal	 allergen	 challenges	 with	 3-fold	 increasing	 numbers	 of	
grass	pollen	grains,	prick	skin	tests	with	3-fold	increasing	con-
centrations	of	grass	pollen	extract	and	in	vitro	tests	utilizing	the	
same	 grass	 pollen	 extract	 were	 compared	 in	 44	 subjects	 with	
rhinitis	 and	 10	 nonallergic	 controls	 during	 the	 grass	 pollen	
season.1	 The	 nasal	 challenge	 method,	 which	 employs	 a	 total	
symptom	 score	 of	 5	 as	 an	 end-point,	 has	 been	 validated	 by	
demonstration	of	release	of	PGD2	into	nasal	secretion	at	end-
point	and	by	correlation	of	threshold	scores	with	symptoms	on	

pollen	extracts	or	both	were	found	in	63%.83	They	also	reported	
an	increase	in	specific	IgE	in	the	nasal	secretions	24	hours	after	
the	 positive	 nasal	 challenges.84	 A	 5-year	 follow-up	 of	 194	
patients	with	local	nasal	allergy	diagnosed	by	this	group	revealed	
that	 very	 few	 had	 developed	 systemic	 sensitization.85	 In	 their	
experience	local	nasal	allergy	constituted	25.7%	of	the	rhinitis	
population	 and	 more	 than	 47%	 of	 patients	 previously	 diag-
nosed	with	nonallergic	rhinitis.85

DELAYED REACTIONS TO SKIN TESTS

Immediate	 skin	 reactions	 to	 histamine	 typically	 peak	 at	 8	
minutes,	while	those	to	allergen	peak	at	15	minutes.	Large	aller-
gen	 induced	 immediate	 skin	 tests	 may	 be	 followed	 by	 a	 late	
cutaneous	reaction.	Progressive	erythema	and	induration	occur	
at	the	site	of	the	immediate	reaction,	peaking	at	4	to	6	hours.	
These	reactions	can	be	triggered	by	mast	cell	mediators	released	
by	 a	 variety	 of	 mechanisms	 including	 allergens,	 anti-IgE	 and	
nonimmunologic	 mast	 cell	 degranulating	 agents,	 but	 not	 by	
histamine	alone.86	There	appears	 to	be	a	 threshold	size	of	 the	
immediate	 reaction	 below	 which	 the	 late	 phase	 reaction	 does	
not	occur.	Beyond	that	size,	there	is	a	rough	correlation	between	
the	size	of	the	immediate	reaction	and	the	size	of	the	resulting	
late	phase	reaction	 in	 the	same	 individual86	and	 in	unselected	
patients.87	 The	 IgE-mediated	 late	 cutaneous	 reaction	 has	 not	
been	described	in	the	absence	of	the	 immediate	reaction.	The	
late	 phase	 cutaneous	 reaction	 is	 not	 suppressed	 by	 antihista-
mines	 but	 is	 reduced	 by	 corticosteroids.	 Furthermore,	 it	 is	
markedly	 reduced	 by	 allergen	 immunotherapy,	 more	 so	 than	
the	immediate	reactions.36

Isolated,	delayed	reactions	to	allergy	skin	testing	have	been	
described.88	Furthermore,	when	looked	for,	they	appear	to	fairly	
commonly	 follow	 intracutaneous	 testing.88	 Two	 hundred	 and	
ninety	 two	 adult	 patients	 who	 had	 received	 a	 total	 of	 2700	
intracutaneous	tests	were	examined	after	20	minutes	for	imme-
diate	reactions	and	again	after	48	hours	for	evidence	of	delayed	
reactions.88	 Immediate	reactions	were	observed	 in	17%	of	 the	
skin	 tests	 in	 allergic	 and	 5%	 of	 the	 skin	 tests	 in	 nonallergic	
patients.	At	48	hours,	delayed	reactions	were	present	at	7%	of	
the	 skin	 test	 sites	 in	 the	 allergic	 and	 5%	 in	 the	 nonallergic	
patients.	Delayed	reactions	were	over	twice	as	common	at	sites	
of	 positive	 immediate	 as	 negative	 immediate	 skin	 reactions.	
Those	occurring	at	the	site	of	negative	immediate	skin	tests	had	
the	histology	of	a	delayed-type	hypersensitivity	reaction.	There	
was	no	suggestion	that	the	late	or	delayed	cutaneous	reactions	
had	clinical	relevance.

RELATION OF SKIN TESTS TO IN VITRO 
MEASUREMENTS OF SPECIFIC IgE

For	at	least	some	aeroallergens,	the	in	vitro	tests	are	somewhat	
less	sensitive	than	percutaneous	tests,89	and	both	are	much	less	
sensitive	 than	 intracutaneous	 tests	 at	 the	 concentrations	 of	
allergen	 extracts	 that	 are	 commonly	 employed.	 Even	 though	
they	 are	 less	 sensitive	 than	 the	 intracutaneous	 test,	 the	 prick/
puncture	 and	 in	 vitro	 tests	 still	 are	 often	 positive	 in	 patients	
without	clinical	symptoms.	This	has	led	to	attempts	to	increase	
the	diagnostic	precision	of	these	tests	by	defining	cut-offs	that	
enhance	 specificity	 without	 too	 great	 a	 loss	 in	 sensitivity.	 An	
ambitious	study	recruited	267	patients	who	were	prick	skin	test	
positive	 and	 had	 a	 clear	 history	 of	 respiratory	 symptoms	 in	
relation	to	the	allergen	producing	the	positive	skin	test.90	They	
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seasonal	exposure	to	grass	pollen.	Nasal	challenges	were	positive	
in	41	of	43	patients	and	0	of	10	controls.	There	was	a	significant	
correlation	 (Rs	 =	 .54,	 P	 <	 .005)	 between	 threshold	 for	 nasal	
challenge	 and	 threshold	 for	 prick	 skin	 testing.	 There	 was	 no	
significant	 correlation	 between	 nasal	 threshold	 and	 levels	 of	
specific	IgE,	suggesting	that	releasability	of	mast	cells	and	baso-
phils	and	reactivity	to	the	released	mediators	may	be	an	impor-
tant	parameter	in	determining	symptoms.	In	a	related	study,	the	
correlation	between	threshold	for	nasal	allergen	challenge	and	
titrated	prick	skin	test	was	confirmed	and	both	were	shown	to	
correlate	with	symptoms	during	natural	pollen	exposure.93

RELATION OF SKIN TESTS TO BRONCHIAL 
ALLERGEN CHALLENGE

There	 is	 a	 relatively	 poor	 correlation	 between	 the	 results	 of	
allergen	 skin	 testing	 and	 bronchial	 allergen	 challenge.		
The	 reason	 is	 the	 presence	 of	 a	 second	 variable,	 nonspecific	
bronchial	 hyperresponsiveness	 as	 measured	 by	 histamine		
or	methacholine	inhalation	challenge.	It	was	observed	that	posi-
tive	 bronchial	 allergen	 challenges	 occurred	 almost	 exclusively		
in	subjects	with	positive	prick	skin	tests,94	but	that	the	correla-
tion	between	skin	testing	and	bronchial	allergen	challenge	could	
be	 improved	 considerably	 by	 incorporating	 the	 threshold	 of	
nonspecific	 bronchial	 responsiveness.95,96	 A	 prospective	 study	
confirmed	 these	 retrospective	 observations.2	 The	 early	 bron-
choconstrictor	 response	 to	 allergen	 challenge	 could	 be	 pre-
dicted	within	an	8-fold	range	by	a	formula	employing	skin	test	
reactivity	and	bronchial	sensitivity	to	histamine.	It	was	pointed	
out	that	this	degree	of	prediction	was	better	than	the	reproduc-
ibility	of	bronchial	allergen	challenge	achieved	by	some	inves-
tigators	(Box	19-1).

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

BOX 19-1 KEY CONCEPTS

• Skin testing with allergenic extracts is the favored method of 
in vivo testing for IgE-mediated sensitivity.

• The preferred method of skin testing is percutaneous (prick 
or puncture), with intracutaneous (intradermal) testing gener-
ally reserved for weak allergenic extracts such as hymenop-
tera venom or agents used for testing for drug allergy.

• Advantages of percutaneous (prick or puncture) testing over 
intracutaneous (intradermal) include: (1) they are safer, less 
technically demanding, less painful, more rapidly performed, 
and many tests can be performed in one session; (2) the 
extracts are more stable and positive and negative reactions 
are more easily differentiated; most importantly, (3) positive 
reactions correlate better with clinical sensitivity than is the 
case with intracutaneous tests.

• Advantages of the intracutaneous tests are a somewhat 
better reproducibility and greater sensitivity. The latter, 
however, has not been found to be useful for detecting clini-
cally relevant sensitivity in several studies.

• The results of skin testing correlate only weakly with those 
from in vitro studies with the same allergen in the same 
patient. The size of the skin test reactions depends, in addi-
tion to the amount of specific IgE, on the binding affinity of 
the IgE antibody, the releasability of the patient’s mast cells, 
and the reactivity of their skin to released mediators.

• In a particular individual, the size of the skin test will also 
depend on the area of the body used for testing, with the 
back being more reactive than the arm.

• Devices for percutaneous skin testing vary greatly in the size 
of reaction and the likelihood of a false positive reaction. Thus 
different threshold values for a positive reaction must be used 
with different devices.
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KEY POINTS

• Sources of airborne allergens vary from microscopic to 
large fauna.

• Outdoor aeroallergenic particles include intact pollen 
grains or spores, as well as cell fragments and submi-
cronic particles.

• Preferred samplers measure a calculable volume of air 
to determine the density of aeroallergens and have 
capture efficacy of particles down to 3–5 micron.

• Meteorological parameters of temperature and precipi-
tation have the greatest impact on timing and intensity 
of airborne pollen concentration.

• Increased atmospheric temperature and CO2 concentra-
tion act to increase allergenic plant biomass and pollen 
production.

Aerobiology	is	the	science	of	airborne	emanations	of	organic	or	
biologic	origin.	Aeroallergens	may	be	dispersed	on	a	variety	of	
particle	sizes	and	come	from	various	sources	and	settings	(see	
Table	20-1).1	The	origin	may	be:	microscopic	such	as	bacteria	
or	protozoa;	at	the	limits	of	visual	detection	such	as	dust	mites;	
or	easily	seen	such	as	mushrooms,	bracket	fungi	or	animals	such	
as	 cats,	 dogs	 or	 horses.	 The	 airborne	 particle	 may	 be:	 a	 cell,	
intact	 pollen	 grain	 or	 cytoplasmic	 component	 thereof;	 fungal	
spore	or	mycelial	 fragment;	or	protein	adhering	 to	 epidermal	
scales	or	dust	particles,	or	dissolved	in	water	droplets.	Outdoor	
sources	are	frequently	of	plant	origin,	while	animal	allergens	are	
greater	 problems	 indoors;	 fungal	 spores	 may	 be	 troublesome	
both	 indoors	 and	 outdoors.	 Once	 entrained	 into	 airstreams,	
aeroallergens	may	be	deposited	on	conjunctival	or	nasal	mem-
branes,	or	inhaled	into	the	lungs.

General Principles of Allergen 
Aerobiology
POLLEN

Vascular	 plants	 propagate	 through	 extension,	 trunk	 or	 root	
shoots,	rhizomes	or	stolons,	or	by	seed.	Sexual	reproduction	is	
accomplished	 by	 transport	 of	 the	 male	 gamete,	 the	 pollen	 or	
spore,	to	the	female	gamete,	the	ovary.	Pollen	dispersal	mecha-
nisms	are	via	the	wind,	anemophily	or	with	a	vector	such	as	an	
insect,	entomophily.	Insect	pollinated	plants	are	less	frequently	
inducers	 of	 hay	 fever.	 Some	 amphiphilous	 plants	 utilize	 both	
mechanisms.

FUNGI

Fungi	comprise	one	of	the	seven	kingdoms	of	living	organisms,	
more	closely	related	 to	 the	animal	kingdom	than	to	 the	plant	
kingdom.	 Fungi	 are	 eukaryotic	 organisms	 with	 chromosomes	
within	 membrane-bound	 nuclei,	 dividing	 through	 mitosis.	
Fungi	have	chitin-containing	cell	walls,	a	polysaccharide	found	
also	in	insect	exoskeletons.	Fungi	may	be	unicellular,	syncytial	
(many	nuclei	not	 separated	 into	different	 cells)	 and	multicel-
lular	(nuclei	separated	by	septa).	Complex	life	cycles	have	mul-
tiple	 life	 stages,	 with	 both	 sexual	 and	 asexual	 reproduction.	
‘Holomorph’	refers	to	the	fungus	throughout	its	entire	life	cycle,	
with	 ‘anamorph’	 referring	 to	 the	 asexual	 reproductive	 stage		
and	‘teleomorph’	 to	 the	 sexual	 reproductive	 stage.	 Sometimes	
the	alternate	 life	stage	 is	not	known,	with	only	 the	anamorph	
or	 the	 teleomorph	 identified.	 Anamorphs	 without	 a	 known	
teleomorph	 stage	 are	 frequently	 classified	 as	 Deuteromycota,		
or	 Fungi	 Imperfecta:	 an	 artificial	 taxon,	 a	 paraphyletic	 group	
united	only	by	asexual	propagation.2

ANIMALS

While	 primarily	 indoors,	 animal	 sources	 may	 be	 significant	
outdoor	allergens	as	well.	Heavy	hatches	of	caddis	flies	or	may-
flies,	or	miller	moth	infestations	have	been	reported	to	induce	
allergic	symptoms.3	Occupational	exposures	 to	 tussock	moths	
in	pine	trees	may	bother	lumberjacks,	and	sewer	flies	municipal	
sanitation	 workers.4	 Outdoor	 horse	 dander	 allergen	 can	 be	
sampled	down	wind	of	stables.5

SUBMICRONIC ALLERGENIC PARTICLES

The	finding	that	ragweed	hay	fever	symptoms	may	persist	after	
intact	pollen	 is	no	 longer	 seen	spurred	studies	demonstrating	
airborne	 allergens	 in	 submicronic	 particles.6,7	 Airborne	 birch	
antigenic	 activity	 has	 been	 demonstrated	 in	 particles	 smaller	
than	2.4	micron.	Cytoplasmic	starch	granules	are	prominent	in	
grass	(Poaceae)	and	dock	(Rumex,	Polygonaceae)	pollen.8	Grass	
starch	granules	have	heavy	 concentrations	of	 groups	1,	 5	 and	
13	allergens.9–11	While	the	force	of	storm-driven	raindrops	may	
disrupt	grass	pollen	grains,	releasing	large	amounts	of	respira-
ble	allergen-laden	starch	granules,	Schäppi	and	colleagues	dem-
onstrated	 that	 a	 moisture-drying	 cycle	 will	 result	 in	 starch	
granules	emanating	through	the	grass	pollen	aperture.9,12

CHARACTERISTICS OF  
WIND-POLLINATED PLANTS

Although	wind	pollination	may	appear	to	be	a	simpler	process	
than	 vector-facilitated	 pollination,	 it	 is	 the	 later	 evolutionary	
mechanism.13	 Its	 characteristics	 are	 summarized	 in	 Box	 20-1.	
Anemophilous	 plants	 have	 incomplete	 flowers,	 with	 separate	



186	 SECTION D Diagnosis and Treatment of Allergic Disease

respirable	cytoplasmic	particles.	While	the	majority	of	pollino-
sis	 inducers	 are	 wind	 pollinated,	 some	 primarily	 insect-
pollinated	plants	will	release	sufficient	airborne	pollen	to	cause	
sensitization	in	the	proper	setting.	A	single	point	source	could	
lead	 to	 sensitization,	 such	 as	 a	 tree	 or	 shrub	 situated	 at	 a	
bedroom	 window.	 Although	 most	 pollen	 grains	 come	 to	 rest	
within	 meters	 of	 their	 source,	 grains	 may	 be	 transported	 for	
hundreds	of	miles.14

FLORISTIC ZONES

The	distribution	of	individual	plant	species	is	dependent	on	a	
multitude	of	factors.	Foremost	is	‘climate’:	average	high	and	low	
temperatures,	ambient	humidity	and	average	precipitation.	Soil	
factors	such	as	mineral	content,	pH,	and	density	also	impact	on	
plant	adaptation	and	selection.16	Certain	plants	are	cosmopoli-
tan,	adapting	to	diverse	circumstances;	others	are	 limited	to	a	
niche,	 adapting	 to	 extremes	 of	 moisture	 or	 temperature.	 The	
range	 of	 native	 indigenous	 species	 may	 be	 limited	 by	 niche	
selectivity.	The	extent	an	introduced	plant	will	spread	is	deter-
mined	 by	 its	 adaptability,	 its	 aggressiveness	 and	 the	 length	 of	
time	from	introduction.	Which	plants	may	be	found	in	different	
locations	may	be	deduced	from	several	sources.	Numerous	gar-
dening	 texts	 contain	 ‘hardiness	 zone’	 maps	 defined	 by	 the	
United	States	Department	of	Agriculture	(USDA).	There	are	ten	
climatic	zones	 in	the	North	American	continent	based	on	the	
average	annual	minimum	temperature:	beginning	with	zone	1	
at	−50°F,	and	progressing	by	about	10°	 increments	to	zone	10	
at	30–40°F.	These	isotherms	generally	define	the	northern	limits	
of	 species,	 determined	 by	 ability	 to	 survive	 the	 winter	 cold.	
Exceptions	may	occur	in	protected	sites	with	extraneous	sources	
of	heat.	The	USDA	maps	also	consider	other	factors	like	rainfall	
or	maximum	temperature.	A	more	exact	24-climate	zone	clas-
sification	system	has	been	described	for	the	western	half	of	the	
USA,	determined	by	the	interplay	of	six	factors:	latitude,	eleva-
tion,	 Pacific	 Ocean	 influence,	 continental	 air	 mass	 influence,	
mountains	and	hills,	and	local	terrain.17	However,	24	zones	are	
cumbersome	 to	 consider.	 Solomon	 popularized	 ten	 floristic	
zones	which	are	a	cross	between	the	USDA	hardiness	zones	and	
additional	factors,	and	offer	a	useful	compromise.18,19	While	the	
zone	boundaries	are	purposely	ill-defined,	they	are	descriptive	
of	 the	 territories	 they	 encompass.	 The	 zones	 are:	 Northern	
Forest,	Eastern	Agricultural,	Southeastern	Coastal	Plain,	Florida	
Subtropical,	Central	Plains,	Rocky	Mountain,	Arid	Southwest,	
Great	 Basin,	 Northwest	 Coastal,	 and	 California	 Lowland.	 A	
useful	 reference	 giving	 the	 distribution	 maps	 of	 many	 native	
allergenic	 plants	 is	 Airborne and Allergenic Pollen of North 
America.20	 However,	 numbers	 of	 introduced	 major	 allergenic	
plants	do	not	have	distribution	maps.

CHARACTERIZED ALLERGENS

Numerous	allergens	have	now	been	characterized,	and	a	list	of	
those	that	have	been	fully	sequenced	is	maintained	and	updated	
on-line	by	the	International	Union	of	Immunological	Societies	
(IUIS).21	Allergen	nomenclature,	by	convention,	is	the	first	three	
letters	of	the	genus	and	the	first	 letter	of	the	species,	followed	
by	a	number;	e.g.	the	major	allergen	of	short	ragweed	is	Amb	a	
1,	initially	known	as	Antigen	E.	The	number	may	signify	impor-
tance	or	chronology	of	discovery.	Allergens	may	be	renumbered	
to	conform	to	 the	 function	and	number	of	a	 related	allergen.	
Variations	in	the	molecular	weight	or	charge	of	an	allergen	due	

male	and	female	structures.	The	male	pollen-producing	flowers	
are	 exposed	 to	 the	 wind.	 On	 trees,	 dangling	 structures	 called	
catkins	have	hundreds	of	small	individual	flowers.	On	weeds	or	
grasses	 the	 inflorescences	 are	 thrust	 up	 into	 the	 air	 from	 the	
higher	 portions	 of	 the	 plant.	 Female	 flowers	 are	 lower,	 at	 the	
axils	of	leaves	or	at	stem	junctions.	Attractants	such	as	color	of	
petals	 and	 sepals,	 fragrance,	 or	 nectar	 are	 absent.	 The	 pollen	
grains	tend	to	be	small	and	dry,	with	reduced	ornamentation	to	
minimize	turbulence,	and	with	little	sticky	resin	(pollenkitt).

Wind-pollinated	 trees	 produce	 extraordinary	 amounts	 of	
pollen.	Erdtman	reported	a	single	birch	catkin	produced	about	
6	 million	 pollen	 grains,	 and	 an	 alder	 catkin	 4.5	 million.	 An	
English	oak	catkin	released	1.25	million	grains.14	By	tabulating	
the	 number	 of	 catkins	 on	 such	 trees,	 Erdtman	 calculated	 the	
pollen	produced	in	a	single	year.	A	birch	tree	released	over	5.5	
billion	grains	over	a	single	year,	an	alder	7.2	billion	and	an	oak	
0.6	billion.	Spruce,	like	birch,	produced	about	5.5	billion	grains	
in	a	year.	Cereal	rye	grass	produced	4.25	million	pollen	grains	
per	inflorescence.14

Eighty	 years	 ago,	 August	 Thommen	 set	 out	 five	 principles	
necessary	for	a	plant	to	be	an	important	inducer	of	pollinosis	
(Box	 20-2).	 Thommen’s	 Postulates	 have	 remained	 correct,		
with	some	caveats.15	That	the	pollen	must	contain	an	excitant	
of	hay	fever	is	self-evident,	and	such	are	proteins	or	glycopro-
teins	 that	 are	 easily	 elutable	 or	 coat	 the	 surface	 of	 expelled	

Allergen Source Particle Type

Bacteria Cells, fragments, metabolites
Thermophilic 

actinomycetes
Spores, metabolites

Algae Cells, fragments, metabolites
Protozoa Metabolites
Fungi Spores, mycelial fragments, metabolites
Ferns and mosses Spores
Grasses, weeds and 

trees
Pollens, cytoplasmic particles

Arthropods Feces, saliva, body parts
Birds Feces, serum proteins, epidermal debris
Mammals Dander, saliva, urine

*Modified from Burge.1

TABLE 
20-1 Aeroallergen Sources and Types*

BOX 20-1 CHARACTERISTICS OF WIND-
POLLINATED PLANTS

• Incomplete flowers (spatially separate male and female)
• Male flowers exposed to wind
• Petals and sepals insignificant or absent
• Absent attractants (color, aroma, nectar)
• Pollen grains small and dry, reduced ornamentation

*From Thommen.15

BOX 20-2 THOMMEN’S POSTULATES*

• Pollen must contain excitant of hay fever
• Pollen must be anemophilous
• Pollen must be produced in sufficiently large amounts
• Pollen must be buoyant to carry long distances
• Plant must be widely and abundantly distributed
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aperture	 into	 the	 wind.	 Another	 either	 indoor	 or	 outdoor	
suction	 device	 is	 the	 Andersen	 cascade	 impactor,	 which	 can	
segregate	particles	by	size	over	several	stages.	Figures	20-1C	and	
D	show	the	Andersen	intact	and	disassembled	to	show	the	indi-
vidual	 stages.	 Agar	 plates	 can	 be	 used	 to	 identify	 fungi	 from	
culture	 characteristics.	 Small	 personal-sized	 samplers	 can	 be	
worn	or	carried	and	have	been	useful	in	risk	assessment,	espe-
cially	 in	 indoor	 occupational	 settings.	 High	 volume	 suction	
devices	 are	 fitted	 with	 fiberglass	 filters	 that	 can	 be	 scanned	
microscopically,	or	eluted	and	stained	with	specific	monoclonal	
antibodies.	The	subtleties	of	outdoor	sampling	and	interpreta-
tion	 as	 well	 as	 the	 importance	 of	 pauci-micronic	 particles		
carrying	allergen	has	been	described.22	Immunochemical	tech-
niques	to	measure	outdoor	allergen	have	come	into	vogue.23,24	
Unfortunately,	the	number	of	pollen	or	fungal-related	allergens	
contributing	 to	 the	 aeroallergen	 atmospheric	 burden	 exceeds		
by	 several	 orders	 of	 magnitude	 the	 number	 of	 monoclonal		
specific	allergen	immunochemical	assays.

Outdoor	 aeroallergen	 sampling	 has	 been	 based	 on	 micro-
scopic	examination	with	 identification	based	on	morphologic	
pattern	 recognition,	 which	 is	 labor	 intensive	 and	 requires	 an	
experienced	 counter.25	 The	 National	 Allergy	 Bureau	 is	 the	
American	Academy	of	Allergy,	Asthma	&	Immunology	(AAAAI)	
sponsored	 pollen-and-mold	 counting	 stations	 scattered	 pri-
marily	 around	 the	 contiguous	 USA	 (with	 additional	 stations		
in	 Alaska,	 Hawaii,	 Puerto	 Rico,	 Canada	 and	 Argentina).	 The	
majority	of	over	85	stations	have	only	a	single	qualified	counter.	
Therefore,	the	prospect	of	automated	systems	is	highly	tantaliz-
ing.	 Conceptually	 elegant	 automated	 counters	 evaluated	 by	
Delaunay	 and	 associates	 have	 significant	 drawbacks.26	 The	
inability	to	discern	ice	particles	from	pollen	by	one	sampler,	and	
the	relatively	high	particle	detection	threshold	(above	that	nec-
essary	 to	 induce	 symptoms	 in	 the	 majority	 of	 patients)	 are	
major	problems.	Work	is	progressing	on	computerized	pattern	
recognition	programs.

Representative Pollens
GRASSES

The	 huge	 grass	 family,	 Poaceae,	 has	 several	 subfamilies	 and	
numerous	tribes.	The	Fescue	subfamily,	including	the	temper-
ate	climate	pasture	grasses	and	most	cereal	grains,	is	the	most	
prominent	in	pollinosis.	These	grasses	have	wide	range	through-
out	the	USA	and	Europe.	With	only	minor	exceptions,	members	
of	the	Fescue	subfamily	have	strongly	cross-reactive	major	aller-
gens.27	 Representative	 members	 include	 Kentucky	 bluegrass,	
timothy,	and	cereal	rye	(Figure	20-2A).	Bermuda	(Cynodon dac-
tylon)	is	the	most	important	southern	grass,	found	south	of	the	
38°	 parallel,	 with	 extension	 north	 along	 the	 coasts.	 Johnson	
(Sorghum halepense)	is	a	southern	grass,	but	is	found	through-
out	 the	 Eastern	Agricultural	 zone	 and	 across	 the	Arid	 South-
west.	 Buffalo	 grass	 and	 grama	 grass	 are	 two	 native	 prairie	
grasses	related	to	Bermuda	grass.

CONIFERS

The	 most	 important	 member	 of	 the	 order	 Coniferales	 is	 the	
cedar	 family	 (Cupressaceae),	 containing	 cedars,	 junipers		
(Juniperus spp,	Thuja spp)	and	cypresses	(Cupressus spp).	Expo-
sure	is	from	forest	stands,	but	also	the	ubiquitous	use	of	juni-
pers	 in	 home	 landscaping.	 In	 Texas	 and	 parts	 of	 Oklahoma,	

to	 amino	 acid	 substitutions	 or	 glycosylation	 are	 called	 isoal-
lergens	and	are	designated	by	a	decimal	point	followed	by	four	
digits	(e.g.	Phl	p	5.0102	and	Phl	p	5.0201).

AEROALLERGEN SAMPLING

In	 order	 to	 assess	 the	 type	 and	 intensity	 of	 the	 aeroallergen	
exposure,	it	is	necessary	to	monitor	the	environment.	Table	20-2	
lists	the	types	of	samplers	that	are	useful	in	assessing	outdoor	
and	 indoor	 air.	 The	 earliest	 samplers	 relied	 on	 gravity.	 The	
Durham	sampler	is	a	greased	microscope	slide	mounted	hori-
zontally	 on	 a	 stand,	 with	 a	 roof	 or	 rain	 shield	 above.	 Petrie	
dishes	containing	the	appropriate	agar	medium	have	been	used	
indoors	 for	mold	 studies,	with	 the	advantage	 that	 the	growth	
medium	allows	identification	of	viable	spores	from	the	distinc-
tive	 colony	characteristics.	Disadvantages	of	 gravimetric	 sam-
plers	 are	 that	 they	 can	 only	 be	 quantified	 in	 terms	 of	 surface	
area	(cm2)	and	do	not	give	an	estimate	of	particle	burden	in	a	
volume	of	air.	Capture	is	skewed	to	larger	particles,	with	smaller	
mold	spores	underrepresented	as	air	currents	may	carry	them	
over	the	top	of	the	surface.	Gravimetric	samplers	are	no	longer	
considered	adequate	for	meaningful	study.

Volumetric	devices	sample	volumes	of	air	over	a	given	time	
interval	and	report	in	particles/m3/24	hours	(Table	20-2).	The	
Rotorod	seen	in	Figure	20-1A	is	a	rotary	impaction	device	that	
spins	two	small	plastic	rods	at	fixed	time	intervals,	usually	for	
1	minute	 in	every	10	(total	of	144	minutes	 in	24	hours).	The	
rods	are	lowered	into	the	ambient	air	from	the	spinning	arma-
ture	 by	 centripetal	 force.	 The	 silicone-greased	 leading	 side	 of	
the	rod	has	a	fixed	surface	area	(length	and	width)	that	sweeps	
a	 given	 length	 of	 air	 (circumference	 of	 the	 circle)	 for	 a	 given	
length	of	time.	An	advantage	is	that	it	 is	not	affected	by	wind	
direction.	 A	 disadvantage	 is	 that	 it	 loses	 capture	 efficiency	 as		
the	surface	becomes	loaded	with	impacted	particles,	explaining	
the	 necessity	 of	 not	 running	 it	 continually	 over	 24	 hours.	
Suction	 devices	 use	 vacuum	 pumps	 to	 move	 air	 through	 an	
aperture	 to	 impact	 on	 tape	 on	 a	 rotating	 drum	 (with	 the	
Burkard)	or	an	advancing	microscope	slide	(Kramer-Collins).	
The	Burkard	(Figure	20-1B)	can	be	configured	for	a	24-hour	or	
7-day	 sample.	 Capture	 efficacy	 is	 best	 when	 the	 aperture	 is	
facing	into	the	wind,	and	when	the	wind	velocity	matches	the	
intake	flow.	The	Burkard	has	a	large	weather	vane	to	orient	the	

Type Example Comment

Gravimetric Durham
Petrie dish

Large particles 
overrepresented

Particles per surface 
area (p/cm2)

Volumetric Particles per air volume 
(p/m3)

 Impaction
  intermittent rotary Rotorod Easily overloaded
  suction drum Burkard Wind orientation 

necessary
  cascade Anderson Indoor or outdoor use
 Filtration Accu-Vol Microscopic or 

immunoassay
Personal sampler Clinically relevant 

exposure
Automatic counter NTT-Shinyei

KH300
Misreading likely
Lack of sensitivity

TABLE 
20-2 Types of Aeroallergen Samplers
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cross-reactivity	 between	 these	 diverse	 plants.	 Cottonwoods,	
aspens,	poplars	and	willows	are	within	the	same	family.	Aspens	
are	 prevalent	 in	 the	 Rocky	 Mountains	 and	 throughout	 the	
Northern	 Forest.	 Poplars	 and	 cottonwoods	 are	 common	
throughout	 the	 eastern	 states	 and	 Great	 Plains.	 Willows,	
although	 primarily	 insect	 pollinated,	 may	 release	 significant	
amounts	of	airborne	pollen.	Several	birch	species	(Betula)	and	
alder	(Alnus)	are	found	throughout	the	Northern	Forest,	North-
west	 Coastal,	 California	 Lowlands	 and	 Great	 Basin.	 Alder	 is	
especially	prevalent	in	the	Northern	Forest	and	Pacific	North-
west	zones.	Red	and	white	oaks	(Quercus spp)	have	a	wide	range	
from	the	entire	east	 through	 the	Central	Plains.	Live	oaks	are	
evergreen	 and	 found	 throughout	 the	 Southern	 Tier.	 The	

mountain	cedar	(Juniperus ashei)	counts	may	be	>20,000	grains/
m3.	 Members	 of	 this	 family	 are	 strongly	 cross-reactive.27	 A	
subfamily	 includes	 bald	 cypress,	 redwoods,	 sequoias	 and	 the	
foremost	producer	of	pollinosis	in	Japan,	Japanese	cedar	(Cryp-
tomeria japonica).	The	pine	family	consists	of	pines	(Pinus spp),	
spruces	 (Picea spp),	 hemlocks	 (Tsuga spp)	 and	 firs	 (Abies spp, 
Pseudotsuga).	This	family	produces	copious	amounts	of	pollen,	
but	they	are	weak	allergens	and	induce	little	hay	fever.

OTHER TREES

Deciduous	 trees	 are	 scattered	 throughout	 a	 great	 number	 of	
botanical	orders	and	families.	With	few	exceptions,	there	is	little	

Figure 20-1 Aeroallergen samplers. A – Rotorod; B – Burkard spore trap; C – Andersen cascade impactor; D – Andersen sampler showing inner 
layers. 
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weeds,	 coinciding	 with	 the	 grass	 pollen	 season.	 Sheep	 sorrel	
(Rumex acetosella)	is	considered	a	moderate	hay	fever	inducer;	
curly	or	yellow	dock	(R. crispus),	is	a	lower	pollen	producer	but	
a	common	plant.	Excepting	the	Florida	and	Southeast	Coastal	
zones,	nettle	(Urtica spp)	is	common.	Pellitory	(Parietaria spp)	
is	found	throughout	the	zones.	Under-appreciated	as	a	source	
of	hay	fever,	nettle	produces	large	amounts	of	small,	pale	pollen.	
Pellitory	is	a	major	inducer	of	pollinosis	in	the	Mediterranean	
basin.	 The	 closely	 related	 chenopod	 and	 amaranth	 weeds	 of	
Amaranthaceae	 are	 major	 inducers	 of	 hay	 fever	 in	 the	 later	
summer.	 Their	 pollen	 grains	 are	 very	 similar	 and	 difficult	 to	
discriminate	 by	 species.	 Pigweeds	 such	 as	 Amaranthus retro-
flexus	are	ubiquitous.	The	two	major	tumbleweeds	found	in	the	
Central	Plains,	Russian	thistle	(Salsola kali)	and	burning	bush	
(Kochia scoparia),	are	introduced	and	have	expanded	through-
out	the	central	states	to	the	gulf	and	California	coasts.	Lamb’s	
quarter	(Chenopodium album),	a	modest	pollen	producer,	has	
a	worldwide	distribution.	Plantains	(Plantago spp)	are	common	
weeds,	 which,	 while	 moderate	 pollen	 producers,	 have	 a	 long	
season,	from	spring	into	fall.

Short	 (Ambrosia artemisiifolia)	 and	 giant	 (A. trifida)	 rag-
weeds	 predominate	 in	 the	 eastern	 states	 through	 the	 Central	
Plains,	 with	 false	 (A. acanthicarpa)	 and	 western	 (A. psilot-
achya)	ragweed	common	in	the	Rocky	Mountain,	Great	Basin,	
Arid	Southwest	and	California	Lowlands	(Figure	20-2C).	These	
four	 major	 ragweed	 plants	 strongly	 cross-react.27	 Cocklebur	
(Xanthium commune)	and	the	marshelders	(Iva spp)	are	related	
to	ragweed,	but	are	of	 lesser	significance.	Mugwort	(Artemisia 
vulgaris)	 in	 the	 east	 and	 several	 western	 sages	 (Artemisia 
spp)	 are	 important	 pollen	 producers	 in	 the	 late	 summer,	
rivaling	 the	 importance	 of	 ragweed	 in	 the	 western	 states.	
Goldenrod,	Solidago spp,	is	a	showy	late	summer	flower	which	
has	 been	 blamed	 for	 much	 of	 the	 misery	 caused	 by	 the	 less	
conspicuous	 ragweed.	Although	 goldenrod	 and	 sunflower	 are	
primarily	insect	pollinated,	they	can	release	moderate	amounts	
of	 pollen,	 which	 may	 persist	 at	 higher	 levels	 as	 ragweed	
pollen	 is	 waning.

Representative Fungi
Long	 and	 Kramer	 demonstrated	 than	 airborne	 fungal	 spora	
should	be	classified	as	those	facilitated	by	dry	windy	conditions,	
and	those	with	greater	spore	release	with	increased	humidity	or	
precipitation.28	In	the	Central	Plains,	fungi	such	as	Alternaria,	
Cladosporium	and	Epicoccum	grow	on	grasses	and	grains,	and	
spores	are	released	through	wind	turbulence.	These	mold	spores	
are	present	in	greatest	concentrations	on	dry	windy	afternoons	
(Figure	 20-3).	 Many	 Basidomycetes	 and	 Ascomycetes	 have	
spore	 release	 dependent	 on	 increased	 humidity,	 and	 puffballs	
release	 spores	when	hit	by	 raindrops.	Such	 fungi	will	 then	be	
present	 in	greatest	concentrations	during	or	after	 rainfall	and	
during	the	damper	hours	of	darkness.28	Although	Alternaria	is	
recovered	on	samplers	at	an	order	of	magnitude	less	than	Clad-
osporium,	 it	 is	 a	 more	 potent	 allergenic	 source	 and	 has	 been	
incriminated	 in	 severe	 asthma	 and	 life-threatening	 events.29,30	
Epicoccum	 and	 basidiospores	 have	 also	 been	 linked	 with	
decreases	in	pulmonary	function	and	asthma	admissions.31,32

Meteorological Variables
While	 the	 prevalent	 weather	 conditions	 help	 define	 climate,	
individual	 factors	 such	 as	 rain,	 humidity,	 wind	 speed	 and	

Figure 20-2 Representative pollens. A – grass; B – maple; 
C – Ragweed. 
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American	 elm	 (Ulmus americana)	 has	 been	 decimated	 by	
disease,	 and	 the	 Siberian	 and	 Chinese	 elms	 (U. pumila	 and	
U. parvifolia)	are	now	more	common,	with	a	similar	wide	range.	
Numerous	 maples	 (Acer spp)	 are	 found	 across	 the	 USA,	 with	
box	elder	(A. negundo)	having	a	wide	range	in	the	Eastern	zones,	
Central	 Plains,	 Rocky	 Mountain,	 Southwest	 and	 California	
Lowlands	 (Figure	 20-2B).	 Box	 elder	 is	 an	 entirely	 wind-
pollinated,	prodigious	pollen	producer,	while	other	maples	are	
amphiphilous.	 Ash	 trees	 are	 found	 across	 the	 continent	 and	
have	 strong	 cross-reactivity	 with	 European	 olive.	 Linden,	 or	
basswood	 (Tilia spp.),	 is	 another	 amphiphilous	 tree	 that	 pro-
duces	 large	 amounts	 of	 airborne	 pollen	 in	 summer,	 causing	
significant	 sensitization.	Russian	olive	 (Elaeagnus angustifolia)	
has	been	widely	planted	across	the	Great	Plains	as	a	drought-
resistant	windbreak.	It	is	both	wind	and	insect	pollinated.

WEEDS

Numerous	annual	or	perennial	weeds	are	 significant	 inducers	
of	hay	fever.	The	sorrels	and	docks	pollinate	earlier	than	many	
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Impact of Climate Change  
on Aeroallergens
Pollen	 anthesis	 has	 been	 used	 as	 a	 monitor	 of	 anthropogenic	
climate	 change.	 Over	 a	 16-year	 period,	 oak	 pollen	 onset	 in	
Poland	 advanced	 by	 9	 days,	 correlating	 with	 temperature	
increase.36	 Researchers	 have	 reported	 increased	 short	 ragweed	
(A. artemisiifolia)	 biomass	 and	 pollen	 production	 of	 61–90%	
with	 increased	 ambient	 CO2.

37,38	 Rogers	 and	 co-workers	
increased	 temperature	 to	 simulate	 early	 spring	 and	 found	
increased	inflorescences	and	pollen	in	earlier	compared	to	later	
blooming	 ragweed	 plants.39	 Increasing	 CO2	 also	 resulted	 in	
greater	biomass	and	pollen	production,	more	so	in	later	growing	
cohorts.	 Since	 the	 content	 of	 Amb	 a	 1	 will	 vary	 in	 ragweed	
plants	from	site	to	site	and	from	year	to	year,	the	question	was	
raised	whether	increased	pollen	production	necessarily	implies	
an	increase	in	airborne	allergenic	load.40,41	Ziska	and	associates	
collected	ragweed	pollen	along	an	urban	transect	in	Maryland,	
using	the	urban	environment	as	a	surrogate	for	climate	change.42	
The	urban	site	averaged	2°C	higher	and	the	CO2	level	was	30%	
higher	 than	 in	 the	 rural	 site.	 The	 urban	 ragweed	 grew	 faster	
with	a	greater	above-ground	biomass,	flowered	earlier	and	pro-
duced	more	pollen	than	plants	in	the	rural	site.	There	was	about	
a	 2-fold	 greater	 concentration	 of	Amb	 a	 1	 per	 microgram	 of	
protein	in	the	rural	versus	the	other	sites.	However,	there	was	a	
>7-fold	production	of	pollen	from	the	urban	sites	compared	to	
the	 rural	 site,	 documenting	 an	 increased	 airborne	 allergenic	
burden.	The	northern	expansion	of	invasive	ragweed	in	Europe	
has	been	linked	to	climate	change.43

There	 is	now	a	wealth	of	evidence	 that	climate	change	has	
had,	 and	 will	 have	 further	 impact	 on	 a	 variety	 of	 allergenic	
plants.44,45	 Increased	 CO2	 increases	 plant	 biomass	 and	 pollen	
production.	 It	 is	conceivable	 that	 increases	 in	airborne	pollen	
numbers	will	increase	the	efficiency	of	wind-borne	pollination,	
thereby	increasing	propagation	of	such	plants.	The	expectation	
then	is	that	there	will	be	increasing	amounts	of	robust	allergenic	
plants	 and	 an	 increasing	 aeroallergen	 burden	 for	 inhalant	
allergy	sufferers.	The	rise	of	other	pollutants	in	association	with	
CO2	 may	 have	 a	 potentiating	 effect.	 Increased	 allergenicity	 of	
birch	pollen	has	been	linked	with	increased	ozone	levels.46
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direction,	 temperature	 or	 amount	 of	 sunshine	 may	 all	 have	
effects	on	bioaerosols.33	Effects	may	be	immediate	or	cumula-
tive.	 Precipitation	 and	 humidity	 decrease	 particle	 air	 burden	
acutely,	 while	 sufficient	 moisture	 preseasonally	 is	 necessary	
to	 assure	 proper	 growth	 of	 flower	 buds	 on	 perennials	 and	
trees,	 and	 growth	 of	 annuals	 in	 general.	 Ambient	 tem-
perature	 rise	 is	 necessary	 for	 pollen	 anthesis	 in	 many	 plants,	
and	 cumulative	 heat	 above	 a	 threshold	 value	 has	 been	 linked	
to	 onset	 and	 intensity	 of	 pollination	 in	 grasses,	 weeds		
and	 trees.

Wind	 speed	 may	 factor	 in	 re-entrainment	 of	 settled		
particles	 or	 act	 to	 scour	 the	 air.	 Thunderstorms	 provide	 a	
sum	 of	 factors	 that	 may	 greatly	 increase	 aeroallergen	 burden	
due	 to	 outflows	 from	 storm	 cells	 as	 well	 as	 disruption		
of	 pollen	 grains	 with	 increase	 in	 airborne	 submicronic	
particles.34,35

Dispersal	 of	 mold	 spores	 is	 intimately	 linked	 to	 precipita-
tion	 and	 humidity.	 However,	 effects	 may	 be	 diametrically	
opposed,	 depending	 on	 the	 type	 of	 fungi.	 Certain	 ascospores	
and	 basidiospores	 require	 active	 rainfall	 for	 release	 of		
spores,	 while	 other	 Deuteromycota	 will	 be	 suppressed	 by	
precipitation.

Figure 20-3 Alternaria. Two club-shaped Alternaria; four clear cigar-
shaped Cladosporium in lower right quadrant; two pairs of dark brown 
Basidiomycete smut spores in upper and lower left quadrants. 
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KEY POINTS

• Studies in both inner city and suburban locations indi-
cate that more than 80% of school age children with 
asthma are sensitized to at least one indoor allergen.

• The level of early life environmental exposure to a 
specific indoor allergen influences the development of 
sensitization to that allergen and subsequent atopic 
conditions.

• Humidity levels greater than 50% promote house 
dust mite growth and house dust mite allergy has been 
associated with asthma development, severity and 
morbidity.

• Given the lack of scientific evidence, it is standard for 
current guidelines to state that hypoallergenic cats and 
dogs should not be recommended for individuals who 
are sensitized.

• In urban environments, several important studies have 
demonstrated the relationship between cockroach 
exposure and poor asthma outcomes in children.

Introduction
Allergens	found	in	house	dust	have	been	associated	with	asthma	
since	the	1920s,	when	Kern1	and	Cooke2	independently	reported	
a	high	prevalence	of	immediate	skin	tests	to	house	dust	extracts	
among	patients	with	asthma.	Van	Leeuwen3	showed	that	asth-
matics	who	were	admitted	to	a	modified	hospital	room	free	of	
‘climate	allergens’	(thought	to	be	bacteria	and	molds)	showed	
clinical	improvement.	Allergists	sought	to	explain	how	a	heter-
ogenous	 material	 such	 as	 house	 dust	 could	 contain	 a	 potent	
allergen	that	appeared	to	be	ubiquitous.	The	puzzle	was	finally	
resolved	 in	 1967,	 when	 Voorhorst	 and	 Spieksma4	 showed	
that	the	origin	of	house	dust	allergen	was	biologic.	Extracts	of	
mite	 cultures	 gave	 positive	 skin	 tests,	 and	 asthma	 symptoms	
correlated	with	 seasonal	variation	 in	mite	numbers.	Exposure	
to	 100	 mites	 per	 gram	 of	 dust	 was	 associated	 with	 sensitiza-
tion,	 and	 500	 mites	 per	 gram	 was	 associated	 with	 symptom	
exacerbation.

Over	the	past	few	decades,	the	investigation	of	the	important	
role	of	 indoor	allergens	 in	the	pathogenesis	of	allergic	disease	
has	included	the	identification	of	the	most	important	allergens,	
the	 evaluation	 of	 the	 effect	 of	 allergen	 exposure	 on	 allergic	
disease,	 and	 the	 development	 of	 techniques	 to	 accurately	
monitor	 allergen	 exposure.	 The	 primary	 indoor	 allergens	
include	allergens	from	house	dust	mite,	pets	such	as	dogs	and	
cats,	 molds,	 and	 pests	 such	 as	 cockroach	 and	 rodents.	 This	
chapter	reviews	the	structure	and	biologic	 function	of	 indoor	
allergens,	the	clinical	significance	of	the	primary	indoor	aller-
gens	and	the	methods	for	assessing	environmental	exposure.

Allergen Structure and Function
Allergens	are	proteins	or	glycoproteins	of	10	to	50	kDa	that	are	
readily	soluble	and	able	to	penetrate	the	nasal	and	respiratory	
mucosae.	A	 systematic	allergen	nomenclature	has	been	devel-
oped	 by	 the	 International	 Union	 of	 Immunological	 Societies’	
(IUIS)	 Allergen	 Nomenclature	 Subcommittee:	 the	 first	 three	
letters	 of	 the	 source	 genus	 followed	 by	 a	 single	 letter	 for	 the	
species	and	a	number	denoting	the	chronologic	order	of	aller-
gen	identification.	For	example,	the	abbreviated	nomenclature	
for	the	house	dust	mite	allergen,	Dermatophagoides pteronyssi-
nus	allergen	1,	 is	Der	p	1	(see	http://www.allergen.org).	To	be	
included	in	the	IUIS	nomenclature,	the	allergen	must	have	been	
purified	to	homogeneity	and/or	cloned,	and	the	prevalence	of	
IgE	 antibody	 must	 have	 been	 established	 in	 an	 appropriate	
allergic	 population	 by	 skin	 testing	 or	 in	 vitro	 IgE	 antibody	
assays.5	Molecular	cloning	has	determined	the	primary	amino	
acid	sequences	of	more	than	500	allergens	and	most	common	
allergens	can	be	manufactured	as	recombinant	proteins.	There	
are	 over	 50	 three-dimensional	 structures	 of	 allergens	 in	 the	
Protein	 Database	 (PDB)	 and	 allergens	 are	 found	 in	 protein	
families	 in	 the	 Pfam	 protein	 family	 database	 (http://
www.sanger.ac.uk/software/Pfam).5–10

The	x-ray	crystal	structures	of	Der	p	1	and	Der	f	1	(Derma-
tophagoides farinae	 1)	 are	 shown	 in	 Figure	 21-1.11	 It	 is	 noted	
that	only	a	 small	percentage	of	 the	more	 than	10,000	protein	
families	in	Pfam	are	allergens.	This	implies	that	only	a	limited	
group	 of	 proteins	 (with	 certain	 structural	 features)	 have	 the	
potential	 to	 become	 allergens;6,12	 however,	 detailed	 structural	
analyses	have	not	revealed	any	common	features	or	motifs	that	
are	associated	with	the	induction	of	IgE	responses.

Allergens	 belong	 to	 protein	 families	 with	 diverse	 biologic	
functions	including	enzymes,	enzyme	inhibitors,	lipid-binding	
proteins,	ligand-binding	proteins,	structural	proteins	or	regula-
tory	proteins	(Box	21-1).5	Some	dust	mite	allergens	are	digestive	
enzymes	excreted	with	the	feces,	such	as	Der	p	1	(cysteine	pro-
tease),	Der	p	3	(serine	protease)	and	Der	p	6	(chymotrypsin).	
Enzymatic	 activity	 of	 mite	 allergens	 promotes	 IgE	 synthesis		
and	 local	 inflammatory	 responses	 via	 cleavage	 of	 CD23	 and	
CD25	receptors	on	B	cells	and	by	causing	the	release	of	proin-
flammatory	 cytokines	 (interleukin	 [IL]-8,	 IL-6,	 monocyte		
chemotactic	 protein-1	 [MCP-1]	 and	 granulocyte-monocyte	
colony-stimulating	factor	[GM-CSF])	from	bronchial	epithelial	
cells.13	 Mite	 protease	 allergens	 cause	 detachment	 of	 bronchial	
epithelial	cells	in	vitro	and	disrupt	intercellular	tight	junctions.	
Activation	of	mite	proteases	could	damage	 lung	epithelia	and	
allow	access	of	other	nonenzymatic	allergens,	such	as	Der	p	2,	
to	antigen-presenting	cells.	Der	p	2	has	structural	homology	to	
MD-2,	 the	 lipopolysaccharide	 (LPS)	 binding	 component	 of		
the	 Toll-like	 receptor	 4	 (TLR4)	 complex.	 Recent	 studies	 have	
shown	 that	Der	p	2	can	drive	 signaling	of	 the	TLR4	complex	
and	 may	 enhance	 the	 expression	 of	 TLR4	 on	 the	 airway	

http://www.allergen.org
http://www.sanger.ac.uk/software/Pfam
http://www.sanger.ac.uk/software/Pfam
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proteins.	The	cockroach	allergen	Bla	g	4	(Blattella germanica	4)	
is	a	lipocalin	that	is	produced	in	utricles	and	conglobate	glands	
of	 male	 cockroaches	 and	 may	 have	 a	 reproductive	 function.	
Other	 important	 cockroach	 allergens	 include:	 Bla	 g	 1,	 a	 gut-
associated	allergen;	Bla	g	2,	an	inactive	aspartic	proteinase;	Bla	
g	 5	 (glutathione	 transferase	 family);	 and	 the	 Group	 7	 tropo-
myosin	allergens.18

Clinical Significance  
of Indoor Allergens
Exposure	 data	 collected	 in	 epidemiologic	 studies,	 population	
surveys	and	birth	cohort	studies	have	strengthened	the	associa-
tion	between	indoor	allergen	exposure	and	the	pathogenesis	of	
allergic	respiratory	diseases	including	asthma	and	allergic	rhini-
tis.	 The	 measurement	 of	 indoor	 allergen	 levels	 in	 dust	 and		
air	samples	has	allowed	for	the	determination	of	risk	levels	for	
allergen	 exposure	 leading	 to	 both	 sensitization	 and	 symptom	
exacerbation.	International	workshop	reports	recommend	that	
allergen	exposure	be	expressed	as	µg	allergen/gram	dust	(µg/g)	
for	dust	samples	or	ng/m3	for	air	samples.8	Childhood	asthma	is	
more	closely	linked	to	allergic	sensitization	and	allergen	expo-
sure	than	adult	asthma.	Sensitization	to	indoor	allergens	likely	
occurs	earliest	in	life	as	young	children	have	been	shown	to	have	
higher	rates	of	sensitization	to	indoor	allergens	as	compared	to	
outdoor	 allergens.9	 Studies	 in	 both	 inner	 city	 and	 suburban	
children	with	asthma	indicated	that	more	than	80%	of	school	
age	children	with	asthma	are	sensitized	to	at	 least	one	 indoor	
allergen	and	that	allergic	sensitization	 is	a	strong	predictor	of	
disease	persistence	in	later	life.10,19,20	In	one	large	inner	city	study,	
94%	of	the	study	population	of	severe	asthmatics	was	sensitized	
to	at	least	one	allergen	and	the	number	of	sensitivities	correlated	
with	 asthma	 severity.21	 Furthermore,	 European	 cohorts	 have	
demonstrated	 that	 high-level	 allergen	 exposure	 in	 early	 life	 is	
associated	with	chronic	asthma	in	children.10,20	Epidemiologic	
studies	 have	 demonstrated	 risk	 of	 allergic	 sensitization	 to	 be	
attributable	to	certain	levels	of	allergen	exposure	among	differ-
ent	populations	of	atopic	individuals	(Table	21-1).

DUST MITES

The	 two	 principal	 mite	 species,	 D. pteronyssinus	 (Der	 p)	 and	
D. farinae	 (Der	 f),	 account	 for	 more	 than	 90%	 of	 the	 mite	
fauna	in	US	house	dust	samples.	Other	allergenic	mites	include	
Euroglyphus maynei	and	Blomia tropicalis	(found	in	subtropical	
regions	such	as	Florida,	southern	California,	Texas	and	Puerto	
Rico).	Storage	mites,	such	as	Lepidoglyphus destructor, Tyropha-
gus putrescentiae	 and	 Acarus siro,	 cause	 occupational	 asthma	
among	farmers,	farm	workers	and	grain	handlers.

Figure 21-1  X-ray  crystal  structures  of  the  mite  cysteine  protease 
allergens, Der p 1 and Der  f  1. Residues  that differ  between  the  two 
allergens are shown in yellow and labeled as patches I, II, III and IV. The 
conserved Cys35 active site residue is shown in orange. (From Chruszcz 
M, Chapman M, Vailes L, et al. J Mol Biol 2009;386:520–30.)
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ALLERGEN LEVEL IN DUST SAMPLE

Risk for Sensitization* Mite Group 1 (µg/g) Fel d 1 (µg/g) Can f 1 (µg/g) Bla g 1 (U/g) Bla g 2 (µg/g)

Low <0.3† <0.5 or >20 <0.5 or >20? <0.6 <0.08
Medium 2–10 8–20 8–20 1–8 0.08–0.4
High >10 1–8 1–8 >8 >1

*For atopic children.
†Levels found in ‘allergen-free’ hospital rooms or in houses/apartments maintained for at least 6 months at less than 45% relative humidity.

TABLE 
21-1 Allergen Exposure Thresholds for Sensitization

BOX 21-1 KEY CONCEPTS

Indoor Allergens: Structure and Function

• Allergens are soluble proteins or glycoproteins of molecular 
weights of 10 to 50 kDa.

• More than 500 allergen sequences are deposited in protein 
databases (GenBank, PDB), and more than 50 tertiary struc-
tures have been resolved by x-ray crystallography.

• Allergens have diverse biologic functions and may be 
enzymes, enzyme inhibitors, lipid-binding proteins, lipocalins 
or regulatory or structural proteins.

• Allergens promote T cells to differentiate along the Th2 
pathway to produce IL-4 and IL-13 and to initiate isotype 
switching to IgE.

• Biologic functions of allergens, such as proteolytic enzyme 
activity or other adjuvant-like effects, can enhance IgE 
responses, damage lung epithelium and cause allergic 
inflammation.

epithelium	 and	 have	 intrinsic	 adjuvant	 activity.14	 Mite	 feces	
contain	 other	 elements,	 including	 endotoxin,	 bacterial	 DNA,	
mite	 DNA	 and	 chitin	 that	 could	 also	 influence	 IgE	 responses	
and	inflammation.15,16

With	the	exception	of	cat	allergen	Fel	d	1	(Felis domesticus	
1),	 most	 animal	 allergens	 are	 ligand-binding	 proteins	 (lipo-
calins)	 or	 albumins.	 Lipocalins	 are	 20–25kDa	 proteins	 with	 a	
conserved,	 eight-stranded,	 antiparallel	β-barrel	 structure	 that	
bind	and	 transport	 small	hydrophobic	 chemicals.	 In	contrast,	
Fel	d	1	is	a	calcium-binding,	steroid-inducible,	uteroglobin-like	
molecule	–	a	 tetrameric	35	kDa	glycoprotein,	comprising	 two	
subunits	 which	 are	 heterodimers	 of	 two	 chains	 comprising	
eight	α-helices.17	Fel	d	1	has	two	amphipathic	water-filled	cavi-
ties	 which	 may	 bind	 biologically	 important	 ligands.	 Rat	 and	
mouse	 urinary	 allergens	 are	 pheromone-	 or	 odorant-binding	
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PETS (CAT AND DOG)

The	major	cat	allergen,	Felis domesticus	1	(Fel	d	1),	is	primarily	
found	in	cat	skin	and	hair	follicles	and	is	produced	in	sebaceous,	
anal	and	salivary	glands.	The	major	dog	allergen,	Canis famil-
iaris	1	(Can	f	1),	is	found	in	hair,	dander	and	saliva.	What	dis-
tinguishes	pet	allergen	exposure	from	other	indoor	allergens	is	
the	 wide	 range	 of	 exposure	 levels	 (from	<0.5	 to	>3000	µg/g)	
and	the	ubiquitous	allergen	distribution.	The	small	particles	of	
cat	and	dog	allergen	can	scatter	easily	in	the	air	and	adhere	to	
clothing	 for	 further	 dispersal.37,38	 As	 such,	 these	 allergens	 are	
found	in	non-pet	homes,	schools	and	public	places.38–46

Data	on	cat	and	dog	allergen	exposure	in	relation	to	sensiti-
zation	 are	 more	 difficult	 to	 interpret	 as	 there	 is	 a	 nonlinear	
relationship.25	This	nonlinear	relationship	of	pet	allergen	expo-
sure	and	risk	of	sensitization	is	seen	in	Table	21-1.	Exposure	to	
Fel	d	1	of	<0.5	µg/g	is	considered	to	be	low	and	is	a	low	risk	for	
sensitization.27	Paradoxically,	 the	prevalence	of	sensitization	 is	
also	 reduced	 among	 atopic	 individuals	 who	 are	 continuously	
exposed	to	high	levels	of	Fel	d	1	(>20	µg/g).25,47,48	This	high	level	
of	exposure	appears	to	reduce	the	prevalence	of	sensitization	by	
≈50%.	High	exposure	to	Fel	d	1	(>20	µg/g)	gives	rise	to	a	modi-
fied	Th2	response	–	a	form	of	tolerance	that	results	in	a	lower	
prevalence	 of	 IgE	 antibody	 responses.	 Studies	 have	 demon-
strated	that	infants	exposed	to	the	highest	levels	of	cat	allergen	
had	decreased	cat-specific	IgE	levels	and	high	allergen-specific	
IgG	levels	corresponding	to	a	low	risk	phenotype	for	atopy.49,50	
This	helps	to	explain	why	early	exposure	to	cat	has	been	found	
protective	for	asthma	and	other	atopic	conditions.51,52	The	non-
linear	 dose	 response	 may	 also	 explain	 why,	 in	 population	
surveys,	 sensitization	 to	 cats	 is	 often	 lower	 than	 that	 to	 dust	
mites.	 In	 countries	 such	 as	 New	 Zealand,	 where	 78%	 of	 the	
population	owns	cats	and	high	levels	of	allergen	occur	in	houses,	
the	prevalence	of	sensitization	to	cat	is	only	10%	and	cat	is	not	
as	 important	 a	 cause	 of	 asthma	 as	 dust	 mites.53	 Most	 houses	
that	contain	cats	or	dogs	have	Fel	d	1	or	Can	f	1	levels	of	greater	
than	 10	µg/g,	 whereas	 homes	 that	 do	 not	 contain	 these	 pets	
usually	have	allergen	levels	of	1	to	10	µg/g,	placing	those	inhab-
itants	at	the	highest	risk	for	sensitization.39,43,44

In	 addition	 to	 risk	 of	 sensitization,	 studies	 have	 demon-
strated	that	cat	allergen	exposure	early	in	life	is	associated	with	
the	 development	 of	 asthma.35,54,55	 In	 geographic	 areas	 where	
dust	mite	levels	are	low,	dog	and	cat	have	been	found	to	be	the	
primary	allergens	associated	with	asthma.43	Increased	exposure	
in	 sensitized	 individuals	 may	 lead	 to	 higher	 rates	 of	 asthma;	
however,	a	Norwegian	study	reported	that	cat	exposure	led	to	
an	increased	risk	of	asthma	independent	of	cat	sensitization.56	
This	result	indicates	a	possible	nonallergic	mechanism.	Regard-
less,	an	already	sensitized	child	who	lives	in	a	home	without	a	
cat	 can	 become	 symptomatic	 by	 visiting	 homes	 or	 attending	
schools	where	cat	allergen	is	present,	even	if	those	locations	do	
not	physically	have	any	cats.	Schools	are	the	best	example	of	this	
phenomenon.	A	Swedish	study	showed	a	9-fold	increased	risk	
of	 asthma	 exacerbations	 at	 school	 among	 elementary	 school-
children	 who	 attended	 classes	 with	 other	 students	 from	 cat	
homes	as	compared	to	children	who	attended	classes	with	fewer	
than	 18%	 cat	 owners.57	 Thus,	 passive	 exposure	 of	 schoolchil-
dren	 to	 animal	 allergens	 can	 exacerbate	 asthma,	 even	 among	
asthmatic	children	who	are	purposely	avoiding	pets.

Similar	 to	 cat	 allergen,	 dog	 allergen	 has	 a	 nonlinear	 dose-
response	 relationship	 between	 exposure	 and	 development	 of	
sensitization.	A	medium-dose	exposure	of	Fel	d	1	(1–8	µg/g)	is	

House	dust	mites	(Der	p	and	Der	f)	are	found	in	dust	and	
products	 with	 woven	 material	 or	 stuffing	 such	 as	 mattresses,	
pillows,	 stuffed	 animals	 and	 bedding.	 Warmth	 and	 humidity	
greater	than	50%	are	the	major	factors	that	promote	dust	mite	
growth.	Rabito	et	al	found	that,	in	New	Orleans,	asthmatic	chil-
dren	 living	 indoors	 with	 average	 humidity	 greater	 than	 50%	
were	three	times	more	likely	to	be	exposed	to	elevated	levels	of	
house	dust	mites.22	In	contrast,	house	dust	mite	levels	are	gener-
ally	low	or	undetectable	in	areas	of	high	altitude	or	low	humid-
ity.	In	fact,	maintaining	an	indoor	humidity	below	50%	is	one	
of	 the	 recommended	 components	 of	 interventions	 to	 reduce	
dust	mite	exposure.23

More	than	50%	of	children	and	adolescents	with	asthma	are	
sensitized	to	house	dust	mites.24	There	is	strong	evidence	for	a	
dose-response	 relationship	 of	 exposure	 to	 house	 dust	 mites		
and	 sensitization	 in	 both	 cross-sectional25–27	 and	 prospective	
studies.20,28–30	Mite	allergen	levels	at	high	altitude	or	in	‘allergen-
free’	 rooms	 are	 generally	<0.3	µg/g	 and	<10%	 of	 atopic	 indi-
viduals	are	likely	to	become	sensitized	at	this	low	level	of	mite	
exposure.	Persistent	exposure	of	atopic	individuals	to	≈2	µg	of	
mite	 allergen	 is	 likely	 to	 result	 in	 sensitization	 in	 a	 majority		
of	 atopic	 individuals,	 increasing	 as	 mite	 allergen	 levels		
exceed	 2	µg/g	 (Table	 21-1).	 A	 prospective	 study	 of	 German	
schoolchildren	demonstrated	a	7-fold	increase	in	sensitization	
to	 dust	 mites	 between	 children	 exposed	 to	 dust	 mite	 allergen	
levels	 in	 the	 first	 quartile	 (<0.3	µg/g)	 as	 compared	 to	 those	
exposed	 in	 the	 highest	 quartile	 (1–240	µg/g).30	 Exposure	 to	
dust	mite	allergen	levels	greater	than	10	µg/g	is	considered	high	
risk	for	sensitization,	and	findings	from	the	National	Survey	of	
Lead	 and	 Allergens	 in	 Housing	 (NSLAH)	 indicate	 that	 these	
levels	 are	 found	 in	 ≈23%	 of	 US	 homes	 (22	 million	 housing	
units).31

Asthma	development,32–35	 severity36	 and	morbidity24,26	have	
been	strongly	associated	with	house	dust	mite	allergy.	Dust	mite	
exposure	 influences	 the	 development	 of	 asthma	 by	 exposure	
leading	 to	 sensitization	 and	 subsequent	 asthma	 symptoms.	
Sporik	et	al	demonstrated	dust	mite	exposure	to	be	an	impor-
tant	 factor	 in	 the	development	of	 childhood	asthma,	particu-
larly	if	there	was	exposure	to	high	levels	in	the	first	year	of	life.20	
The	relative	risk	of	asthma	was	almost	five	times	greater	in	the	
subjects	who	were	exposed	to	high	levels	of	dust	mite	allergen	
(>10	µg/g).	Tovey	et	al	showed	a	nonlinear	relationship	between	
levels	of	dust	mites	 in	homes	and	the	development	of	asthma	
at	5	years	of	age	in	a	high	risk	cohort	of	children.29	The	trends	
showed	increasing	prevalence	of	sensitization	and	asthma	cor-
relating	with	dust	mite	exposure	up	to	a	critical	point	and	then	
sharply	dropping	at	the	highest	level	of	exposure	(>23.40	µg/g	
for	 Der	 p	 1).	 The	 explanation	 of	 attenuated	 disease	 develop-
ment	with	very	high	levels	of	dust	mite	exposure	is	unclear	but	
may	indicate	that	high	concentrations	of	nonallergenic	immune	
modifiers	such	as	endotoxin	are	accompanying	the	house	dust	
mites.	Celedon	et	al	found	a	dose	response	relationship	between	
levels	 of	 dust	 mite	 exposure	 in	 high	 risk	 infants	 at	 age	 2–3	
months	and	asthma	at	school	age.28	In	this	study,	the	high	aller-
gen	 threshold	 was	 ≥10	µg/g,	 much	 lower	 than	 the	 critical	
threshold	 found	 in	 Tovey’s	 evaluation.	 A	 survey	 of	 middle	
school	children	in	Virginia	showed	that	dust	mite	sensitization	
was	independently	associated	with	asthma	(OR	6.6,	P	<	.0001)	
and	that	dust	from	81%	of	homes	contained	more	than	2	µg/g	
mite	 group	 1	 allergen.33	 In	 addition	 to	 the	 implications	 for	
developing	 asthma,	 sensitization	 to	 dust	 mites	 predicts	 worse	
lung	function	as	compared	to	those	not	sensitized.24
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asthma	morbidity	in	the	inner	city	as	compared	to	dust	mite	or	
pet	 allergens.21	 These	 findings	 underscore	 the	 importance	 of	
cockroach	allergen	as	a	major	factor	in	asthma	control	for	chil-
dren	 living	 in	 urban	 environments.	 Additionally,	 cockroach	
allergen	exposure	has	been	shown	to	increase	the	risk	of	devel-
opment	of	childhood	wheeze	in	longitudinal	studies.69–71

MOUSE

The	major	mouse	allergens	are	Mus musculus	1	and	2	(Mus	m	
1	 and	 Mus	 m	 2).	 These	 allergens	 are	 found	 in	 mouse	 urine,	
dander	and	hair.72	The	allergen	can	be	found	in	homes	with	and	
without	mice	infestation	as	the	allergens	easily	migrate	on	dust	
particles.73	 Factors	 that	 increase	 mouse	 infestation	 are	 high	
population	 density	 (high	 rise	 apartments	 and	 multifamily	
dwellings),	clutter	and	integrity	of	the	residence.	It	is	one	of	the	
few	allergens	to	span	environments	from	inner	city	to	suburban	
areas,	 affecting	 both	 homes	 and	 schools.45,46,74,75	 Phipatanakul	
et	al	found	that	95%	of	inner	city	homes	in	multiple	US	cities	
had	 detectable	 mouse	 allergen	 levels	 and	 the	 highest	 levels	 in	
those	 homes	 were	 found	 in	 the	 kitchens.75	 Similar	 rates	 of	
detectable	 mouse	 allergen	 have	 been	 discovered	 in	 urban	
schools	and	the	levels	of	mouse	allergen	found	in	those	schools	
can	be	higher	than	the	surrounding	homes.45,46

Data	from	inner	city	studies	have	shown	that	subjects	living	
in	homes	with	higher	mouse	allergen	concentrations	had	signifi-
cantly	higher	rates	of	mouse	sensitization.76	In	sensitized	indi-
viduals,	 exposure	 to	 mouse	 allergen	 affects	 clinical	 asthma	
outcomes,	leading	to	increased	asthma	morbidity.77,78	Further-
more,	exposure	to	mouse	allergen	may	lead	directly	to	asthma	
development.	Early	life	mouse	exposure	was	shown	to	be	associ-
ated	 with	 increased	 risk	 of	 wheezing	 in	 early	 life.79	 Likewise,	
current	 mouse	 exposure	 was	 associated	 with	 current	 wheeze	
through	7	years	of	age;	however,	early	mouse	exposure	in	infancy	
did	not	predict	later	wheeze	or	asthma	at	7	years	of	age.79	Mouse	
allergen	may	lead	to	current	wheeze	by	acting	as	a	direct	irritant,	
as	 seen	 in	 laboratory	 workers.80	 Additionally,	 mouse	 allergen	
exposure	may	lead	to	sensitization,	which	has	been	significantly	
associated	with	wheezing	in	the	early	years	of	life.70

Evaluation of Allergen Exposure
Allergens	are	 typically	measured	 in	dust	 samples	 that	are	col-
lected	by	either	vacuuming	settled	dust	(on	the	floor	or	furni-
ture)	or	gathering	airborne	dust	from	filtered	air	within	a	room.	
Samples	 may	 be	 collected	 from	 multiple	 sites	 within	 a	 home,	
including	mattresses,	bedding,	bedroom	or	living	room	carpet,	
soft	furnishings	or	kitchen	floors.	After	dust	collection,	fine	dust	
can	then	be	extracted	for	further	testing	and	analysis.	For	dust	
mite	 evaluation,	 collection	 of	 dust	 in	 bedding	 and	 mattresses	
provides	the	best	marker	of	exposure.81	Cat	and	dog	allergens	
are	widely	distributed	throughout	the	house.	Not	surprisingly,	
the	 highest	 concentrations	 of	 cockroach	 and	 mouse	 allergens	
are	 usually	 found	 in	 kitchens,	 although	 in	 heavily	 infested	
homes	allergen	accumulates	throughout	the	home.

The	 decision	 to	 sample	 dust	 or	 air	 has	 to	 account	 for		
the	 aerodynamic	 properties	 of	 allergens.44,82,83	 Dust	 mite	 and	
cockroach	 allergens	 occur	 on	 large	 particles	 (10–40	µm	 in	
diameter)	and	cannot	be	detected	in	rooms	under	undisturbed	
conditions.	After	a	disturbance,	such	as	using	a	vacuum	cleaner	
without	a	filter,	these	particles	remain	airborne	for	only	a	short	
time	 of	 approximately	 20	 to	 40	 minutes.	 In	 contrast,	 cat	 and	

most	strongly	associated	with	the	development	of	sensitization	
as	seen	in	Table	21-1.	Dog	exposure	and	asthma	is	less	studied.	
A	 recent	 meta-analysis	 noted	 a	 slightly	 increased,	 statistically	
significant,	relative	risk	of	asthma	in	pet	owners,	not	taking	into	
account	allergic	sensitization.52	Other	birth	cohort	studies	have	
not	been	suggestive	of	an	association.58

Recently,	 issues	 regarding	 so-called	 ‘hypoallergenic’	 pets	
have	 arisen.	 Many	 pet	 companies	 have	 aggressively	 marketed	
the	benefits	of	these	pets.	It	is	important	to	stress	that	there	is	
no	 scientific	 evidence	 to	 support	 the	 existence	 of	 ‘hypoaller-
genic’	 pets.59–61	 In	 fact,	 Vredegoor	 et	al	 actually	 found	 higher	
levels	of	Can	f	1	in	hair	and	fur	samples	of	‘hypoallergenic’	dog	
breeds	 as	 compared	 to	 non-hypoallergenic	 breeds.61	 In	 the	
homes	of	these	pets,	the	same	study	found	that	there	were	not	
any	 differences	 in	 Can	 f	 1	 levels	 in	 settled	 floor	 dust	 or	 air	
samples	 between	 the	 two	 groups.	 Currently,	 it	 is	 standard	 for	
guidelines	to	state	that	hypoallergenic	cats	and	dogs	should	not	
be	recommended	for	individuals	who	are	sensitized.59

COCKROACH

The	 German	 (Blattella germanica)	 and	 American	 (Periplaneta 
americana)	cockroaches	are	the	most	common	species	to	cause	
allergies.	The	major	allergens,	Bla	g	1,	Bla	g	2	and	Per	a	1,	are	found	
in	saliva,	fecal	material,	secretions,	cast	skins	and	debris.	Urban	
environments,	low	socioeconomic	status,	multifamily	homes	and	
old	buildings	are	risk	factors	for	cockroach	infestation	and	higher	
levels	of	cockroach	allergen.62,63	The	National	Cooperative	Inner-
City	Asthma	Study	(NCICAS)	found	that	85%	of	collected	dust	
samples	had	detectable	levels	of	cockroach	allergen.64	In	public	
housing	residences	of	New	York	City,	77%	were	found	to	have	
evidence	of	cockroaches.65	Cockroach	allergen	exposure	is	typi-
cally	assessed	by	measuring	Bla	g	1	and	Bla	g	2,	which	cause	sen-
sitization	 in	 30%	 and	 60%	 of	 cockroach-allergic	 patients,	
respectively.66	Most	dust	samples	from	cockroach-infested	homes	
contain	both	allergens,	and	there	is	a	modest,	but	significant,	cor-
relation	between	levels	of	the	two	allergens.67

Increased	cockroach	exposure	leads	to	increased	risk	of	sen-
sitization.	Although	the	highest	levels	of	cockroach	allergen	are	
typically	 found	 in	kitchens,	Eggleston	et	al	demonstrated	 that	
the	 bedroom	 concentration	 of	 cockroach	 allergen	 was	 most	
associated	with	cockroach	sensitization.19	More	recent	work	by	
Chew	 et	al	 showed	 this	 relationship	 to	 be	 dose	 responsive	
between	inner	city	home	cockroach	level	and	cockroach	sensi-
tization	in	children.68	Cockroach	allergens	appear	to	be	particu-
larly	potent.	Atopic	 individuals	develop	IgE-specific	responses	
after	exposure	to	10-fold	to	100-fold	lower	levels	of	cockroach	
allergen	as	compared	to	dust	mite	or	cat.27

Several	 important	 studies	 have	 demonstrated	 the	 relation-
ship	between	cockroach	exposure	and	poor	asthma	outcomes	
in	children.21,64	Most	notably,	Rosenstreich	et	al	demonstrated	
that	asthmatic	children	living	in	inner	cities	who	were	sensitized	
to	cockroach	and	exposed	to	high	levels	of	cockroach	allergen	
(>8	U/g)	had	significantly	more	frequent	hospitalizations,	more	
days	 with	 wheezing,	 more	 unscheduled	 medical	 visits	 for	
asthma,	 more	 missed	 school	 days	 and	 more	 nights	 with	 lost	
sleep.64	 This	 study	 demonstrates	 the	 important	 principle	 of	
allergic	disease	–	that	sensitization	plus	exposure	leads	to	symp-
toms.	In	that	inner	city	study,	similar	patterns	were	not	found	
for	 the	 combination	 of	 sensitization	 to	 dust	 mites	 or	 cat	 and	
exposure	 to	 higher	 levels.	 A	 follow-up	 study	 confirmed	 these	
findings	 with	 cockroach	 allergen	 having	 a	 greater	 effect	 on	
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exposure	 but	 do	 not	 include	 any	 environmental	 assessment.	
Targeted	indoor	allergen	avoidance	strategies	must	account	for	
geographical	considerations	and	living	conditions	to	attempt	to	
identify	the	specific	troublesome	exposures	for	that	patient.

Conclusions
Indoor	allergens	are	a	risk	factor	for	the	development	of	asthma	
as	well	as	other	allergic	diseases.	Indoor	allergens	have	diverse	
biologic	functions	and	may	be	enzymes,	lipid-binding	proteins,	
ligand-binding	proteins,	structural	proteins	or	regulatory	pro-
teins.	 The	 biologic	 function	 of	 allergens	 may	 enhance	 IgE	
responses	and	play	a	direct	 role	 in	causing	allergic	 inflamma-
tion.	The	level	of	environmental	exposure	to	allergen	as	well	as	
the	atopic	predisposition	of	 the	 individual	also	 influences	 the	
development	of	IgE	responses	and	Th2	responses.	The	NAEPP-
EPR	3	guidelines	 for	 the	management	of	 asthma	recommend	
that	for	any	patient	with	persistent	asthma,	the	clinician	should:	
(1)	identify	allergen	exposures;	(2)	use	skin	testing	or	in	vitro	
testing	to	assess	specific	sensitivities	to	indoor	allergens;	and	(3)	
implement	environmental	controls	to	reduce	exposure	to	rele-
vant	 allergens.	 Avoidance	 procedures	 that	 can	 help	 to	 reduce	
exposure	 to	 indoor	 allergens	 have	 been	 developed	 and	 can	
reduce	symptoms	and	medication	requirements.

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

dog	 allergens	 can	 be	 carried	 on	 small	 airborne	 particles	
(1–20	µm	 in	 diameter)	 allowing	 for	 easier	 detection	 in	 air	
samples	 under	 undisturbed	 conditions	 and	 persistence	 in	 the	
air	 for	several	hours.84	While	airborne,	pet	allergens	are	easily	
able	to	adhere	to	clothing	for	further	dispersal.

After	 collection,	 filtered	 dust	 is	 sent	 to	 accredited	 labs	 for	
extraction,	analysis	and	evaluation	of	the	concentrations	of	spe-
cific	allergens	within	the	specific	dust	sample.	Since	the	1980s,	
measurement	 of	 major	 allergens	 within	 the	 dust	 samples	 has	
been	made	by	using	monoclonal	antibody	(mAb)-based	ELISA	
(enzyme-linked	immunosorbent	assays).	ELISA	methods	have	
defined	specificity	and	high	sensitivity	(≈1	ng/mL)	and	provide	
accurate	and	reproducible	measurements.8,85	A	growing	number	
of	 academic	 and	 commercial	 laboratories	 in	 the	 USA	 and	 in	
Europe	offer	ELISA	testing	services.	While	ELISA	provides	reli-
able	quantitative	exposure	assessment,	it	does	require	a	separate	
test	 for	 each	 allergen.	 More	 recently,	 innovative	 fluorescent	
multiplex	array	technology	has	been	developed	that	allows	the	
most	common	indoor	allergens	to	be	detected	at	once	in	a	single	
test	using	a	multiplex	array	for	indoor	allergens	(MARIA).86,87	
The	 multiplex	 test	 occurs	 within	 a	 single	 microtiter	 well	 and		
the	 assay	 conditions	 are	 the	 same	 for	 each	 allergen,	 resulting		
in	 improved	 standardization	 and	 reproducibility.	 The	 other	
advantage	 of	 MARIA	 compared	 to	 ELISA	 is	 the	 time	 savings	
achieved	by	analyzing	multiple	 allergens	at	once.	For	allergen	
exposure	 assessment,	 nine	 indoor	 allergens	 can	 be	 measured		
by	MARIA:	Der	p	1,	Der	f	1,	mite	group	2,	Fel	d	1,	Can	f	1,	Mus	
m	1,	Rat	n	1,	Bla	g	2	and	Alt	a	1.

Monitoring Allergen Exposure as 
Part of Asthma Management
The	 most	 recent	 National	 Asthma	 Education	 and	 Prevention	
Program	(NAEPP)	Expert	Panel	Report	3	(EPR-3)	significantly	
strengthened	 guidelines	 recommending	 allergen	 avoidance	 as	
an	important	goal	of	asthma	management	(Box	21-2).	Targeted	
interventions	 in	 the	 homes	 of	 allergic	 individuals	 can	 signifi-
cantly	improve	health	and	should	be	part	of	the	management	
of	children	with	asthma.	Studies	of	inner	city	asthma	demon-
strated	 that	 reduction	 of	 indoor	 allergen	 exposure	 leads	 to	
improvement	of	asthma	symptoms,	associated	with	a	reduced	
use	of	medication	and	also	a	reduction	in	lost	work	or	school	
time	due	to	asthma.88	The	guidelines	recommend	using	patient	
histories	 and	 allergic	 sensitization	 as	 evidence	 of	 allergen	

BOX 21-2 THERAPEUTIC PRINCIPLES

Control of Environmental Factors that Affect Asthma 
(NAEPP EPR-3)

• For patients who have persistent asthma, the clinician should 
evaluate the potential role of indoor allergens.

• Use the patient’s medical history, skin testing or in vitro 
testing to identify allergen exposures that may worsen the 
patient’s asthma.

• Patients who have asthma at any level of severity should 
reduce, if possible, exposure to allergens to which the patient 
is sensitized and exposed.

• Know that effective allergen avoidance requires a multifac-
eted, comprehensive approach.

• Consider allergen immunotherapy when there is clear evi-
dence of a relationship between symptoms and exposure to 
an allergen to which the patient is sensitive.
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KEY POINTS

• The major indoor allergens include dust mite, animal 
danders, cockroach, rodents and mold.

• Indoor allergen exposure and sensitivity should be con-
sidered for all patients with chronic allergic symptoms, 
including asthma, allergic rhinitis and atopic 
dermatitis.

• Allergen avoidance should be considered the first 
line of therapy for patients with indoor allergen 
sensitivities.

• Allergen avoidance should be approached with a com-
prehensive specific environmental control strategy 
based on the patient’s sensitivities and exposures.

There is no doubt that aeroallergens play a major role in the 
pathogenesis of allergic disease, including asthma, allergic rhi-
nitis and atopic dermatitis. Among these, the indoor allergens 
are of particular importance. These principally include the 
allergens of house dust mites, domestic pets, molds and pests 
such as cockroaches and rodents. The relative importance of 
these different allergens varies in different environments 
depending on a variety of geographic, climatic and socioeco-
nomic factors. All studies agree, however, that children with 
asthma have a high likelihood of becoming sensitized to which-
ever of these allergens are prominent in their local environ-
ments. This chapter focusses on the possible role that allergen 
avoidance may play in the management of allergic disease.

As a general concept, it is important to recognize that aller-
gen avoidance should be based on knowledge of the patient’s 
specific allergic sensitivities as well as their environmental expo-
sures. Based on this information, it is important to recommend 
a comprehensive strategy to reduce exposure to as many rele-
vant allergens as possible. In fact, most of the studies in which 
environmental control has been proven effective are those that 
utilize a multifaceted approach tailored to the patient’s sensi-
tivities and environment,1–6 which requires both thoughtful 
consideration and detailed patient education.

Dust Mites
Dust mites are arachnids that live in the dust that accumulates 
in most homes, particularly the dust contained within fabrics. 
Favorite habitats include carpets, upholstered furniture, mat-
tresses, pillows and bedding materials. Their major food source 
is shed human skin scales, which are present in high numbers 
in most of these items. The major dust mite species known  
to be associated with allergic disease are Dermatophagoides 
pteronyssinus and Dermatophagoides farinae.1,7–9 Other mites, 

including Euroglyphus maynei and Blomia tropicalis, are also 
important in some areas, although their distribution is consid-
erably more limited. Dust mites grow optimally in areas that are 
both warm and humid, and they grow very poorly when the 
relative humidity remains below 40%.10 Dust mites grow from 
eggs to adults over the course of about 4 weeks and adult dust 
mites live for about 6 weeks, during which time females produce 
40 to 80 eggs.11

Assessment of dust mite exposure has been accomplished 
largely through the analysis of settled dust samples. Although 
some studies have not been able to show a relationship between 
dust mite levels and allergic sensitization or disease activity, 
there is now general agreement that dust mite levels of greater 
than 2 µg of group 1 allergen per gram of dust should be con-
sidered a risk factor for sensitization and that levels greater than 
10 µg/g of dust are a risk factor for increased asthma morbid-
ity.9,11–15 Airborne sampling for dust mite allergen has not 
proven useful in assessing exposure.16

The prevalence of dust mite sensitivity in patients with 
asthma or allergic rhinitis varies considerably from one geo-
graphic area to another. For example, studies have demon-
strated sensitization rates ranging from 5% in asthmatic 
children in Los Alamos, New Mexico, to 66% in Atlanta, Georgia, 
to 91% in Papua, New Guinea.17,18 These differences are roughly 
proportional to differences in mite exposure in these areas of 
the world.

In addition to the relationship between mite exposure and 
mite sensitization, there is also evidence that mite exposure 
contributes to the development of asthma.1 In a prospective 
trial, Sporik and colleagues14 demonstrated a significant increase 
in asthma, as well as mite sensitivity, in 11-year-old children 
who had experienced high mite exposure during infancy. Other 
studies have demonstrated a striking association between 
asthma development and mite sensitivity,17,19–21 although these 
studies lacked a prospective evaluation of mite exposure. While 
these studies suggest that mite avoidance early in life could 
potentially prevent the development of asthma, studies of pre-
vention have yielded inconsistent and mostly disappointing 
results.22–29

Extensive evidence also exists to support a relationship 
between ongoing mite exposure and disease activity.1,30–33 With 
regard to chronic symptoms, Vervloet and colleagues32 demon-
strated a significant correlation between medication require-
ments and current mite exposure in a group of mite-sensitive 
adult asthma patients. Custovic and colleagues30 also demon-
strated a relationship between mite exposure and asthma sever-
ity as evidenced by bronchial hyperreactivity (BHR), peak 
expiratory flow rate variability and forced expiratory volume in 
1 second (FEV1). Several studies have also demonstrated mite 
exposure to be a risk factor for acute asthma and emergency 
room visits.15,33 The most compelling evidence for the role of 
dust mites in asthma comes from studies of allergen avoidance,1 
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either through environmental control in the home or the 
removal of mite-allergic patients from their homes. Two classic 
studies from the early 1980s provided dramatic evidence for the 
potential benefits of dust mite avoidance. Platts-Mills and col-
leagues34 investigated the effects of mite avoidance by placing 
nine young adults with mite-induced asthma in a hospital 
setting for a minimum of 2 months. All patients experienced 
reduced symptoms, seven had reduced medication require-
ments, and five showed at least an 8-fold reduction in bronchial 
reactivity. In the second study Murray and Ferguson35 studied 
20 mite-allergic asthmatic children in a controlled trial of mite 
avoidance in the patients’ homes. They found significant reduc-
tions in asthma symptoms, days on which wheezing was 
observed, days with low peak flow rates, and BHR in the group 
using active mite control measures.

Most subsequent trials of mite avoidance have yielded similar 
results.36–40 Ehnert and colleagues38 studied 24 children with 
asthma and mite sensitivity in a 1-year trial of mite avoidance. 
The patients were divided into three groups. The first had their 
mattresses, pillows and comforters covered with impermeable 
encasements; the second had their mattresses and carpets 
treated with an acaricide (benzyl benzoate); and the third had 
their mattresses and carpets treated with placebo. Significant 
reductions in dust mite allergen levels were found only in the 
group with mattress and pillow encasements. Similarly, a highly 
significant reduction in BHR was noted in that group compared 
with the other two. In another study, Peroni and colleagues40 
studied mite avoidance by moving asthmatic children to a high-
altitude environment and demonstrated significant reductions 
in total immunoglobulin E (IgE) levels, dust mite-specific IgE 
levels, methacholine reactivity and response to dust mite 
bronchoprovocation.

However, it is also important to recognize that there have 
been several important negative studies of mite avoidance, espe-
cially when using a single intervention such as bedding encase-
ments,41–43 and that meta-analyses on the efficacy of mite 
avoidance have yielded conflicting results.44–49 For example, in 
one study Woodcock and colleagues studied the efficacy of 
impermeable bed covers in over 1,100 adults with asthma and 
dust mite sensitivity.47 While the impermeable covers resulted 
in significant decreases in mite allergen in mattress dust, asthma 
symptoms were not significantly reduced. These studies again 
point to the need for a comprehensive allergen reduction plan 
rather than relying on single interventions.

DUST MITE CONTROL MEASURES

Although a variety of approaches to dust mite control have been 
studied, there is still some controversy as to the specific mea-
sures that are necessary to reduce mite exposure sufficiently to 
control disease. This controversy arises for three major reasons. 
First, some environmental control measures have not been 
adequately studied to make any firm conclusions. Second, for 
some measures, studies of their efficacy have yielded conflicting 
results. Third, in many studies a combination of environmental 
control measures was used, making it difficult to determine 
which measures actually led to the benefit that was observed. 
Specific environmental control measures will therefore be 
reviewed individually. They are summarized in Box 22-1.

It is very clear that allergen-proof encasements for mat-
tresses and pillows significantly reduce dust mite expo-
sure.1,38,48–50 In the study by Ehnert and colleagues,38 polyurethane 

BOX 22-1 ENVIRONMENTAL CONTROL OF 
HOUSE DUST MITES

FIRST LINE (NECESSARY AND COST EFFECTIVE)

Encase mattresses and pillows
Wash bed linens every 1 to 2 weeks, preferably in hot water
Remove stuffed toys
Regularly vacuum carpeted surfaces
Regularly dust hard surfaces
Reduce indoor relative humidity (dehumidify and do not add 

humidity)

SECOND LINE (HELPFUL BUT MORE EXPENSIVE)

Remove carpets, especially in the bedroom
Remove upholstered furniture
Avoid living in basements

THIRD LINE (LIMITED OR UNPROVEN BENEFIT)

Acaricides
Tannic acid
Air cleaners

mattress encasements produced a 91% decrease in mite allergen 
by day 14 of treatment, which rose to 98% by month 12 of the 
study. Encasements of the mattress, pillows and box springs 
should therefore be recommended for all patients with mite 
sensitivity. In addition, although encasements had been con-
structed of impermeable plastic or vinyl materials that were 
very uncomfortable, they are now also available in tightly woven 
fabrics that are considerably more comfortable.51

The effects of vacuum cleaning on mite exposure have been 
studied. Live mites are difficult to remove from carpeting, and 
it is clear that vacuum cleaning in the absence of other measures 
will provide only limited benefit.1 However, regular vacuum 
cleaning does remove significant amounts of dust from carpets, 
which will at least help to reduce the allergen reservoir. Patients 
should also be warned that vacuuming creates considerable 
disturbance, with transient increases in airborne mite levels. 
Vacuum cleaners equipped with special bags or HEPA filters 
help prevent this problem and may be of some added benefit.52 
There is some evidence that wet vacuum cleaning or steam 
cleaning may provide additional benefit,53,54 although one study 
showed that wet vacuum cleaning led to a subsequent increase 
in mite numbers.55

A variety of carpet treatments, including acaricides such as 
benzyl benzoate and denaturing agents such as tannic acid, have 
also been developed in an effort to control dust mite allergen 
exposure. At best, both approaches provide only modest, short-
lived effects and should not be recommended for routine 
use.1,37,56,57

Because of the limitations of both vacuuming and chemi-
cally treating carpets, carpet removal is always best when fea-
sible, especially from the bedroom of the allergic person. Bed 
linens, stuffed animals and other soft furnishings also provide 
excellent environments for dust mite growth. Objects such as 
stuffed animals should be removed whenever possible. The mite 
content of bedding materials and other objects that cannot be 
removed can be reduced by washing. Washing in hot water 
(greater than 55°C) is ideal in that it both removes allergen and 
kills dust mites.58 These water temperatures, however, may not 
be available in many homes due to safety concerns. It is impor-
tant to note, therefore, that washing in cooler water does not 
kill mites but does remove most live mites as well as mite 
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the vast majority of homes contain cat and dog allergen even if 
a pet has never lived there. This widespread distribution of cat 
and dog allergens has also been documented in a variety of 
other settings, including office buildings and schools. Whereas 
most of the environments with no animals have relatively low 
allergen levels compared to those with a cat or dog, it is not 
uncommon to find rather high levels in some of these homes. 
This widespread distribution is presumed to occur primarily 
through passive transfer of allergen from one environment to 
another. The particles carrying animal allergens appear to be 
very sticky and, unlike dust mite allergens, can be found in high 
levels on walls and other surfaces within homes.77

The characteristics of airborne cat allergen have also been 
extensively studied. Cat allergen has been shown to be carried 
on particles that range from less than 1 µm to greater than 
20 µm in mean aerodynamic diameter.78,79 Although estimates 
have varied, studies agree that at least 15% of airborne cat 
allergen is carried on particles less than 5 µm. Dog allergen is 
distributed very much like cat allergen, with about 20% of 
airborne dog allergen being carried on particles less than 5 µm 
in diameter.80

Cat allergen can also be detected in air samples from all 
homes with cats and from many homes without cats.81 In an 
attempt to determine the clinical significance of this unsus-
pected cat exposure, patients were challenged in an experimen-
tal cat exposure facility to varying levels of cat allergen.81 It was 
found that allergen levels of less than 100 ng/m3 were capable 
of inducing upper and lower respiratory symptoms as well as 
significant pulmonary function changes. These levels are similar 
to those found in homes with cats as well as a subset of homes 
without cats, suggesting that even patients without known cat 
exposure may be exposed to clinically significant concentra-
tions of airborne cat allergen on a regular basis.

CONTROL OF ANIMAL ALLERGENS

At the present time much less is known about the control of 
animal allergens than about the control of dust mite allergens.82 
In particular, there are still very few studies on the clinical 
benefit of environmental control measures for animal allergens. 
Although it is assumed that removing an animal from the home 
will lead to clinical improvement in patients who have disease 
related to their pets, even this simple concept has undergone 
little investigation. One prospective study did evaluate patients 
with asthma who were sensitized to furry animals, with some 
choosing to find their pet a new home and others electing to 
keep it. After 1 year, there was a significant improvement in 
airway hyperresponsiveness and a reduction in inhaled cortico-
steroid use in the pet removal group compared with the pet 
keeping group.83 Even fewer data are available regarding the 
potential benefits of methods that might be used in lieu of 
animal removal. The overall approach to the control of animal 
allergens is summarized in Box 22-2.

To begin, it should be stated that in any asthmatic patient 
who is known to be cat or dog sensitive and whose asthma is 
believed to be related to a significant degree to the pet, the most 
appropriate recommendation is to remove the pet from the 
home. This is clearly the correct advice from a medical stand-
point, and it should be recommended strenuously. A number 
of potential alternative measures will also be discussed, however, 
because of the high proportion of patients who are either reluc-
tant or completely unwilling to remove a household pet.

allergens very effectively. Weekly washing of all bed linens in a 
hot cycle is therefore recommended for all mite-allergic patients. 
Dry cleaning also kills dust mites,59,60 as does tumble drying at 
temperatures greater than 55°C for at least 20 minutes.48

Dust mites are susceptible to the effects of low as well as high 
temperatures. Freezing in a typical household freezer for 24 
hours will kill most dust mites, although the mite allergen in 
the object will not necessarily be reduced.61 Exposing carpets to 
direct sunlight for several hours will also kill dust mites because 
of the high temperature, the low humidity or both.62 It has also 
been shown that electric blankets will reduce mite growth.4,63 
None of these methods have been established in clinical trials.

Because of the reliance of dust mites on humidity for growth, 
it has been suggested that methods capable of reducing relative 
humidity would be useful in the control of mite exposure. Kors-
gaard and Iversen64 demonstrated that dust mite growth could 
be significantly reduced by keeping indoor humidity below 7 g/
kg by ventilation, whereas Arlian65 demonstrated that mite 
growth could be prevented by maintaining relative humidity 
below 35% for at least 22 hours a day. Air conditioning and 
dehumidification may also help to deter mite growth and 
should be used whenever possible; humidifiers should be 
avoided.66 It is clear, however, that achieving low humidity will 
be difficult or impossible in very humid environments. A prime 
example of this fact is the difficulty in eliminating dust mites 
from carpets over cement slab floors in basements.

Finally, air filtration devices are frequently purchased by 
patients for the control of their dust mite allergies; however, 
there is little evidence to support their use.67–70 One would logi-
cally not anticipate much effect because of the fact that dust 
mite allergens do not remain airborne for extended periods and 
would therefore not be available for filtration in most instances.

In summary, effective dust mite control can be accomplished 
in most homes with a combination of mattress and pillow 
covers, hot washing of bed linens, removal of stuffed animals 
and other soft furnishings, and carpet removal.1 Because of the 
convincing benefits provided through dust mite avoidance in 
mite-sensitive asthmatic patients, these measures should be 
routinely recommended, and compliance with these recom-
mendations should be reassessed at each subsequent visit.

Animal Allergens
Animal allergens are also potent causes of both acute and 
chronic asthma and allergy symptoms.4,71 Cat and dog allergens 
are the most important, although significant exposure to a wide 
variety of other furred animals is not uncommon. Sensitivity to 
cat and dog allergens is very common in asthmatic children, 
and in some settings these are clearly the dominant indoor 
allergens.18,72,73 This fact was best demonstrated in a study con-
ducted in Los Alamos, New Mexico.18 In this environment, 
where cat and dog allergens are common but exposure to dust 
mite and cockroach allergens is rare, IgE antibody to cat and 
dog allergens was detected in 62% and 67% of asthmatic chil-
dren, respectively. The presence of this IgE antibody was highly 
associated with asthma, whereas sensitivity to mite or cock-
roach allergen was not associated with asthma in this setting.

A number of studies have investigated the distribution of cat 
and dog allergens in the home and other environments.4,18,73–76 
Using settled dust analysis, it has been shown that levels of cat 
and dog allergens are clearly highest in homes housing these 
animals. However, it is also clear from a number of studies that 
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whether allergen exposure can be sufficiently reduced to 
produce a clinical effect in the absence of animal removal.

While the notion of hypoallergenic cats and dogs is increas-
ingly popular, there are no studies confirming that any specific 
breeds are predictably less allergenic. Further, there is no evi-
dence that the size, hair length, hair type or degree of shedding 
have any effects on indoor allergen levels or allergenicity.4,93

In families who insist on keeping their pets, the following 
should be recommended pending more definitive studies.4 The 
animals should be restricted to one area of the home and cer-
tainly kept out of the patient’s bedroom. HEPA or electrostatic 
air cleaners should be used, especially in the patient’s bedroom. 
Carpets and other reservoirs for allergen collection should be 
removed whenever possible, again focussing on the patient’s 
bedroom. Finally, mattress and pillow covers should be rou-
tinely used. Although tannic acid has been shown to reduce cat 
allergen levels, the effects are modest and short-lived when a cat 
is present, so this treatment should not be routinely recom-
mended. Similarly, cat and dog washing appears to be of such 
transient benefit that it is only likely to add significantly to the 
other avoidance measures if it is done at least twice a week.

Cockroach Allergen
The importance of cockroach allergen in asthma and allergy has 
been recognized only over the past 30 years.94,95 It is now clear 
that cockroach allergens play a major role in asthma, particu-
larly in urban areas.2,96 Significant cockroach exposure has been 
demonstrated in a number of cities, and the prevalence of cock-
roach sensitivity in urban patients with asthma has been shown 
to range from 23% to 60%.15,97,98 In addition, cockroach expo-
sure has been associated with higher rates of sensitization.99 The 
combination of cockroach exposure and cockroach sensitiza-
tion has been shown to be a risk factor for increased asthma 
morbidity and acute asthma exacerbations.15,33,74

In the first comprehensive study on the problem of asthma 
in inner city children, 1,528 children with asthma from eight 
major inner city areas were extensively investigated with regard 
to the factors, both allergic and otherwise, that contributed to 
their disease.74 Although sensitivity to cockroaches, dust mites 
and cats were all common (36.8%, 36.9% and 22.7%, respec-
tively), exposure to cockroach allergen was much more common 
than exposure to either dust mite or cat (50.2%, 9.7% and 
12.8%, respectively). The combination of cockroach sensitivity 
and high cockroach exposure was associated with significantly 
more hospitalizations, unscheduled medical visits for asthma, 
days of wheezing, missed days from school, and nights with 
sleep loss because of asthma. Such a correlation was not seen 
for dust mite or cat allergens. These data argue persuasively that 
cockroach allergen is a major factor, if not the major factor, in 
the high degree of morbidity seen in this patient population.

Although there are at least 50 cockroach species in the USA, 
only four or five are domiciliary.2,96 Two species, the German 
cockroach (Blattella germanica) and the American cockroach 
(Periplaneta americana), are the most common causes of both 
household infestation and allergic sensitization. Several aller-
gens from each species have been identified and character-
ized.100,101 The most important among these are Bla g 1, Bla g 2 
and Per a 1. There is significant cross-reactivity between B. 
germanica and P. americana, although most patients in the USA 
are primarily sensitized to B. germanica. The source of the 
major cockroach allergens is still not completely clear, although 

Once a cat has been removed from the home, it is important 
to recognize that the clinical benefit may not be seen for a 
period of at least several months because allergen levels fall 
quite slowly after cat removal.76 In most homes, levels of settled 
dust will have fallen to those seen in homes without cats within 
4 to 6 months of cat removal. Levels may fall much more quickly 
if extensive environmental control measures are undertaken, 
such as removal of carpets, upholstered furniture and other 
reservoirs from the home, whereas in other homes the process 
may be considerably slower. This information points to the fact 
that thorough and repeated cleaning will be required once the 
animal has been removed. It has also been shown that cat aller-
gen may persist in mattresses for years after a cat has been 
removed from a home,84 so new bedding or impermeable 
encasements must therefore also be recommended.

A number of studies have investigated other measures that 
might help to reduce cat allergen exposure without removing 
the animal from the home. De Blay and colleagues85 demon-
strated significant reductions in airborne Fel d 1 with a combi-
nation of air filtration, cat washing, vacuum cleaning and 
removal of furnishings, although these results were based on a 
small sample size and did not include any measure of clinical 
effect. When cat washing was evaluated separately in that study, 
dramatic reductions in airborne Fel d 1 were seen afterward. 
Subsequent studies, however, have presented conflicting results. 
Klucka and colleagues86 studied both cat washing and Allerpet/c 
(Allerpet, Inc., New York, New York) and found no benefit from 
either treatment. In addition, Avner and colleagues87 studied 
three different methods of cat washing and found transient 
reductions in airborne cat allergens after each. There was no 
sustained benefit, however, with levels returning to baseline 
within 1 week of washing. Results regarding dog allergen are 
very similar to those with cat, suggesting the need to wash dogs 
at least twice a week to achieve any meaningful reduction in 
allergen exposure.88

Information is very limited as to the clinical benefits of these 
environmental control measures if one or more pets is allowed 
to remain in the home. Studies have evaluated different combi-
nations of control measures, and although all have shown 
reductions in allergen levels, clinical effect was less consistent.89–92 
Two studies showed a clear benefit, one showed benefit only in 
the group in which environmental control was performed along 
with intranasal steroid treatment, and the fourth showed no 
clinical benefit whatsoever. It therefore still remains to be seen 

BOX 22-2 ENVIRONMENTAL CONTROL OF 
ANIMAL ALLERGENS

Remove source (e.g. find a new home for the pet):
• Allergen levels fall slowly – benefit would not be expected 

for weeks to months.
• Follow by aggressive cleaning to remove reservoirs of 

allergen.
• Possible role for tannic acid to augment allergen removal.

If the pet is not removed:
• Install air cleaners, especially in the bedroom.
• Remove carpeting, especially in the bedroom.
• Encase mattresses and pillows.
• Wash animals (not likely to help unless done at least twice 

a week).
• These measures may not reduce allergen levels enough to 

help highly allergic patients.
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of a global environmental treatment that also included educa-
tion, a HEPA filtered vacuum cleaner, allergen-proof bedding 
encasings and a HEPA filter in the child’s bedroom. Bla g 1 in 
floor dust was reduced by 53% compared to 19% in the control 
group but, more importantly, symptoms were also significantly 
reduced in the treated group. This trial supports the concept 
that integrated environmental avoidance strategies have the 
highest likelihood of producing beneficial clinical effects.

Rodent Allergens
Mice and rats produce allergens, primarily urinary proteins, 
that have been shown to cause sensitization and disease in  
both occupational and home environments.3 The widespread 
distribution of mouse allergen in home environments and its 
potential importance in asthma, especially in those living in 
inner cities, has recently been demonstrated in a number  
of studies.110–116 In fact, mouse allergens are measurable in 
nearly all inner city homes and as many as 75% of suburban 
homes.117–119 However, the levels in inner city homes are far 
higher, in fact 100 to 1,000-fold higher, in comparison to sub-
urban homes.120 With regard to effects on disease, mouse expo-
sure has been associated with increased sensitization, poorer 
asthma control and increased healthcare utilization.3,111–116 Even 
in adults, sensitization to mouse allergens has been shown to be 
associated with asthma and asthma morbidity.121

Although there are a number of ongoing trials, to date rela-
tively little has been published on the effectiveness of environ-
mental control for mouse allergen. Phipatanakul and colleagues 
did demonstrate a >75% reduction in mouse allergen exposure 
using an integrated pest management strategy that included 
filling holes with copper mesh, vacuuming, cleaning and baiting 
of traps with low-toxicity pesticides.122 In another study, an 
integrated pest management intervention that was performed 
by study participants had less overall success because mouse 
allergen levels were only reduced by approximately 27%.123 
However, the subset of children whose homes had at least a 50% 
reduction in mouse allergen had fewer missed school days, 
reduced sleep disruption and reduced caretaker burden.

Based on these studies and general information about pest 
management, recommendations for mouse allergen control 
include professional extermination, thorough cleaning after 
extermination, keeping food and trash in covered containers, 
cleaning food scraps from the floor and countertops, and sealing 
cracks in the walls, doors and floors (Box 22-4).3

Mold Allergens
A wide variety of mold species can be present in both indoor 
and outdoor environments. Aspergillus and Penicillium species 
are generally regarded as the most numerous indoor molds,60,101 
whereas Alternaria is important in both indoor and outdoor 
environments. Several mold allergens, including Alt n 1 and Asp 

they do appear to be secreted or excreted, suggesting that they 
may also be digestive proteins.

The distribution of cockroach allergens has been studied in 
a number of settings. The highest levels tend to be found in 
kitchens, although the allergen is widely distributed through the 
home, including the bedroom.2,74,101 In fact, in the inner city 
asthma study noted above, the 50.2% exposure rate was found 
in bedroom dust samples.74 It has been suggested that cock-
roach allergen levels of greater than 2 units per gram are associ-
ated with sensitization and levels greater than 8 units per gram 
are associated with disease activity.74 Cockroach allergen has 
also been detected at significant concentrations in schools in 
urban Baltimore.102 Finally, studies have shown that cockroach 
allergen is very much like dust mite allergen, with little or no 
measurable airborne allergen in the absence of significant 
disturbance.96

COCKROACH ALLERGEN CONTROL

Extensive study has been performed on the chemical control of 
cockroach infestation, and a variety of pesticides and traps are 
readily available. These include chlorpyrifos, diazinon, boric 
acid powder and bait stations that contain hydramethylnon. All 
of these agents, with the exception of boric acid, can reduce 
cockroach numbers by 90% or more, whereas boric acid reduces 
numbers by 40% to 50%. Several studies have shown that cock-
roach extermination is possible in most homes and that a com-
bination of extermination and thorough cleaning can reduce 
cockroach allergen levels by 80% to 90%,103–105 although studies 
to date have not convincingly demonstrated that cockroach 
eradication alone is capable of significantly reducing disease 
activity.106–108

In addition to these measures, integrated pest management 
also includes other strategies that help to reduce cockroach 
infestation including eliminating food sources and hiding and 
entry points (Box 22-3).2,109 All foods should be stored in sealed 
containers and the kitchen should be cleaned regularly. Finally, 
extensive cleaning should be performed after extermination to 
remove the cockroach debris as completely as possible. Even 
with the most aggressive measures, however, it may be difficult 
to reduce cockroach exposure adequately in some environ-
ments. This is particularly true of the older, multiple dwelling 
units that house a preponderance of inner city residents. A more 
encouraging study related to inner city asthma did demonstrate 
a convincing benefit from a multifaceted, allergen-specific envi-
ronmental control program in asthmatic children living in 
urban areas.5 In that study, cockroach extermination was part 

BOX 22-3 ENVIRONMENTAL CONTROL OF 
COCKROACH ALLERGEN

Regular and thorough extermination
Thorough cleaning after extermination
Extermination of neighboring dwellings
Roach traps
Repair leaky faucets and pipes
Repair holes in walls and other entry points
Behavioral changes to reduce food sources

• Clean immediately after cooking
• Clean dirty dishes immediately
• Avoid open food containers
• Avoid uncovered trash cans

BOX 22-4 ENVIRONMENTAL CONTROL OF 
RODENT ALLERGENS

Regular and thorough extermination
Thorough cleaning after extermination
Keep food and trash in covered containers
Seal cracks in walls, door and floors



 22  Environmental Control 201

Outdoor Allergens
There is far less ability to control exposure to outdoor allergens 
than indoor allergens. Source control is rarely an option because 
the airborne pollens and molds travel so widely. Local mold 
control may be accomplished by ensuring good drainage, 
removing leaves and other debris as they accumulate, and limit-
ing the use of mulch and other ground cover that might support 
mold growth. Otherwise, exposure may be reduced by staying 
indoors when pollen and mold counts are high, as long as 
windows and doors are kept closed. An air filter may help to 
reduce exposure, especially if windows are being left open; some 
activities, such as lawn mowing or plowing, may need to be 
avoided altogether. After being outside, it is important that 
allergic individuals wash their hands and faces immediately and 
that they wash their hair daily. When outside, masks and goggles 
can be very effective but very few children and adolescents are 
willing to wear them.

Conclusions
Indoor allergens are of tremendous importance to pediatric 
allergic disease. Exposure is a risk factor for the development of 
asthma as well as for more severe disease. Thankfully, there are 
measures that can help to reduce exposure to most allergens, 
significantly reducing symptoms and medication requirements. 
The guidelines for the management of asthma that were origi-
nally published in 1997 and most recently revised in 2007134 
have consistently stressed the importance of indoor allergens 
and environmental control, stating that for any patient with 
persistent asthma the clinician should: (1) identify allergen 
exposures; (2) use skin testing or in vitro testing to assess spe-
cific sensitivities to indoor allergens; and (3) implement envi-
ronmental controls to reduce exposure to relevant allergens. 
With all the time, effort and money put forth for the use of 
medications and immunotherapy for asthma and allergic rhi-
nitis, it is very important that we do not lose sight of this logical 
and important recommendation.

Helpful Websites
Allergy & Asthma Network Mothers of Asthmatics (www 

.aanma.org)
The American Academy of Allergy Asthma & Immunology 

website (www.aaaai.org/)
The American College of Allergy, Asthma and Immunology 

website (www.acaai.org/)
American Lung Association (www.lung.org)
Association of Asthma Educators (www.asthmaeducators 

.org)
Asthma and Allergy Foundation of America (www.aafa.org)
Centers for Disease Control and Prevention (www.cdc.gov)
National Heart, Lung, and Blood Institute Information 

Center (www.nhlbi.nih.gov)
National Institute of Allergy and Infectious Diseases (www 

.niaid.nih.gov)
US Environmental Protection Agency National Center for 

Environmental Publications (www.airnow.gov)

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

f 1, have been identified and characterized. Mold exposure has 
been associated with chronic asthma symptoms as well as with 
asthma exacerbations.124–126

Molds tend to grow best in warm, moist environments and 
mold exposure is therefore roughly correlated with these condi-
tions. Basements, window sills, shower stalls and bathroom 
carpets are common sites of mold infestation. Air conditioners 
and humidifiers have also been shown to be sources of signifi-
cant mold exposure.127,128 The assessment of mold exposure 
has been improved by the development of immunoassays to 
measure major allergens, although for most molds one must 
still rely on culture and microscopic examination of air or dust 
samples. Airborne mold allergens have been shown to be carried 
on particles ranging in size from less than 2 µm to greater than 
100 µm.129

The control of mold allergens requires a concerted approach 
combining fungicides, measures to reduce humidity and the 
removal of mold-infested items whenever possible124 (Box 
22-5). With more severe infestation, such as after flooding has 
occurred, professional remediation may be required. A variety 
of fungicides are commercially available that are highly effective 
as long as the sites of mold growth are carefully investigated. 
Any measures that can then be taken to reduce humidity should 
be recommended, including dehumidification, air condition-
ing, increased ventilation and a ban on the use of humidifiers 
and vaporizers. Moldy items, such as a basement carpet that has 
suffered water damage, should be removed altogether. Although 
no specific data are available, air filtration devices may also 
assist in reducing mold exposure; no clinical studies on the 
efficacy of mold avoidance measures have been undertaken.

Indoor Air Pollution
Although a detailed discussion of indoor air pollution is beyond 
the scope of this chapter, it should be emphasized that effective 
environmental control cannot be achieved without attention to 
a variety nonspecific irritants. The deleterious effects of passive 
cigarette smoke on pediatric asthma have been well documented 
in a number of studies.130,131 No studies to date have assessed 
the clinical benefit of removal from a smoke-containing envi-
ronment, but one would predict that this would have highly 
beneficial effects. In addition to passive cigarette smoke, a 
variety of other indoor pollutants, such as nitrous oxide, have 
been documented to exacerbate pediatric asthma, especially in 
inner city environments.132,133 All patients must therefore be 
queried about these exposures and counseled about their 
control. Parents who are smokers and who have asthmatic chil-
dren need to be reminded at each visit about the ongoing 
damage that they are causing.

BOX 22-5 ENVIRONMENTAL CONTROL OF MOLD 
ALLERGENS

Identify sites/sources of mold growth
Clean moldy areas with a fungicide
If cleaning is not possible, discard moldy items (e.g. carpets, 

furniture)
Dehumidify
Repair leaks and maximize drainage
Run vent in bathroom and kitchen
Clean refrigerator, dehumidifier and humidifier with fungicide

http://www.aanma.org
http://www.aanma.org
http://www.aaaai.org/
http://www.acaai.org/
http://www.lung.org
http://www.asthmaeducators.org
http://www.asthmaeducators.org
http://www.aafa.org
http://www.cdc.gov
http://www.nhlbi.nih.gov
http://www.niaid.nih.gov
http://www.niaid.nih.gov
http://www.airnow.gov
http://www.expertconsult.inkling.com
http://www.expertconsult.inkling.com
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KEY POINTS

• Subcutaneous immunotherapy is an effective treatment 
for pediatric patients with allergic rhinitis and stinging 
insect hypersensitivity, and selected pediatric patients 
with allergic asthma.

• Sublingual immunotherapy is an approved and effective 
treatment for seasonal allergic rhinitis due to grass and 
ragweed pollen allergy.

• There is a small but real risk of systemic allergic reac-
tions with immunotherapy, and the risk associated with 
subcutaneous immunotherapy appears to be greater 
than that for sublingual immunotherapy.

• Immunotherapy is associated with changes in humoral 
and cellular immune responses as well as effector cell 
responsiveness.

• Oral immunotherapy for food allergy is an active area 
of investigation.

In	1911,	Noon1	found	that	by	administering	increasing	doses	of	
grass	pollen	extract,	he	could	induce	a	marked	decrease	in	con-
junctival	sensitivity	to	grass	pollen.	It	was	this	observation	that	
eventually	led	to	the	widespread	use	of	immunotherapy	for	the	
treatment	of	allergic	disease.1	Immunotherapy	is	the	term	used	
to	describe	a	prolonged	process	of	repeated	administration	of	
extracts	 of	 pollens	 or	 other	 allergen	 sources	 to	 patients	 with	
diseases	with	a	demonstrable	allergic	etiology	for	the	purpose	
of	reducing	symptoms.	It	has	also	been	called	desensitization	or	
allergy injection therapy.	It	is	recommended	in	most	discussions	
of	the	treatment	of	allergic	airway	disease,	along	with	allergen	
avoidance	and	symptomatic	drug	therapy.

Principles of Immunotherapy
In	 allergic	 rhinitis	 (AR),	 the	 effectiveness	 of	 immunotherapy	
has	been	demonstrated	 in	many	carefully	conducted	placebo-
controlled	 trials.	 The	 results	 of	 a	 typical	 clinical	 trial	 are		
shown	in	Figure	23-1.2	Three	groups	of	patients	matched	on	the	
basis	of	their	allergic	sensitivity	to	ragweed	allergen	were	treated	
with	 injections	 of	 whole	 ragweed	 pollen	 extracts,	 purified	
Antigen	 E	 (Amb	 a	 1)	 or	 placebo.	 Although	 everyone	 became	
symptomatic	 during	 the	 ragweed	 pollen	 season,	 it	 is	 obvious	
that	those	receiving	placebo	injections	were	more	symptomatic	
than	 those	 receiving	 pollen	 extracts.	 These	 trials	 have	 been	
reviewed	 in	 detail	 elsewhere3	 and	 are	 addressed	 here	 only	 to	
review	 the	 principles	 learned	 for	 the	 safe	 and	 effective	 use	 of	
immunotherapy.

The	first	principle	is	that	clinical	effectiveness	is	dose	depen-
dent;	that	is,	a	certain	minimal	dose	of	allergen	extract	must	be	
administered	to	produce	effective	symptomatic	control.4	These	
extracts	 are	 prepared	 by	 suspending	 source	 material	 (pollen,	

fungal	cultures,	dust	mites	or	animal	pelts)	in	buffers	to	extract	
the	water-soluble	components	into	the	buffer,	and	they	are	now	
available	commercially	under	license	by	the	US	Food	and	Drug	
Administration	(FDA).	Extracts	are	complex	mixtures	of	dozens	
of	 proteins,	 of	 which	 only	 a	 few	 are	 major	 allergens.	 Clinical	
trials	 that	 compare	 treatment	 with	 purified	 allergens	 or	 with	
partially	 purified	 extracts	 containing	 high	 concentrations	 of	
allergens	with	treatment	with	currently	available	crude	extracts	
have	 shown	 them	 to	 be	 equally	 effective.	 For	 instance,	 symp-
toms	are	reduced	to	a	similar	extent	with	immunotherapy	with	
purified	 ragweed	 allergen	 Amb	 a	 1	 and	 with	 whole	 ragweed	
extract	in	the	study	illustrated	in	Figure	23-1.

Another	lesson	from	these	studies	is	that	therapeutic	effec-
tiveness	 of	 conventional	 immunotherapy	 increases	 with	 time.	
Significant	improvement	is	generally	not	seen	before	3	months	
or	 more	 of	 therapy.5	 It	 is	 not	 clear	 why	 such	 a	 long	 time	 is	
needed,	but	in	part	it	reflects	the	time	required	to	increase	the	
injected	 dose	 from	 the	 very	 small	 dose	 that	 can	 be	 tolerated	
initially	to	the	10,000-fold	higher	dose	that	produces	immuno-
logic	 and	 clinical	 effects.	 It	 is	 also	 obvious	 that	 immunologic	
effects	must	be	taking	place	very	early	in	this	process	to	allow	
the	 patient	 to	 tolerate	 increasing	 doses	 without	 anaphylaxis.	
Clinical	 benefit	 increases	 for	 several	 years	 after	 the	 maximal	
doses	 of	 antigens	 are	 achieved.	 Although	 the	 reason	 for	 the	
delayed	effect	of	immunotherapy	is	not	clear,	it	is	important	to	
discuss	with	patients	so	that	their	expectations	will	be	realistic.	
It	 is	 important	 to	 note,	 however,	 that	 single	 dose	 sublingual	
immunotherapy,	 which	 has	 recently	 been	 approved	 in	 the	
United	States	 for	grass	and	ragweed	allergy,	has	a	more	 rapid	
onset	 of	 action,	 likely	 because	 no	 build-up	 phase	 is	 required,	
and	is	efficacious	when	given	only	part	of	the	year,	prior	to	and	
during	the	relevant	pollen	season.

In	 clinical	 trials	 when	 symptom	 scores	 are	 compared	 with	
those	in	untreated	patients,	a	placebo	effect	is	consistently	seen.	
This	placebo	effect	is	especially	easy	to	see	in	the	asthma	trials,	
in	 which	 most	 placebo-treated	 patients	 improve	 and	 25–30%	
improve	 significantly.5	 For	 clinical	 investigators,	 this	 fact	 has	
made	it	absolutely	essential	to	include	a	placebo	group	in	any	
immunotherapy	trial.	For	clinicians,	it	is	important	to	recognize	
that	there	is	a	significant	and	powerful	placebo	effect	associated	
with	 the	 repeated	 injections	 and	 frequent	 visits	 with	 sympa-
thetic	 physicians	 and	 nurses.	 Only	 by	 administering	 concen-
trated	antigen	preparations	to	carefully	selected	patients	are	the	
benefits	greater	than	those	seen	with	sympathetic	support.

For	most	patients,	symptomatic	improvement	is	partial	and	
immunotherapy	 serves	 to	 decrease	 the	 severity	 of	 symptoms	
without	 totally	 eliminating	 them.	 In	 addition,	 a	 significant	
number	 of	 allergic	 patients,	 perhaps	 as	 many	 as	 25%,	 do		
not	benefit	from	IT	regardless	of	the	potency	of	the	antigen	or	
the	 length	 of	 therapy.	 The	 reasons	 why	 certain	 patients	 are	
‘nonresponders’	are	unclear,	but	the	point	is	an	important	one	
to	bear	in	mind	when	discussing	immunotherapy	with	patients.

In	clinical	trials,	systemic	anaphylactic	reactions	are	common.	
Although	these	are	usually	mild	and	not	 life	threatening,	they	
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ANTIBODY RESPONSE AND IMMUNOTHERAPY

Studies	have	consistently	demonstrated	an	increase	in	allergen-
specific	IgG	and	IgE	within	months	of	starting	immunotherapy.	
One	trial	of	ragweed	immunotherapy	in	adults	that	examined	
allergen-specific	antibody	responses	can	be	seen	in	Figure	23-2.	
Subjects	demonstrated	significant	dose-dependent	increases	in	
ragweed-specific	 IgG	 long	 before	 symptom	 relief	 was	 seen.	
Ragweed-specific	 IgE	 initially	 increased	 and	 did	 not	 decrease	
until	years	into	therapy.10	Similar	observations	have	been	made	
by	 other	 investigators	 for	 both	 venom	 immunotherapy	 and	
inhalant	 allergen	 immunotherapy.	 It	 has	 been	 suggested	 that	
allergen-specific	IgG	acts	as	blocking	antibody	either	by	block-
ing	antigen	binding	by	IgE	or	by	preventing	aggregation	of	the	
high-affinity	IgE	receptor	(FcεRI)	at	the	cell	surface.	Although	
allergen-specific	 IgG	 levels	 do	 not	 correlate	 with	 clinical	 effi-
cacy,	 the	 functional	 blocking	 activity	 of	 allergen-specific	 IgG	
does	appear	to	correlate	with	clinical	efficacy.11

Effects on T Cells
Because	 a	 Th2	 phenotype	 has	 been	 associated	 with	 allergic	
disease	 and	 a	 Th1	 phenotype	 with	 protection	 against	 allergic	
disease,	it	has	been	hypothesized	that	immunotherapy	exerts	its	
effects	 through	 modulation	 of	 the	 T	 helper	 phenotype.	 This	
modulation	 may	 result	 in	 either	 a	 shift	 from	 the	 Th2	 to	 Th1	
phenotype	 or	 through	 induction	 of	 CD8+	 suppressor	 activity.	
Indeed,	evidence	has	been	published	in	support	of	both	of	these	
hypotheses.	Rocklin	and	colleagues12	demonstrated	the	genera-
tion	of	 allergen-specific	 suppressor	 cells	during	 immunother-
apy	 and	 provided	 evidence	 that	 the	 suppressor	 cells	 decrease	
IgE	synthesis.	Other	studies	have	examined	the	cytokine	profile	
of	 peripheral	 blood	 Th2	 cells	 and	 demonstrated	 decreases	 in	
interleukin	(IL)-4	production	and,	in	some	cases,	concomitant	
increases	 in	 interferon	 (IFN)-γ	 production,11,13	 suggesting	 a	
modulation	of	the	T	helper	phenotype	from	Th2	to	Th1.	The	
mechanism	 of	 these	 changes	 has	 recently	 advanced	 with	 the	
recognition	of	CD4+CD25+	 regulatory	T	cells	 that	are	capable	
of	directing	the	Th1:Th2	balance	and	are	activated	by	effective	
immunotherapy,	as	well	as	the	more	recent	recognition	of	a	role	
for	regulatory	B	cells.11,14

EFFECTS ON INFLAMMATORY CELLS

There	also	 is	 evidence	 that	 immunotherapy	affects	mast	 cells,	
basophils	and	eosinophils.	 In	 the	first	 few	weeks	of	 immuno-
therapy,	it	has	been	shown	that	the	in	vitro	basophil	response	
to	allergen	decreases	sharply,	just	as	it	does	during	rapid	desen-
sitization	regimens	for	patients	with	drug	allergy.14	One	study	
demonstrated	 a	 significant	 decrease	 in	 metachromatic	 cells	
(mast	 cells	 and	 basophils)	 in	 nasal	 scrapings	 after	 dust	 mite	
immunotherapy.15	 Allergen-specific	 immunotherapy	 has	 also	
been	demonstrated	to	decrease	peripheral	blood	basophil	his-
tamine	 release.16	 In	 addition,	 successful	 immunotherapy	 has	
been	associated	with	a	decrease	in	the	numbers	of	eosinophils	
from	nasal	and	bronchial	specimens.17–19

Specific disease indications
ALLERGIC RHINITIS

Immunotherapy	has	been	demonstrated	to	be	quite	effective	in	
both	 seasonal	 and	 perennial	 AR.	 Many	 well-designed	 studies	
have	 examined	 the	 efficacy	 of	 immunotherapy	 for	 pollen-

may	require	epinephrine	therapy	and	may	be	fatal.	Such	reac-
tions	are	not	 surprising	because	patients	are	 selected	who	are	
clearly	allergic	on	the	basis	of	skin	tests	and/or	specific	immu-
noglobulin	 E	 (IgE)	 tests	 and	 history	 of	 severe	 symptoms	 on	
allergen	exposure.	In	a	recent	large	clinical	survey,	one	fatality	
out	of	23.3	million	injection	visits	was	identified,	approximately	
one	out	of	every	1	million	injections	resulted	in	a	very	severe,	
near-fatal	reaction,	and	one	out	of	every	1000	injections	resulted	
in	a	systemic	reaction.6

Research	in	immunotherapy	continues	in	several	directions.	
Standardization	of	allergen	extracts	to	make	available	products	
with	consistent	potency	has	dramatically	increased	the	reliabil-
ity	 of	 commercially	 available	 extracts.	 Studies	 have	 demon-
strated	the	safety	and	efficacy	of	shortening	the	dose	escalation	
phase	with	 schedules	 for	 rush	and	ultrarush	 immunotherapy.	
Investigators	have	also	been	studying	adjuvants	to	improve	effi-
cacy	of	immunotherapy	as	well	as	modified	allergens	to	reduce	
the	risk	of	serious	reactions	to	immunotherapy.	Other	routes	of	
administering	allergen	extracts	are	also	being	studied,	as	well	as	
the	 use	 of	 immunotherapy	 for	 other	 allergic	 diseases	 such	 as	
eczema7	and	food	allergy.8	Finally,	 immunomodulatory	thera-
pies	are	currently	in	clinical	trials;	these	include	agents	such	as	
anti-IgE	and	anticytokine	therapies.

Mechanisms of Action
Many	 observations	 about	 patients’	 immunologic	 and	 cellular	
responses	to	immunotherapy	have	been	made,	but	the	precise	
mechanism	 of	 action	 of	 immunotherapy	 remains	 unknown.	
What	is	generally	recognized	is	that	skin	test	sensitivity	decreases	
and	allergen-specific	IgG	increases	with	immunotherapy.9	It	is	
not	 until	 after	 several	 years	 of	 immunotherapy	 that	 allergen-
specific	IgE	decreases.10	There	has	also	been	much	speculation	
that	immunotherapy	acts	on	the	T	helper	cell	type	1	(Th1)/Th2	
axis	 to	 shift	 the	 T	 cell	 phenotype	 away	 from	 the	 allergic	 Th2	
phenotype.	More	recently,	a	growing	body	of	evidence	suggests	
that	 immunotherapy	 may	 promote	 regulatory	 T	 cells	 which	
may	play	a	role	in	attenuating	allergic	symptoms.11

Figure 23-1  Typical  result  of  an  immunotherapy  trial  in  patients 
allergic  to  ragweed  pollen.  (From Norman PS, Winkenwerder WL, 
Lichtenstein LM, et al. J Allergy Clin Immunol 1968;42:93–108.)
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in	bronchial	challenges.	The	authors	also	make	the	point	 that	
children	receiving	mite	 immunotherapy	benefited	to	a	greater	
extent	than	adults,	and	a	recent	study	demonstrated	that	mite	
immunotherapy	 had	 a	 steroid-sparing	 effect	 in	 children	 with	
asthma.31

Immunotherapy	for	animal-induced	asthma	has	been	more	
controversial.	Some	proponents	of	immunotherapy	believe	that	
there	 is	a	role	 for	animal	 immunotherapy	 in	the	treatment	of	
asthmatic	patients	who	live	with	pets,	but	consensus	statements	
from	respected	international	organizations	maintain	that	aller-
gen	 avoidance	 is	 first-line	 therapy	 for	 these	 patients.32	 There	
have	 been	 carefully	 conducted,	 placebo-controlled	 trials		
demonstrating	 the	efficacy	of	 specific	 immunotherapy	 for	 cat	
asthma.27,33	Studies	have	demonstrated	a	decrease	in	the	quan-
titative	airway	responsiveness	to	cat	allergen	and	decreased	skin	
test	 reactivity	 in	 those	 treated	 with	 cat	 immunotherapy,	 but	
studies	 examining	 improvement	 in	 clinical	 symptoms	 have	
been	inconclusive.

Clinical	 trials	 evaluating	 mold	 immunotherapy	 for	 asthma	
have	been	published	for	Alternaria	and	Cladosporium.	One	of	the	
Cladosporium	trials	was	conducted	in	children	and	demonstrated	
a	decrease	in	allergen	sensitivity	on	inhalation	challenge,	but	did	
not	provide	good	evidence	of	a	decrease	in	symptoms	or	medica-
tion	use.24	 Some	 studies	 evaluating	Alternaria	 immunotherapy	
have	demonstrated	an	improvement	in	asthma	symptoms	and	a	
decrease	 in	 medication	 use.34	 Although	 there	 is	 evidence	 to	
support	 the	 addition	 of	 certain	 mold	 extracts	 to	 an	 immuno-
therapy	prescription,	more	data	are	needed	before	any	firm	con-
clusions	can	be	made	about	immunotherapy	in	mold	asthma.

Although	many	studies	 support	a	 role	 for	 immunotherapy	
in	 the	 treatment	 of	 allergic	 asthma,	 there	 have	 been	 some	
studies	 that	 have	 not	 demonstrated	 the	 efficacy	 of	 immuno-
therapy	for	asthma.	One	of	these	was	a	well-conducted,	placebo-
controlled	 trial	 of	 immunotherapy	 for	 children	 with	 allergic	
asthma,	and	the	 investigators	 found	 little	evidence	 to	support	
the	efficacy	of	polyvalent	(i.e.	a	mixture	of	extracts	of	various	
allergens)	 immunotherapy.9	 Both	 the	 active	 treatment	 and	
placebo	groups	had	a	reduction	in	medication	use	and	improve-
ment	in	PD20	FEV1,	and	the	outcomes	in	the	treatment	group	
were	 not	 statistically	 significantly	 better	 than	 those	 in	 the	

allergic	 patients	 with	 seasonal	 AR.11,20,21	 These	 randomized,	
controlled	 trials	 have	 been	 the	 subject	 of	 a	 meta-analysis		
which	demonstrated	significant	symptom	relief	and	reduction	
of	 medication	 requirements.22	 Immunotherapy	 has	 also	 been	
shown	to	be	effective	for	mite-induced	perennial	AR23	and	may	
also	 be	 effective	 in	 mold-induced	 rhinitis.24	 The	 duration	 of	
treatment	is	generally	3	to	5	years,	and	symptomatic	improve-
ment	continues	for	years	after	discontinuation.

ASTHMA

Many	studies	in	the	past	decade	have	examined	the	efficacy	of	
immunotherapy	 for	 allergic	 asthma.9,25–28	 Certainly,	 allergic	
sensitization	and	subsequent	allergen	exposure	contribute	sig-
nificantly	 to	 asthma	 morbidity	 in	 children,	 making	 immuno-
therapy	an	appealing	option	for	children	with	allergic	asthma.	
However,	IgE-mediated	mechanisms	are	only	part	of	the	under-
lying	 pathophysiology	 of	 asthma,	 making	 the	 rationale	 for	
immunotherapy	 as	 a	 treatment	 option	 in	 allergic	 asthma	 less	
straightforward.

Results	of	clinical	trials	examining	the	efficacy	of	immuno-
therapy	in	allergic	asthma	have	been	conflicting.	To	complicate	
matters	further,	many	studies	have	not	included	placebo	arms,	
making	it	difficult	to	draw	any	conclusions	about	efficacy	from	
those	 studies.	 Abramson	 and	 colleagues29	 conducted	 a	 meta-
analysis	of	randomized,	controlled	trials	for	immunotherapy	in	
asthma.	 Eighty-eight	 trials	 met	 inclusion	 criteria	 of	 being	
double	blind,	randomized	and	placebo	controlled.	After	analy-
sis	of	 the	 combined	 results	 from	 these	 trials,	 immunotherapy	
was	found	to	reduce	bronchial	hyperreactivity	and	medication	
use	and	to	improve	asthma	symptoms.	There	was	no	clear	effect	
of	immunotherapy	on	pulmonary	function.

A	comprehensive	review	also	concluded	that	 immunother-
apy	 is	 effective	 in	 the	 treatment	 of	 asthma	 but	 in	 carefully	
selected	 circumstances.30	 The	 authors	 concluded	 that	 immu-
notherapy	 is	 effective	 in	 grass	 pollen	 asthma	 but	 that	 results	
from	studies	for	ragweed	asthma	were	inconclusive.	In	addition,	
mite	 immunotherapy	 with	 standardized	 extracts	 was	 effective	
in	 reducing	 symptoms	 and	 increasing	 the	 threshold	 dose		
of	 mite	 extract	 needed	 to	 induce	 bronchial	 obstruction	

Figure 23-2  A  profile  of  a  typical  patient  receiving 
ragweed  immunotherapy.  (Top)  Ragweed-specific  IgE 
(RW-IgE),  IgG (RW-IgG) and total  IgE responses during 
ragweed immunotherapy plotted against time expressed 
in days. E Th – threshold dose for ragweed-specific IgE 
response;  G  Th  –  threshold  dose  for  ragweed-specific 
IgG response; E Max – maximum ragweed-specific IgE; 
G  Max  –  maximum  ragweed-specific  IgE.  (Bottom) 
Cumulative dose (curve) and single doses (lines) plotted 
against time expressed in days. (From Creticos PS, Van 
Metre TE, Mardiney MR, et al. J Allergy Clin Immunol 
1984;73:94–104.)
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or	antiinflammatory	medications.	Other	aspects	of	the	patient’s	
history	should	be	 taken	 into	consideration.	For	example,	 suc-
cessful	immunotherapy	requires	that	a	patient	be	able	to	visit	a	
physician’s	office	weekly	and	spend	a	minimum	of	30	minutes	
there.	Certain	medications,	such	as	beta	blockers,	put	a	patient	
at	higher	risk	for	systemic	reactions	to	immunotherapy.

Asthma
Although	some	of	the	same	principles	of	patient	selection	apply,	
immunotherapy	for	asthma	deserves	separate	commentary.	As	
in	 AR,	 patients	 must	 have	 demonstrable	 IgE	 to	 allergens	 to	
which	they	are	exposed	and	the	clinical	history	should	be	con-
sistent	 with	 exacerbation	 of	 asthma	 symptoms	 with	 exposure	
to	 the	 allergens.	 A	 patient’s	 ability	 to	 visit	 a	 medical	 facility	
weekly,	 as	 well	 as	 his	 or	 her	 medications	 and	 age,	 should	 be	
taken	into	consideration.	Immunotherapy	may	be	appropriate	
for	 treating	 asthma	 that	 has	 been	 difficult	 to	 control,	 but	 it	
should	not	be	prescribed	for	patients	with	unstable	asthma	and	
an	FEV1	less	than	70%	of	predicted,	so	it	may	be	least	appropri-
ate	 for	 patients	 who	 continue	 to	 have	 clinical	 symptoms	 of	
asthma	despite	maximal	medical	therapy.

ALLERGEN EXTRACTS

Allergen Extracts for Immunotherapy
Allergen	extracts	are	prepared	by	extracting	bulk	source	materi-
als	 (e.g.	 pollens,	 mite	 cultures,	 fungal	 cultures)	 in	 aqueous	
buffers;	typically	the	potency	of	these	extracts	is	expressed	in	a	
ratio	of	the	weight	of	source	material	extracted	to	the	extraction	
volume,	such	as	1	:	10	wt/v.	Variations	 in	the	bulk	sources	and	
in	the	manufacturing	process	have	led	to	vast	differences	in	the	
quantity	of	active	allergens	in	these	extracts.37	A	second	approach	
to	labeling	is	based	on	the	total	protein	content	of	the	extract	
and	is	expressed	in	protein	nitrogen	units	(PNUs);	this	method	
has	little	relationship	to	allergenic	potency	but	is	still	commonly	
used	in	the	USA.	Efforts	to	standardize	extracts	in	Europe	and	
the	 USA	 have	 produced	 fundamentally	 different	 approaches.	
One	 approach	 measures	 the	 content	 of	 the	 major	 allergen	 or	
allergens	in	the	mixture	using	crossed	immunoelectrophoresis,	
immunodiffusion,	 RAST	 inhibition	 or	 enzyme-linked	 immu-
nosorbent	assay.	Another	approach	compares	the	biologic	activ-
ity	of	the	material	with	the	diameter	of	a	control	 intradermal	
injection	of	histamine	and	expresses	this	as	a	BU	(biologic	unit).	
The	FDA	uses	a	slightly	different	approach	to	establish	a	BU,	in	
which	the	flare	diameter	of	reference	extract	 in	a	select	group	
of	 allergic	 volunteers	 is	 compared	 with	 a	 reference	 extract,		
and	expresses	the	result	in	allergen	units	(AU)	or	bioequivalent	
allergen	 units	 (BAU).	 The	 results	 are	 somewhat	 confusing,		
and	 most	 commercially	 available	 extracts	 are	 labeled	 with		
more	 than	 one	 method	 to	 try	 to	 simplify	 administration	 of		
the	materials.	Studies	that	have	established	guidelines	for	effec-
tive	 maintenance	 doses	 for	 particular	 allergens	 report	 these	
doses	 in	 micrograms	 of	 major	 allergen,	 but	 translating	 wt/v,	
PNU,	 BU,	AU	 or	 BAU	 into	 microgram	 doses	 can	 be	 difficult.	
Fortunately,	some	products	have	also	been	standardized	by	the	
major	allergen	concentration	expressed	as	micrograms	per	mil-
liliter	 (µg/mL).	 There	 are	 also	 some	 data	 translating	 allergen	
content	 into	 micrograms	 of	 major	 allergen;	 this	 information	
may	 be	 helpful	 in	 guiding	 dosing	 decisions.	 Table	 23-1	 is	
adapted	from	a	recent	comparison	of	labeling	methods.38	Where	
they	are	available,	standardized	extracts	should	always	be	used	
for	therapy.

placebo	 group.	 Despite	 the	 negative	 results	 of	 this	 well-
conducted	 study,	 many	 other	 published	 studies	 have	 demon-
strated	the	efficacy	of	immunotherapy	for	allergic	asthma.	One	
of	 the	 major	 differences	 in	 this	 trial	 is	 that	 multiple	 allergen	
extracts	 were	 included	 in	 the	 injections.	 Although	 this	 is	 the	
usual	 approach	 to	 immunotherapy	 for	 allergic	 asthma	 in	 the	
USA,	European	standards	require	therapy	with	a	single	allergen	
extract	(e.g.	dust	mite,	cat,	Alternaria),	and	this	trial	is	the	only	
one	dealing	with	polyvalent	immunotherapy.	It	is	possible	that	
this	 approach	 differs	 in	 some	 important	 way	 from	 immuno-
therapy	with	single-allergen	extracts.

STINGING INSECT

Immunotherapy	for	venom	allergy	is	highly	efficacious,	afford-
ing	 protection	 for	 more	 than	 95%	 of	 individuals	 undergoing	
treatment.35	 Although	 venom	 immunotherapy	 is	 indicated	 in	
adults	 with	 evidence	 of	 IgE	 to	 Hymenoptera	 venom	 and	 a	
history	of	a	systemic	reaction	to	Hymenoptera,	the	indications	
in	 children	 are	 somewhat	 different.	 Studies	 of	 the	 natural	
history	of	venom	allergy	in	children	indicate	that	the	risk	of	a	
serious	 reaction	 from	 a	 subsequent	 sting	 for	 a	 child	 with	 a	
history	 of	 a	 cutaneous	 systemic	 reaction	 is	 small.	 There	 is	 an	
approximately	10%	incidence	of	subsequent	systemic	reactions	
in	this	patient	population	and	a	0.4%	incidence	of	more	severe	
reactions	involving	the	respiratory	and	cardiovascular	systems.36	
In	 light	 of	 these	 findings,	 venom	 immunotherapy	 has	 been	
reserved	for	those	children	who	have	had	‘life-threatening’	reac-
tions	to	Hymenoptera	as	well	as	evidence	of	IgE	to	Hymenop-
tera	venom	(see	also	Chapter	57).

FOOD

Although	oral	and	sublingual	immunotherapy	are	not	currently	
recommended	 treatments	 for	 food	 allergy,	 they	 are	 being	
actively	 investigated.	 Subcutaneous	 immunotherapy	 for	 foods	
has	proved	far	too	risky	to	pursue	as	a	treatment	option.	More	
recently,	several	randomized	controlled	trials	of	oral	immuno-
therapy	(OIT)	for	several	foods,	including	egg,	milk,	and	peanut	
have	been	completed,	and	although	their	results	have	indicated	
that	OIT	is	a	promising	treatment	for	IgE-mediated	food	allergy,	
there	 are	 some	 significant	 limitations	 that	 must	 be	 addressed	
before	it	can	be	recommended	as	a	treatment.8	First,	reactions	
are	common	and	unpredictable,	so	methods	for	reducing	and	
predicting	risk	are	needed.	Second,	only	approximately	30%	of	
children	 on	 active	 treatment	 achieve	 sustained	 unresponsive-
ness,	meaning	that	they	can	tolerate	a	full	serving	of	the	food	
after	 stopping	 OIT	 for	 a	 period	 of	 time,	 typically	 1–6	 weeks.	
The	remaining	children	have	therefore	lost	their	desensitization,	
indicating	that	it	was	dependent	on	continued	doses	of	OIT.	A	
more	 detailed	 discussion	 of	 immunotherapy	 for	 food	 allergy	
can	be	found	in	Chapter	49.

Practical Considerations
PATIENT SELECTION

Allergic Rhinitis
Immunotherapy	 should	 be	 considered	 for	 patients	 with	 clear	
evidence	of	 IgE-mediated	 symptoms	who	have	not	been	ade-
quately	 controlled	 with	 first-line	 medical	 therapy,	 including	
antihistamines,	nasal	corticosteroids	and	ocular	antihistamines	
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two	sequential	pollen	seasons	with	minimal	symptoms	or	none	
at	all,	 they	are	able	 to	 stop	 immunotherapy	without	a	 relapse	
for	up	to	3	years.	Although	this	has	been	shown	in	adult	clinical	
trials,11	 it	 is	 likely	 to	be	 true	 for	children	as	well.	Duration	of	
treatment	for	asthma	is	less	clear.

Reactions to Immunotherapy
The	 risks	 of	 immunotherapy	 are	 not	 trivial.	 Clinical	 surveys	
from	the	1980s	reported	that	3%	to	7%	of	patients	experience	
systemic	reactions	and	 that	one	reaction	occurs	 for	every	250	
to	1600	injections.40	The	American	Academy	of	Asthma,	Allergy,	
and	Immunology	and	the	American	College	of	Asthma,	Allergy,	
and	Immunology	initiated	a	surveillance	program	of	immuno-
therapy	reactions	in	2008,	and	the	most	recent	results	indicate	
a	 rate	of	1	 in	1	million	 injections	 for	near-fatal	 reactions	and		
1	 in	1000	injections	for	systemic	reactions.6	Reactions	may	be	
limited	to	urticaria,	but	40%	to	73%	include	respiratory	reac-
tions	 and	 almost	 10%	 include	 hypotension;	 fatal	 reactions	
occur	in	1	per	2	to	3	million	injections.41	From	70%	to	90%	of	

Storage

Some	 loss	 of	 potency	 is	 usual	 over	 time;	 therefore,	 manufac-
tured	extracts	are	supplied	with	expiration	dates.	These	expira-
tion	dates	are	based	on	the	assumption	that	the	extracts	will	be	
refrigerated	because	 loss	of	activity	 is	more	rapid	at	 tempera-
tures	above	5°C.	Loss	of	potency	is	faster	in	more	diluted	solu-
tions,	but	 it	can	be	decreased	by	the	addition	of	50%	glycerol	
or	0.03%	human	serum	albumin.	Because	glycerol	is	irritating,	
most	 allergen	 solutions	 are	 diluted	 in	 albumin-containing	
buffers.	 Fungal,	 dust	 mite	 and	 cockroach	 extracts	 have	 been	
found	to	have	significant	protease	activity39	and	therefore	may	
accelerate	the	deterioration	of	allergen	solutions.	Some	experts	
recommend	 that	 when	 making	 up	 immunotherapy	 solutions,	
dust	 mite,	 cockroach	 and	 fungal	 extracts	 should	 be	 placed	 in	
vials	separate	from	other	allergen	extracts	that	do	not	contain	
protease	activity.

Injection Regimens
A	prescription	for	immunotherapy	should	reflect	the	patient’s	
demonstrated	specific	IgE-mediated	sensitization,	as	well	as	the	
clinical	 history	 of	 symptoms	 on	 exposure	 and	 other	 medical	
illnesses.	The	decision	is	a	complex	one	and	should	be	made	by	
a	trained	allergist	rather	than	a	manufacturer	or	testing	service.	
Typically,	a	prescription	is	written	for	a	treatment	set,	with	one	
vial	containing	a	1	:	10	dilution	of	concentrated	material	from	a	
manufacturer	and	three	or	four	other	vials	containing	10-fold	
dilutions	(i.e.	1	:	100,	1	:	1000,	etc.).	Each	vial	of	the	set	should	
be	 clearly	 labeled	 with	 the	 patient’s	 name,	 the	 allergens	 con-
tained	in	the	vial,	the	dilution	and	an	expiration	date.

Administration and Dosing
Dosing	 instructions	 are	 shown	 in	 Table	 23-2,	 modified	 from	
Nelson.	 The	 principle	 is	 that	 a	 dose	 is	 administered	 that	 is	
10-fold	 smaller	 than	 the	 dose	 that	 will	 induce	 a	 positive	 skin	
test;	then	increasing	doses	are	administered	weekly	until	a	dose	
1000	to	10,000	times	greater	is	tolerated	(Table	23-2).	Once	the	
maximum	dose	is	reached	(0.5	mL	of	the	1	:	10	dilution	in	Table	
23-2),	 the	 patient	 continues	 to	 receive	 this	 dose	 every	 other	
week	 for	 the	first	year.	Generally,	 it	 takes	6	months	of	weekly	
doses	to	reach	the	maintenance	dose.	Alternative	dosing	sched-
ules	 have	 been	 proposed	 in	 which	 the	 build-up	 doses	 are	
administered	every	20	to	30	minutes	(rush	immunotherapy)	or	
2	or	3	times	a	week	(cluster	immunotherapy).	These	regimens	
allow	 a	 patient	 to	 reach	 the	 maintenance	 dose	 in	 a	 shorter	
period	of	time,	but	each	has	a	greater	risk	of	allergic	reactions	
to	the	injections.

Duration of Immunotherapy
Once	maintenance	doses	have	been	reached,	these	are	generally	
continued	for	3	years	or	 longer.	 If	a	patient	 is	able	 to	 tolerate	

Source Label Allergen N Mean (µg) Maximum (µg) Minimum (µg)

Orchard grass 100,000 BAU/mL Dac g 5 14 918 2414 294
Short ragweed 1 : 10 wt/v Amb a 1 13 268 458 87
D. farinae 10,000 AU/mL Der f 1 18 44 72 30
Cat hair 10,000 BAU/mL Fel d 1 12 40 52 26
Dog hair 1 : 10 wt/v Can f 1 4 5.4 7.2 2.7

Modified from Nelson HS. J Allergy Clin Immunol 2000;106:41–5.

TABLE

 23-1 Major Allergen Content of Extracts

Begin with vial A and progress to vial D, which is the most 
concentrated, or ‘maintenance’, solution. Injections should be 
administered subcutaneously every week until the highest 
maintenance dose is administered, 0.5 mL of vial D. Then 
repeat this dose every other week for the next year. After the 
first year, maintenance doses can be given every 3 to 4 weeks.

• Call the center before resuming treatment if the treatment has 
lapsed by 4 weeks or more.

• During the build-up phase, repeat a dose if the last dose 
produced local swelling of more than 3 cm in diameter (the size 
of a silver dollar) or if treatment lapses for 1 to 2 weeks.

• Drop back 2-fold (i.e. from 0.4 to 0.2 mL) if the previous dose 
has produced local swelling of 5 cm or more in diameter, if a 
mild systemic reaction occurs, or if treatment lapses for more 
than 2 weeks.

• Drop back 4-fold (i.e. from 0.4 to 0.1 mL) if a systemic reaction 
occurs.

• The patient should remain for observation for 30 minutes after 
each injection.

Vial A 
(1 : 10,000)

Vial B 
(1 : 1000)

Vial C 
(1 : 100)

Vial D 
(1 : 10)

0.05 mL 0.05 mL 0.05 mL 0.05 mL
0.10 mL 0.10 mL 0.10 mL 0.07 mL
0.20 mL 0.20 mL 0.20 mL 0.10 mL
0.40 mL 0.40 mL 0.40 mL 0.15 mL

0.20 mL
0.30 mL
0.50 mL

Modified from Nelson HS. Immunotherapy for inhalant allergens.  
In: Adkinson NF Jr, Busse WW, Bochner BS, editors. Middleton’s 
allergy: principles and practice. 7th ed. St Louis: Mosby; 2008.

TABLE 
23-2 Allergen Extract Prescription
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small	synthetic	peptides	containing	the	Fel	d	1	epitope	modified	
T	cell	 responsiveness	 in	allergic	patients	and	decreased	symp-
toms	on	exposure	to	cats.44	The	effects	were	modest,	but	other	
groups	have	improved	on	some	of	the	immunologic	and	techni-
cal	limitations	of	this	prototype	peptide	vaccine	and	have	begun	
to	study	the	effect	of	the	new	formulation	on	cat	allergy.45

IMMUNE MODULATORS

Many	 immune	 modulators	 are	 being	 actively	 investigated	 as	
therapeutic	 strategies	 for	 allergic	 disease;	 these	 include	 treat-
ment	strategies	aimed	at	IgE	as	well	as	those	aimed	at	cytokines.	
Two	 such	 therapies	 that	 have	 made	 it	 to	 human	 trials	 are	 an	
anti-IgE	 humanized	 monoclonal	 antibody	 and	 a	 humanized	
monoclonal	antibody	to	IL-5.	Anti-IgE	was	evaluated	as	a	treat-
ment	for	allergic	asthma	and	AR	starting	in	the	1990s.	Milgrom	
and	 colleagues46	 conducted	 a	 randomized,	 placebo-controlled	
trial	of	anti-IgE	in	adolescent	and	adult	patients	with	moderate	
to	 severe	 allergic	 asthma.	 Symptom	 scores	 in	 the	 active	 treat-
ment	groups	were	 improved	compared	with	 the	placebo	arm,	
but	 perhaps	 the	 most	 striking	 result	 was	 the	 steroid-sparing	
effect	of	anti-IgE.	Anti-IgE	has	also	been	shown	to	be	effective	
in	 reducing	 the	 symptoms	 of	 seasonal	AR	 in	 adolescents	 and	
adults	with	ragweed	allergy.47	One	randomized,	double-blinded	
study	 in	 children	 and	 adolescents	 examined	 its	 therapeutic	
value	 in	 seasonal	 AR	 when	 added	 to	 immunotherapy.	 Those	
subjects	receiving	anti-IgE	in	addition	to	specific	immunother-
apy	 had	 significant	 reduction	 in	 symptoms	 compared	 with	
those	receiving	immunotherapy	alone.48	The	currently	available	
anti-IgE	 medication,	 omalizumab,	 is	 approved	 for	 use	 in	
patients	 12	 years	 and	 older	 with	 sensitization	 to	 a	 perennial	
aeroallergen	and	moderate	to	severe	persistent	asthma.

Monoclonal	anti-IL-5	has	been	demonstrated	in	a	placebo-
controlled	 trial	 to	 significantly	 reduce	peripheral	 and	 sputum	
eosinophilia	without	affecting	the	early-	or	late-phase	responses	
with	 inhaled	 allergen	 challenges.49	 Despite	 serious	 methodo-
logic	concerns	regarding	this	study,50	 it	has	tempered	enthusi-
asm	 for	 anti-IL-5	 therapy.	 Recent	 studies	 in	 a	 rare	 form	 of	
adult-onset	 asthma	 characterized	 by	 persistent	 eosinophilia,	
despite	systemic	corticosteroid	therapy,	have	demonstrated	sig-
nificant	benefit	 in	terms	of	reduced	exacerbations	and	steroid	
requirement.51	Antagonists	to	IL-4,	IL-13,	thymic	stromal	lym-
phopoietin	(TSLP),	TNF-α,	and	IL-17	are	also	in	various	stages	
of	development.52,53

ALTERNATIVE ROUTES OF ADMINISTRATION

Interest	 in	 sublingual	 swallow	 immunotherapy	 (SLIT)	 began		
in	 Europe	 as	 a	 method	 to	 reduce	 the	 risk	 of	 serious	 allergic	
reactions	to	therapy.	Since	then,	many	clinical	trials	have	exam-
ined	efficacy	and	safety,	and	the	results	of	these	trials	have	been	
examined	in	recent	meta-analyses.	In	adults	with	allergic	rhini-
tis,	 49	 high	 quality	 randomized	 clinical	 trials	 were	 identified	
and	 demonstrated	 a	 significant	 reduction	 in	 symptoms	 (P	 <	
.0001)	and	medication	requirements	(P	=	.0001).54	In	children	
with	 asthma,	 nine	 high	 quality	 trials	 were	 examined	 and	 the	
reduction	in	symptoms	and	medication	requirements	was	sig-
nificant,	 although	 less	 consistent	 than	 that	 seen	 in	 adults.55,56	
Dose	 requirements	 of	 relevant	 aeroallergens	 are	 now	 better	
defined	and	an	order	of	magnitude	larger	than	those	used	for	
injection	immunotherapy.	Successful	studies	using	these	doses	
produce	 symptomatic	 changes	 and	 immunologic	 changes	

BOX 23-1 MINIMUM RESUSCITATION EQUIPMENT 
FOR ADMINISTERING 
IMMUNOTHERAPY

Stethoscope
Sphygmomanometer
Tourniquet
Syringes and needles (some 14 gauge)
Equipment for administering oxygen by mask
Oral airway
Equipment for administering intravenous fluids
Aqueous epinephrine 1 : 1000
Injectable and oral diphenhydramine
Intravenous corticosteroids
Injectable vasopressor

reactions	begin	within	the	first	30	minutes	of	an	injection.	The	
risk	of	reactions	is	greater	during	the	build-up	phase,	but	about	
half	of	the	reactions	occur	during	maintenance	therapy.	Reac-
tions	are	more	common	 in	adolescents	and	young	adults	and	
possibly	during	pollen	or	mold	seasons.	Other	risk	factors	for	
serious	 systemic	 reactions	 include	 severe	 asthma,	 age	 of	 less	
than	5	years	and	use	of	a	beta	blocker.42	For	these	reasons,	injec-
tions	should	be	given	in	a	medical	facility	and	by	personnel	who	
know	how	to	recognize	and	treat	a	local	and	systemic	reaction	
to	allergenic	extract	and	who	are	trained	in	basic	cardiopulmo-
nary	resuscitation.	Resuscitation	equipment	should	be	available	
(minimal	 equipment	 is	 summarized	 in	 Box	 23-1).	 Patients	
should	remain	in	the	facility	for	30	minutes	after	an	injection	
and	should	report	immediately	if	a	reaction	begins.	Injections	
should	not	be	administered	at	home.

Future Directions
ALLERGOIDS AND ADJUVANTS

Allergoids	are	produced	by	chemically	modifying	or	denaturing	
native	allergens.	The	goal	is	to	retain	the	ability	of	the	allergen	
to	elicit	an	immunologic	response	(specifically	a	T	cell	response)	
while	 decreasing	 the	 risk	 of	 anaphylaxis	 (the	 IgE-mediated	
response).	Various	 chemical	 agents	 have	 been	 used,	 including	
urea,	glutaraldehyde	and	polyethylene	glycol.	Although	some	of	
these	agents	have	appeared	promising,	the	inability	to	standard-
ize	the	process	of	chemical	modification	has	made	this	approach	
impractical.	 Adjuvants	 are	 used	 with	 the	 allergen	 extract	 to	
boost	 immunologic	 response	 to	 immunotherapy	 in	 hopes	 of	
increasing	its	efficacy.	Substances	such	as	alum,	tyrosine	absor-
bate	and	Freund’s	adjuvant	have	been	used	with	the	rationale	
that	they	have	the	ability	to	boost	Th1-type	immune	responses,	
and	 more	 recently	 there	 has	 been	 interest	 in	 using	 innate	
immune	stimulants	such	as	TLR2,	TLR4	and	TLR9	ligands	as	
adjuvants.

PEPTIDES AND RECOMBINANT ALLERGENS

As	more	is	discovered	about	T	cell	epitopes,	peptides	of	major	
allergens	can	be	produced	and	used	as	a	means	of	decreasing	
the	risk	of	IgE-mediated	reactions	while	retaining	immunologic	
potency.	In	fact,	fragments	of	both	the	dust	mite	allergens	Der	
p	1	and	Der	f	1	and	the	cat	allergen	Fel	d	1	were	found	to	contain	
epitopes	that	were	capable	of	inducing	tolerance	in	mice.43	This	
led	to	clinical	trials	that	showed	that	injections	of	mixtures	of	
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therefore	 facilities	 administering	 immunotherapy	 should	 be	
adequately	 prepared	 to	 handle	 such	 an	 event	 and	 patients	
should	 remain	 in	 the	 medical	 facility	 for	 30	 minutes	 after	
receiving	the	injection	(Box	23-3).

Immunotherapy	 may	 act	 to	 suppress	 allergic	 symptoms	
through	 modification	 of	 antibody	 responses,	 lymphocyte	
responses	or	target	cell	responses	to	allergen.	Studies	are	under	
way	 to	 determine	 whether	 modifications	 of	 immunotherapy	
reagents	or	dosing	route	will	improve	its	efficacy	or	reduce	side-
effects.	 Immunotherapy	 is	 also	 being	 pursued	 as	 a	 treatment	
option	for	 food	allergy,	and	there	 is	some	evidence	to	suggest	
that	 immunotherapy	 may	 alter	 the	 natural	 progression	 of	
sensitization.

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

similar	to	those	seen	with	injection	immunotherapy.	Systemic	
reactions	are	uncommon,	but	 local	(oral	and	gastrointestinal)	
reactions	are	common.	SLIT	for	grass	pollen	and	ragweed	for	
patients	with	allergic	rhinitis	has	been	approved	by	the	FDA	for	
use	in	the	US	and	data	on	perennial	allergen	SLIT	are	emerging.	
The	ragweed	 formulation	 is	only	approved	 for	adults	and	 the	
two	grass	pollen	formulations	are	approved	down	to	ages	5	and	
10	years,	respectively.	SLIT	products	generally	contain	either	a	
single	dose	of	allergen	or	two	doses	of	allergen,	so	there	is	little	
to	no	build-up	phase,	and	they	can	be	used	prior	to	and	during	
the	 relevant	 pollen	 season.	 Contraindications	 include	 severe,	
unstable	 or	 uncontrolled	 asthma,	 eosinophilic	 esophagitis,	 a	
history	of	a	severe	allergic	reaction	or	any	severe	local	reaction	
to	sublingual	allergen	immunotherapy,	and	hypersensitivity	to	
any	 of	 the	 inactive	 ingredients.	 Patients	 should	 take	 the	 first	
dose	in	a	medical	setting	and	be	observed	for	30	minutes	and	
have	auto-injectable	epinephrine	available	for	subsequent	home	
doses.	 Other	 routes	 under	 study	 include	 intralymphatic	 and	
epicutaneous	immunotherapy.

IMMUNOTHERAPY AS PREVENTION

Immunotherapy	 has	 traditionally	 been	 used	 as	 a	 therapeutic	
intervention	rather	than	a	preventive	one.	However,	some	evi-
dence	suggests	that	specific	immunotherapy	may	have	a	future	
role	 in	the	secondary	prevention	of	allergic	diseases.	The	Pre-
ventative	 Allergy	 Treatment	 Study	 is	 a	 European	 multicenter,	
randomized	 trial	 of	 specific	 immunotherapy	 for	 seasonal	AR.	
Among	those	children	without	asthma,	those	who	had	received	
3	 years	 of	 immunotherapy	 had	 significantly	 fewer	 asthma	
symptoms	than	those	in	the	open	control	group.57	The	children	
who	had	received	immunotherapy	continued	to	be	at	lower	risk	
for	asthma	10	years	after	initiation	of	treatment.58	In	addition,	
a	study	evaluating	dust	mite	immunotherapy	in	monosensitized	
children	demonstrated	a	decreased	risk	of	the	development	of	
additional	 sensitizations	 in	 the	 active	 treatment	 group	 com-
pared	with	the	control	group.59	The	evidence	is	preliminary,	but	
there	is	a	suggestion	that	immunologic	intervention	at	an	early	
stage	of	immune	development	may	alter	the	natural	progression	
of	the	allergic	phenotype.

Conclusions
Immunotherapy	 is	an	effective	 treatment	option	 for	pediatric	
patients	 with	 stinging	 insect	 hypersensitivity	 and	 AR	 (Box	
23-2).	It	is	also	effective	in	selected	patients	with	asthma.	There	
is	 a	 small	 but	 definite	 risk	 of	 systemic	 allergic	 reactions;	

BOX 23-2 KEY CONCEPTS

Principles of Immunotherapy

• Efficacy is dose dependent.
• Clinical effectiveness occurs after maintenance doses are 

reached.
• There is a significant placebo effect.
• Approximately 75% of patients respond.
• A major risk is systemic reaction.

BOX 23-3 THERAPEUTIC PRINCIPLES

Clinical Principles of Allergen Immunotherapy

• Immunotherapy is effective only in IgE-mediated diseases 
such as stinging insect anaphylaxis, allergic rhinitis and 
asthma.

• Patients should be selected who have demonstrated specific 
IgE and in whom medical management has not adequately 
controlled disease.

• Successful therapy requires that maximal tolerated doses of 
allergen extracts be given and requires months to years to 
reach maximal benefit.

• Because of the risk of anaphylaxis during therapy, injections 
should be administered in a physician’s office or other medical 
facility that can support cardiorespiratory resuscitation. 
Patients should be observed for 30 minutes after an injection 
is administered.
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KEY POINTS

• There are many different causes of rhinitis in children 
and 50% of all cases of rhinitis are caused by allergy.

• On the basis of timing and duration of allergen expo-
sure, allergic rhinitis is classified as seasonal, perennial 
or mixed (perennial with seasonal exacerbation).

• A careful history and physical examination are the most 
effective diagnostic tools for the identification of allergic 
rhinitis in children.

• Diagnostic tests for allergic rhinitis include in vivo skin 
testing and in vitro serum IgE antibody immunoassay.

• Specific treatment options for allergic rhinitis include 
environmental control for allergen avoidance, pharma-
cotherapy and immunotherapy.

Rhinitis is defined as inflammation of the membranes lining the 
nose and is characterized by one or more of the following nasal 
symptoms: sneezing, itching, rhinorrhea and nasal congestion. 
Rhinitis is frequently accompanied by symptoms that involve 
the eyes, ears and throat.1,2 Approximately 50% of all cases of 
rhinitis are caused by allergy. In allergic rhinitis, symptoms arise 
as a result of inflammation induced by an immunoglobulin E 
(IgE)-mediated immune response to specific allergens that 
involves the release of inflammatory mediators and the activa-
tion and recruitment of cells to the nasal mucosa.1,2 A careful 
history and physical examination are the most effective tools for 
diagnosing allergic rhinitis, and specific diagnostic testing 
should be pursued when indicated. Management options for 
allergic rhinitis include treatment with pharmacologic agents 
and preventative measures such as environmental controls and 
immunotherapy.

Epidemiology
There are several limitations regarding epidemiologic studies of 
allergic rhinitis. First, most data regarding the true prevalence 
of allergic rhinitis are difficult to interpret because the majority 
of studies use either a physician diagnosis of disease or results 
from patient-administered surveys and/or phone interviews. 
Results of both types of studies are likely to under-report the 
actual prevalence of allergic rhinitis.2–7 Additionally, most epi-
demiologic studies focus on seasonal allergic rhinitis because of 
the easy identification of symptoms association with pollen 
exposure. Perennial allergic rhinitis is more difficult to identify 
because its symptom complex often overlaps with chronic 

sinusitis, recurrent upper respiratory tract infections and vaso-
motor rhinitis.

The current prevalence of allergic rhinitis in the USA is 
reported to be approximately 30% for adults and 42% for chil-
dren.5 In 2013, allergic rhinitis was reported to affect about 60 
million people in the USA, with about 40% of those affected 
being children. The Allergies, Immunotherapy, and Rhinocon-
junctivitiS (AIRS) surveys reported seasonal symptoms in 78% 
of subjects with the most common triggers being pollen (53%), 
dust (26%) and grass (26%), and nasal congestion being the 
most bothersome symptom.2,3 The frequency of allergic rhinitis 
in the general population has risen in parallel with that of all 
IgE-mediated diseases during the past decade. The Interna-
tional Study of Asthma and Allergies in Childhood (ISAAC) 
showed that the prevalence of allergic rhinitis in US children 
rose from 13.4% in 1994 to 19.1% in 2003.8

SEX

At ages 6 to 7, boys with allergic rhinitis outnumber girls; 
however, at ages 13 to 14, girls outnumber boys.9 In general, 
equal numbers are affected during adulthood.

AGE

Symptoms of allergic rhinitis develop before the age of 20 years 
in approximately 80% of cases. Children in families with a 
bilateral family history of allergy generally have symptoms 
before puberty; those with a unilateral family history tend to 
have symptoms later in life or not at all.5–7

RISK FACTORS

The frequency of allergic rhinitis increases with age and positive 
allergy skin tests have been identified as a significant risk factor 
for disease development. Disease prevalence is higher in more 
affluent socioeconomic classes, minorities, areas with heavy 
outdoor air pollution, individuals with a family history of 
allergy, firstborn children and individuals born during pollen 
season.10 Childhood studies have confirmed that disease risk is 
increased in those with early introduction of food or formula, 
maternal tobacco smoking, indoor allergen exposure, elevated 
serum IgE levels, positive allergy skin tests and parental allergic 
disorders.5 Recent studies demonstrated associations between 
obesity, nutrition, vitamin D deficiency, stress/anxiety, poor 
housing and allergic predisposition.11–13 Maternal diets high in 
antioxidants and omega-3 fatty acids, and pediatric diets high 
in antioxidants and food diversity are associated with decreased 
risks of atopy.14,15 Additionally, probiotics have been found to 
be effective in treating pediatric atopy.11,13
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early-phase allergic response.20 Sneezing, itching and copious, 
clear rhinorrhea are characteristic symptoms during early-
phase allergic responses, although some degree of nasal conges-
tion can also occur.

Late Phase
The mast cell-derived mediators released during early-phase 
responses are hypothesized to act on postcapillary endothelial 
cells to promote the expression of vascular adhesion molecule 
and E-selectin, which facilitate the adhesion of circulating leu-
kocytes to the endothelial cells. Chemoattractant cytokines such 
as IL-5 promote the infiltration of the mucosa with eosinophils, 
neutrophils and basophils, T lymphocytes and macrophages.21,22 
During the 4- to 8-hour period after allergen exposure, these 
cells become activated and release inflammatory mediators, 
which in turn reactivate many of the proinflammatory reactions 
of the immediate response. This cellular-driven, late inflamma-
tory reaction is termed the late-phase response. This reaction 
may be clinically indistinguishable from the early phase, but 
congestion tends to predominate.22 Eosinophil-derived media-
tors such as major basic protein, eosinophil cationic protein and 
leukotrienes have been shown to damage the epithelium, leading 
ultimately to the clinical and histologic pictures of chronic aller-
gic disease.

Subsets of the T helper lymphocytes are the likely orchestra-
tors of the chronic inflammatory response to allergens. Th2 
lymphocytes promote the allergic response by releasing IL-3, 
IL-4, IL-5 and other cytokines that promote IgE production, 
eosinophil chemoattraction and survival in tissues and mast cell 
recruitment.23 Cytokines released from Th2 lymphocytes and 
other cells may circulate to the hypothalamus and result in 
fatigue, malaise, irritability and neurocognitive deficits that are 
commonly noted in patients with allergic rhinitis. Cytokines 
produced during late-phase allergic responses can be reduced 
by glucocorticoids.24

Role of Th17 Cells
Recently, Th17 cells have been identified as an important regu-
lator of immune responses in allergic rhinitis. These cells 
produce IL-17A which increases the production of proinflam-
matory cytokines.25 After an allergic subject is challenged intra-
nasally with a relevant allergen repeatedly, the amount of 
allergen required to produce an immediate response decreases.26 
This effect is termed priming and is hypothesized to be a result 
of the influx of inflammatory cells that occurs during late-phase 
allergic responses, with IL-17A having a role in priming toward 
the development of immune responses against new allergens. 
This response is clinically significant because exposure to one 
relevant allergen may promote an exaggerated response to other 
allergens in a susceptible individual. The priming phenomenon 
highlights the need to fully identify the spectrum of allergens 
to which an individual patient reacts. Additionally, it empha-
sizes the need to intervene in the allergic cascade at an early 
time point via the prompt initiation of preseasonal, prophylac-
tic, antiinflammatory therapy.

CLASSIFICATION

Allergic rhinitis is classified as seasonal or perennial based on 
the timing and duration of allergen exposure. Overall, approxi-
mately 20% of all cases are strictly seasonal, 40% are perennial, 
and 40% are mixed (perennial with seasonal exacerbation).

SOCIOECONOMIC IMPACT

Because of the high prevalence of allergic rhinitis, impaired 
quality of life, costs of treatment and the presence of 
co-morbidities such as asthma, sinusitis and otitis media, it has 
a tremendous impact on society. The severity of allergic rhinitis 
ranges from mild to seriously debilitating. The cost of treating 
allergic rhinitis and indirect costs related to loss of workplace 
productivity resulting from the disease are significant and sub-
stantial. Allergic rhinitis was noted as the illness that caused the 
greatest loss of productivity in the workplace. The estimated 
cost of allergic rhinitis, based on direct and indirect costs, was 
approximately $11 billion for 2005, exclusive of costs for associ-
ated medical problems such as sinusitis and asthma.16 In chil-
dren with allergic rhinitis, the quality of life of both the parents 
and the child, including the ability to learn, may be affected.

Pathophysiology
Under normal conditions, the nasal mucosa quite efficiently 
humidifies and cleans inspired air. This is the result of orches-
trated interactions of local and humoral mediators of defense.17 
In allergic rhinitis, these mechanisms do not function  
appropriately and contribute to signs and symptoms of the 
disorder.18

COMPONENTS OF THE ALLERGIC RESPONSE

The tendency to develop IgE, mast cell and T helper cell type 2 
(Th2) lymphocyte immune responses is inherited by atopic 
individuals. Exposure to threshold concentrations of allergens 
for prolonged periods of time leads to the presentation of the 
allergen by antigen-presenting cells to CD4+ T lymphocytes, 
which then release interleukin (IL)-3, -4 and -5 and other Th2 
cytokines. These cytokines drive proinflammatory processes, 
such as IgE production, against these allergens through the 
mucosal infiltration and actions of plasma cells, mast cells and 
eosinophils. Once an individual becomes sensitized, subsequent 
exposures trigger a cascade of events that result in the symp-
toms of allergic rhinitis. The response in allergic rhinitis can be 
divided into two phases: the early-phase response and the late-
phase response.

Early Phase
During periods of continuous allergen exposure, increasing 
numbers of IgE-coated mast cells traverse the epithelium, rec-
ognize the mucosally deposited allergen, and degranulate.19 
Products of this degranulation include preformed mediators 
such as histamine, tryptase (mast cell-specific marker), chymase 
(connective tissue mast cells only), kininogenase (generates bra-
dykinin), heparin and other enzymes. In addition, mast cells 
secrete several inflammatory mediators de novo, including 
prostaglandin D2 and sulfidopeptidyl leukotrienes C4, D4 and 
E4. These mediators cause blood vessels to leak and produce the 
mucosal edema and watery rhinorrhea that are characteristic of 
allergic rhinitis. Glands secrete mucoglycoconjugates and anti-
microbial compounds and dilate blood vessels to cause sinusoi-
dal filling and thus occlusion and congestion of nasal air 
passages. These mediators also stimulate sensory nerves, which 
convey the sensation of nasal itch and congestion, and recruit 
systemic reflexes such as sneezing. These responses develop 
within minutes of allergen exposure and thus constitute the 
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Seasonal Allergic Rhinitis

Tree, grass and weed pollens and outdoor mold spores are 
common seasonal allergens. The symptoms typically appear 
during a defined season in which aeroallergens are abundant. 
The length of seasonal exposure to these allergens is dependent 
on geographic location. Therefore, familiarity with the pollinat-
ing season of the major trees, grasses and weeds of the locale 
makes the syndrome easier to diagnose.27 Certain outdoor mold 
spores also display seasonal variation with the highest levels in 
the summer and fall months.28

Typical symptoms during pollen exposure include the explo-
sive onset of profuse, watery rhinorrhea; nasal congestion and 
itching; and sneezing; along with frequent allergic symptoms of 
the eye. The onset and offset of symptoms usually track the 
seasonal pollen counts. However, hyperresponsiveness to irri-
tant triggers, which develops from the inflammatory reaction 
of the late phase and priming responses, often persists after 
cessation of the pollen season. Such triggers include tobacco 
smoke, noxious odors, changes in temperature, and exercise.

Perennial Allergic Rhinitis
Year-round exposure to dust mites, cockroaches, indoor molds 
and cat, dog and other danders leads to persistent tissue  
edema and infiltration with eosinophils, mast cells, Th2 lympho-
cytes and macrophages.29 Perennial allergic rhinitis can also be 
caused by pollen in areas where pollen is prevalent perennially.

A universally accepted definition of perennial rhinitis does 
not exist. Most often, it is defined as persisting for longer than 
9 months each year and producing two or more of the following 
symptoms: serous or seromucus hypersecretion, nasal blockage 
caused by a swollen nasal mucosa, and sneezing paroxysms. 
Nasal congestion and mucus production (postnasal drip) 
symptoms predominate in most patients, and sneezing, itching 
and watery rhinorrhea may be minimal.2 Because late-phase 
reactivity is commonly ongoing, it becomes difficult to distin-
guish early- from late-phase reactions, therefore the history of 
trigger factor exposure is often difficult to decipher.

Perennial Allergic Rhinitis with Seasonal 
Exacerbation
Symptoms of allergic rhinitis may also be perennial with sea-
sonal exacerbation, depending on the spectrum of allergen 
sensitivities.

Differential Diagnosis
The causes of rhinitis are summarized in Box 24-1.2 The most 
common form of nonallergic rhinitis in children is infectious 
rhinitis. The symptoms of allergic rhinitis are frequently con-
fused with those of infectious rhinitis when patients complain 
of a constant cold. Symptoms persisting longer than 2 weeks 
should prompt a search for a cause other than acute viral infec-
tion. If tests for atopy are negative, foreign body rhinitis should 
be considered in the differential diagnosis. In such cases, symp-
toms may be acute or chronic and unilateral or bilateral, and 
the nasal discharge may be bloodstained or foul smelling. Exac-
erbation of rhinitis symptoms with predominant, clear rhinor-
rhea in patients with a known history of allergic rhinitis may 
be difficult to diagnose. The difference between active infection 
and allergy should be noted. When the history or physical 
examination is not diagnostic, a nasal smear may be obtained 

From Skoner DP. J Allergy Clin Immunol 2001;108:S2–S8.

BOX 24-1 CAUSES OF RHINITIS

Allergic Rhinitis

Seasonal
Perennial
Perennial with seasonal exacerbation

Nonallergic Rhinitis

Structural/mechanical factors
Deviated septum/septal wall anomalies
Hypertrophic turbinates
Adenoidal hypertrophy
Foreign bodies
Nasal tumors

Benign
Malignant

Choanal atresia
Infectious

Acute
Chronic

Inflammatory/immunologic
Wegener granulomatosis
Sarcoidosis
Midline granuloma
Systemic lupus erythematosus
Sjögren’s syndrome
Nasal polyposis

Physiologic
Ciliary dyskinesia syndrome
Atrophic rhinitis
Hormonally induced

Hypothyroidism
Pregnancy
Oral contraceptives
Menstrual cycle
Exercise
Atrophic

Drug induced
Rhinitis medicamentosa
Oral contraceptives
Antihypertensive therapy
Aspirin
Nonsteroidal antiinflammatory drugs

Reflex induced
Gustatory rhinitis
Chemical or irritant induced
Posture reflexes
Nasal cycle

Environmental factors
Odors
Temperature
Weather/barometric pressure
Occupational

Nonallergic Rhinitis with Eosinophilia Syndrome
Perennial Nonallergic Rhinitis (Vasomotor Rhinitis)
Emotional Factors

to aid in differentiation. The presence of more than 5% eosino-
phils suggests allergic disease, whereas a predominance of neu-
trophils suggests infection.

Allergy, mucociliary disturbance and immune deficiency 
may predispose certain individuals to the development of 
chronic infection.30,31 Mucociliary abnormalities may be con-
genital, as in primary ciliary dyskinesia, Young syndrome or 
cystic fibrosis, or they may be secondary to infection.32,33 Simi-
larly, immune deficiency may be congenital or acquired.

Tumors or nasal polyps (Figure 24-1) as well as other condi-
tions (e.g. nasal septal deviation, adenoidal or nasal turbinate 
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be bilateral or unilateral and may alternate from side to side. It 
is generally more pronounced at night. With nasal obstruction, 
the patient is likely to be a mouth breather, and snoring can be 
a nocturnal symptom. As such, sleep disturbances and daytime 
tiredness or concentration problems may indicate the presence 
of an allergic disorder. With chronic disease, abnormalities of 
facial development, dental malocclusion and the allergic facies 
may ensue, with an open mouth and gaping habitus.

Older children blow their noses frequently, whereas younger 
children do not. Instead, they sniff, snort and repetitively clear 
their throats. Their voices may be abnormally hyponasal. Nasal 
pruritus may stimulate grimacing and twitching and picking of 
the nose. The latter may result in epistaxis. Children often have 
the allergic salute, an upward rubbing of the nose with the palm 
of the hand. This often produces an allergic nasal crease, which 
is an accentuated, horizontal skin fold over the lower third of 
the nose. Children with allergic rhinitis may also have recurrent 
sinusitis or otitis media, eczema or asthma. Patients may also 
complain of red, itchy eyes, along with itchy throat and ears. 
They may also lose their senses of smell and taste. Increased 
symptoms are frequently noted with increased exposure to the 
responsible allergen.

With development of the allergic reaction, clear nasal secre-
tions will be evident and the nasal mucous membranes will 
become edematous without much erythema. The mucosa 
appears boggy and blue-gray. With continued exposure to the 
allergen, the turbinates will appear swollen and can obstruct the 
nasal airway. Conjunctival edema, itching, tearing and hyper-
emia are frequent findings in patients with associated allergic 
conjunctivitis. Allergic rhinitis patients, particularly children 
with significant nasal obstruction and venous congestion, may 
also demonstrate edema and darkening of the tissues beneath 
the eyes. These ‘shiners’ are not pathognomonic for allergic 
rhinitis; they can also be seen in patients with chronic rhinitis 
and/or sinusitis.

In severe cases, especially during the peak pollen season, 
mucous membranes of the eyes, Eustachian tube, middle ear 
and paranasal sinuses may be involved. This produces conjunc-
tival irritation (itchy, watery eyes), redness and tearing, ear full-
ness and popping, itchy throat and pressure over the cheeks and 
forehead. Malaise, weakness and fatigue may also be present. 
The coincidence of other allergic syndromes, such as atopic 
eczema or asthma, and a positive family history of atopy point 
toward an allergic pathology. Approximately 20% of cases are 
accompanied by symptoms of asthma.4

hypertrophy) can produce nasal airway obstruction.34,35 Nasal 
polyps are common in children with cystic fibrosis but not in 
children with allergic rhinitis. Nasal septal deviation and nasal 
turbinate or adenoidal hypertrophy may block the flow of nasal 
secretions, leading to rhinorrhea or postnasal drip as well as 
causing nasal blockage. Reduced airflow through the nasal pas-
sages in infants may be caused by congenital choanal atresia. 
Refractory, clear rhinorrhea may be caused by cerebrospinal 
fluid leak, even in the absence of trauma or recent surgery.

Evaluation and Management
HISTORY AND PHYSICAL EXAMINATION

A careful history and physical examination are the most effec-
tive diagnostic tools for the identification of allergic rhinitis.2 
The key to accurate and timely diagnosis is a heightened aware-
ness of the condition and its potential co-morbidities. Allergic 
rhinitis in children is often undiagnosed or misdiagnosed as 
other disorders such as recurrent colds. To make an accurate 
and efficient diagnosis, the clinician must be knowledgeable 
about and attentive to the symptoms and signs of rhinitis, ask 
specific questions directed at the presence and cause of rhinitis 
symptoms at each well-child visit, and understand the differen-
tial diagnosis of allergic rhinitis in children2,36 (see Box 24-1). 
The clinician must be aware of the co-morbidities of allergic 
rhinitis (asthma, sinusitis, otitis media), pursue specific diag-
nostic tests when indicated, and often administer therapeutic 
trials of antiinflammatory medications.37,38

The signs and symptoms of allergic rhinitis are summarized 
in Box 24-2. Typical symptoms of allergic rhinitis include sneez-
ing, itching, clear rhinorrhea and congestion. Congestion may 

Figure 24-1  Appearance of nasal polyps on rhinoscopy. (Courtesy of 
Dr. Sylvan Stool, Department of Otolaryngology, Children’s Hospital, 
Denver, CO.)

BOX 24-2 SIGNS AND SYMPTOMS OF ALLERGIC 
RHINITIS

Itching of the nose, ears, palate or throat
Sneezing episodes
Thin, clear rhinorrhea
Nasal congestion
Sinus headache
Eustachian tube dysfunction
Mouth breathing or snoring
Chronic postnasal drip
Chronic, nonproductive cough
Frequent throat clearing
Sleep disturbance
Daytime fatigue
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assessment of the entire clinical picture. The current standard 
for the diagnosis of allergic disease remains the combination of 
(1) positive history, (2) the presence of specific IgE antibodies, 
and (3) demonstration that the symptoms are the result of IgE-
mediated inflammation.

Advances in diagnostic testing are currently evolving with 
the development of microarrayed recombinant allergens as well 
as molecular or component-resolved diagnostics. The availabil-
ity of these technologies is likely to change the future diagnostic 
landscape for allergic rhinitis. The major advantage of microar-
ray testing is potential incorporation of thousands of allergens 
that could be assayed in parallel with a very small amount of 
serum. Additionally, there is potential for greater resolution 
between clinical reactivity and asymptomatic sensitization with 
this platform. The major advantage of molecular or component-
resolved diagnostics is the use of individual allergen molecules 
instead of complex whole allergen extracts to specifically char-
acterize IgE specificity. These technologies are in their infancy 
and large studies will be needed to critically evaluate their diag-
nostic and prognostic value as compared to current testing 
modalities.

GUIDELINES FOR DIAGNOSIS AND 
MANAGEMENT

Strategies for the evaluation and management of allergic rhini-
tis are summarized in an algorithm compiled by the Joint Task 
Force on Practice Parameters in Allergy, Asthma and Immunol-
ogy1 (Figure 24-2). As outlined, the initial evaluation of a 
patient with rhinitis symptoms (e.g. rhinorrhea, nasal conges-
tion, sneezing, nasal pruritus, postnasal drainage and conjunc-
tivitis) should be performed by a primary care physician. The 
primary care physician should institute an appropriate thera-
peutic trial. Upon follow-up, the primary care physician should 
determine if the patient has responded to treatment and/or 
meets the criteria for consultation with an allergist as summa-
rized in Box 24-3. One of the primary purposes of a consulta-
tion with an allergist is the differential diagnosis of allergic 
rhinitis based on the combined results of a detailed medical 
history, physical examination of the airway, and ancillary tests, 
particularly skin tests.

Effective management of allergic rhinitis may require a com-
bination of aggressive avoidance measures, patient education 
regarding allergen avoidance and the administration of phar-
macologic therapy, allergen immunotherapy, management of 
co-existing conditions and adjustments in pharmacologic 
therapy. Cooperative follow-up is an essential part of the 

DIAGNOSTIC TESTS

Laboratory confirmation of the presence of IgE antibodies to 
specific allergens such as dust mites, pollens and animal dander 
is helpful in establishing a specific allergic diagnosis, especially 
if the history of specific allergen exposure is not clear cut. 
Although skin testing can be performed on any child of any age, 
children younger than 1 year may not display a positive reac-
tion. Often the child with seasonal respiratory allergy will not 
have a positive test until after two seasons of exposure. Clini-
cians should be selective in the use of allergens for skin testing 
and should use only common allergens of potential clinical 
importance. The most useful allergens for testing in the child 
with perennial inhalant allergy are dust mite, animal dander 
and fungi. Allergens important in the diagnosis of seasonal 
allergic rhinitis are weed, grass and tree pollen. Because there is 
a significant geographic specificity with regard to pollens, the 
importance of these seasonal allergens varies not only by season 
of the year but also by geographic distribution. Therefore aller-
gens used for skin testing must be individualized and should be 
selected on the basis of prevalence in the patient’s geographic 
area, as well as home and school environments.

There are two methods for specific IgE antibody testing: in 
vivo skin testing and in vitro serum testing. Each has advantages 
and disadvantages39 (Table 24-1). At the present time, properly 
performed skin tests are the best available method for detecting 
the presence of allergen-specific IgE. The skin prick, which is 
also called the puncture or epicutaneous skin test, is the preferred 
method of IgE antibody testing. In vitro tests are acceptable 
substitutes for skin tests in the following circumstances: (1) the 
patient has abnormal skin conditions such as dermatographism 
or extensive dermatitis; (2) the patient cannot or did not dis-
continue antihistamines or other interfering medications; (3) 
the patient is very allergic by history and anaphylaxis is a pos-
sible risk; and (4) the patient is noncompliant for skin testing. 
To avoid false-negative tests, most antihistamine medications 
should be withheld for 72 hours because antihistamines sup-
press the skin results.

Physicians must remember that positive tests for allergen-
specific IgE are not by themselves sufficient for a diagnosis of 
allergic disease. These tests only indicate the presence of IgE 
molecules with a particular immunologic specificity. A decision 
about whether the specific IgE antibodies are responsible for 
clinically apparent disease must be based on the physician’s 

Skin Test Serum Immunoassay

Less expensive No patient risk
Greater sensitivity Patient-doctor convenience
Wide allergen selection Not suppressed by antihistamines
Results available 

immediately
Results are quantitative

Preferable to skin testing in:
 Dermatographism
 Widespread dermatitis
 Uncooperative children

From Skoner DP. J Allergy Clin Immunol 2001;108:S2–S8.

TABLE 

24-1 

Comparison of In Vivo Skin Tests and In Vitro 
Serum IgE Antibody Immunoassay in Allergic 
Diagnosis

BOX 24-3 INDICATIONS FOR REFERRAL TO AN 
ALLERGIST/IMMUNOLOGIST

Prolonged history of rhinitis
Presence of complications or co-morbid conditions including 

asthma, otitis media, sinusitis and/or nasal polyposis
Prior systemic corticosteroid for the treatment of rhinitis
Treatment that is either ineffective or produces adverse events
Symptoms that significantly interfere with the patient’s func-

tional ability or reduce the quality of life
Diagnosis of rhinitis medicamentosa
Need to further define allergic/environmental triggers of 

rhinitis
Need for more education
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Figure 24-2  Algorithm  for  diagnosis  and  management  of  rhinitis. 
(Modified from Wallace DV, Dykewicz MS, Bernstein DI, et al. J Allergy 
Clin Immunol 2008;122:S1–S84.)

Patient with rhinitis symptoms

Confirm history of allergic rhinitis

Therapeutic trial for allergic rhinitis

Does the patient respond?

Allergy consult

History, allergy testing

Comprehensive
allergy management

Cooperative
follow-up

Follow-up, evaluate
consultation criteria

Yes No

successful management of allergic rhinitis and ideally includes 
the patient, the family and all healthcare providers. With the 
common goal of reducing symptoms and improving functional 
ability, all involved would cooperatively manage exacerbations 
and complications through the optimal use of environmental 
avoidance measures, medications and immunotherapy in 
appropriately selected patients. Periodic assessments and  
continued patient education should also be included in the 
follow-up protocol.

MANAGEMENT

Specific treatment options include environmental controls for 
allergen avoidance, pharmacotherapy and immunotherapy.  
In all cases, the primary goal of treatment is to control  
the symptoms and to improve the quality of life without  
altering the patient’s ability to function. A second but equally 
important goal is to prevent the development of sequelae of 
allergic rhinitis, including sinusitis, otitis media and asthma 
exacerbations.1,38

Environmental Control for Allergen Avoidance
Educating families about avoiding exposure to allergens is an 
essential part of the treatment of allergic rhinitis (Table 24-2). 
Unfortunately, the specific measures are often highly impracti-
cal; moreover, they may have negative psychosocial ramifica-
tions for children that should not be ignored. Avoiding outdoor 
sports in the springtime and banishing furred pets from the 

Allergens Control Measures

Dust mites Encase bedding in airtight covers
Wash bedding in water at temperatures 
>130°F

Remove wall-to-wall carpeting
Remove upholstered furniture

Animal dander Avoid furred pets
Keep animals out of patient’s bedroom

Cockroaches Control available food supply
Keep kitchen/bathroom surfaces dry and free 

of standing water
Professionally exterminate

Mold Destroy moisture-prone areas
Avoid high humidity in patient’s bedroom
Repair water leaks
Check basements, attics and crawl spaces for 

standing water and mold
Pollen Keep automobile and house windows closed

Control timing of outdoor exposure
Restrict camping, hiking and raking leaves
Drive in air-conditioned automobile
Air-condition the home
Install portable, high-efficiency particulate air 

filters

TABLE 

24-2 Environmental Control of Allergen Exposure

home, for example, may have adverse effects on children that 
range beyond allergen control. Nevertheless, families should be 
taught about the importance of environmental control mea-
sures and advised to adhere to them to the extent possible.1

Antihistamines
The Joint Task Force on Practice Parameters in Allergy, Asthma 
and Immunology previously published guidelines on the diag-
nosis and management of allergic rhinitis, and more recently 
the Allergic Rhinitis and its Impact on Asthma Guidelines were 
updated.40 Antihistamines are available in both oral and nasal 
formulations. The decision in choosing between an oral or nasal 
formulation is driven by a variety of factors including insurance 
coverage, side-effects and patient preference.

Three generations of oral antihistamines are available: the 
first-generation (sedating) antihistamines, which are available 
without prescription; the second-generation (hyposedating or 
nonsedating) agents, which are available without a prescription; 
and the third-generation (nonsedating metabolites of second-
generation agents), all of which require a prescription in the 
USA at this time (Table 24-3). Oral antihistamines act primarily 
by blocking the H1 receptor. The second- and third-generation 
agents have several advantages over the first-generation agents, 
including preferential binding to peripheral H1 receptors, which 
results in minimal penetration of the central nervous system; 
minimal antiserotonergic, anticholinergic and α-adrenergic 
blocking activities; and minimal sedative and performance-
impairing effects.41,42

As a general rule, oral antihistamines reduce symptoms of 
sneezing, pruritus and rhinorrhea but have little or no effect on 
nasal congestion. Consequently, a topical or oral decongestant 
may have to be added. Many antihistamine/decongestant for-
mulations are available. The major advantage of these combina-
tions is their convenience. Disadvantages are intolerance of the 
fixed dose of decongestant in certain patients and an inability 
to titrate each agent independently.41,42
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Patients should be educated about the appropriate use of 
oral antihistamines. For optimal results, oral antihistamines 
should be administered prophylactically (2–5 hours before 
allergen exposure) or on a regular basis if needed chronically. 
Although oral antihistamines are effective on an as-needed 
basis, these agents work best when they are administered in a 
maintenance fashion.41,42

Nasal antihistamines relieve sneezing, nasal itching, conges-
tion and postnasal drip. Additionally, they have some efficacy 
against nasal and sinus congestion. There are currently two 
second-generation formulations available in the USA including 
olopatadine, which is available by prescription only as a brand 
name product, and azelastine which is available by prescription 
only in brand name and generic products. Onset of action is 
within minutes and these are often administered on an 
as-needed basis. Side-effects of these products include a bitter 
taste, drowsiness and fatigue.41

Decongestants
Decongestants produce vasoconstriction within the nasal 
mucosa through α-adrenergic receptor activation and therefore 
are effective in relieving the symptoms of nasal obstruction. 
However, these agents have no effect on other symptoms such 
as rhinorrhea, pruritus or sneezing and may be most effective 
when used in combination with other agents, such as 
antihistamines.41,42

A number of decongestants are available for oral use, but the 
most commonly used decongestant is pseudoephedrine. The 
most common side-effects of oral decongestants are central 
nervous system (nervousness, insomnia, irritability, headache) 
and cardiovascular (palpitations, tachycardia) effects. In addi-
tion, these drugs may elevate blood pressure, raise intraocular 
pressure and aggravate urinary obstruction.41,42

Topical intranasal decongestants are sometimes used by 
patients with allergic rhinitis. However, when these agents are 
used for longer than 3 to 5 days, many patients experience 
rebound congestion after withdrawal of the drug. If patients 

Medication Formulations Recommended Dosage

Azelastine Nasal spray ≥12 yr: 2 sprays per 
nostril bid

5–11 yr: 1 spray per 
nostril bid

Cetirizine Tablets 5, 10 mg ≥12 yr: 10 mg qd
Syrup 5 mg/5 mL 6–11 yr: 5–10 mg qd

6 mo–5 yr: 5 mg qd
Desloratadine Tablets 5 mg ≥12 yr: 5 mg qd

Syrup 2.5 mg/5 mL 6–11 yr: 2.5 mg qd
1–5 yr: 1.25 mg qd
6–11 mo: 1 mg qd

Fexofenadine Capsules/tablets 30, 
60, 180 mg

≥12 yr: 60 mg bid or 
180 mg qd

Syrup 30 mg/5 mL 2–11 yr: 30 mg bid
Levocetirizine Tablets 5 mg ≥12 yr: 5 mg qd

Syrup 2.5 mg/5 mL 6–11 yr: 2.5 mg qd
Loratadine Tablets 10 mg ≥12 yr: 10 mg qd

Syrup 5 mg/5 mL 6–11 yr: 5–10 mg qd
2–5 yr: 5 mg qd

Olopatadine Nasal spray ≥12 yr: 2 sprays per 
nostril bid

TABLE 

24-3 Second- and Third-Generation Antihistamines

continue to use these medications over several months, a form 
of rhinitis, rhinitis medicamentosa, will develop, which can be 
difficult to treat effectively.41,42

Intranasal Corticosteroids
Topical intranasal corticosteroids represent the most efficacious 
agents for the treatment of allergic rhinitis and are useful in 
relieving symptoms of nasal pruritus, rhinorrhea, sneezing and 
congestion. These drugs exert their effects through multiple 
mechanisms, including vasoconstriction and reduction of 
edema, suppression of cytokine production and inhibition of 
inflammatory cell influx. Physiologically, prophylactic treat-
ment before nasal allergen challenge reduces both the early- and 
late-phase allergic responses.43

These agents work best when taken regularly on a daily basis 
or prophylactically in anticipation of an imminent pollen 
season. However, because of their rapid onset of action (within 
12–24 hours for many agents), there is increasing evidence that 
they may also be effective when used intermittently. A number 
of glucocorticoid compounds are available for intranasal use in 
both aerosol and aqueous formulations (Table 24-4). Although 
the topical potency of these agents varies widely, clinical trials 
have been unable to demonstrate significant differences in 
efficacy.44,45

The most important pharmacologic characteristic differen-
tiating these agents is systemic bioavailability. After intranasal 
administration, the majority of the dose is swallowed. Most of 
the available compounds, including beclomethasone dipropio-
nate, budesonide, flunisolide and triamcinolone acetonide, are 
absorbed readily from the gastrointestinal tract into the sys-
temic circulation and subsequently undergo significant first-
pass hepatic metabolism. The resulting bioavailabilities can be 
as high as 50%. However, fluticasone propionate, fluticasone 
furoate and mometasone furoate are not well absorbed through 
the gastrointestinal tract, and the small amount of drug that 
reaches the portal circulation is rapidly and thoroughly metab-
olized. The newest agent, ciclesonide, is administered as a 

Corticosteroid

Dose per 
Actuation 
(µg) Recommended Dosage

Beclomethasone 42 ≥6 yr: 168–336 µg/day bid
Budesonide 32 ≥12 yr: 64–256 µg/day qd

6–11 yr: 64–128 µg/day qd
Ciclesonide 50 ≥6 yr: 200 µg/day qd
Flunisolide 25 ≥14 yr: 200–400 µg/day bid

6–14 yr: 100–200 µg/day bid
Fluticasone furoate 27.5 >12 yr: 110 µg/day qd

2–11 yr: 55 µg/day qd
Fluticasone 

propionate
50 ≥4 yr: 100–200 µg/day qd

Mometasone 
furoate

50 ≥12 yr: 100–200 µg/day qd

2–11 yr: 100 µg/day qd
Triamcinolone 

acetonide
55 ≥12 yr: 110–220 µg/day qd

6–11 yr: 110 µg/day qd

Tran NP, Vickery J, Blaiss MS. Management of rhinitis: allergic and 
non-allergic. Allergy Asthma Immunol Res 2011;3:148–156.

TABLE 

24-4 Intranasal Corticosteroid Sprays
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prodrug and metabolized to a bioactive metabolite by esterases 
in the nasal mucosa. Ciclesonide has low oral bioavailability due 
to low gastrointestinal absorption and high first-pass metabo-
lism. The lower systemic availabilities of these newer agents may 
be most important in growing children and in patients who are 
already using inhaled corticosteroids for asthma. Nevertheless, 
there are no studies to document the comparative effects of 
nasal corticosteroids on growth and development at this 
time.46–49

Patients who use intranasal corticosteroids experience 
dryness and irritation of the nasal mucous membranes in 5% 
to 10% of mild cases and mild epistaxis in approximately 5%. 
For mild adverse events, the dose of intranasal corticosteroid 
may be reduced if tolerated, and/or saline nasal spray should be 
instilled before the drug is sprayed. Some patients who do not 
tolerate the administration of wet spray formulations may 
benefit by switching to newer dry aerosol formulations includ-
ing beclomethasone and ciclesonide.50

Combination Nasal Products
Recently, a combination product containing azelastine and 
fluticasone has been approved by the FDA for use in children 
older than 12 years.51 It has the advantage of delivering both an 
antihistamine and nasal steroid in one product and may subse-
quently improve compliance. This combination nasal product 
has been shown to improve symptoms of nasal congestion, 
rhinorrhea, itchy nose and sneezing when compared to treat-
ment with placebo or treatment with either an antihistamine or 
a nasal steroid. Adverse effects are similar to those listed for the 
individual drug components. In addition to azelastine/
fluticasone, several other combination products are currently 
under development.

Mast Cell Stabilizers
Mast cell stabilizers, such as cromolyn sodium, can be useful in 
relieving nasal pruritus, rhinorrhea and sneezing; however, they 
have minimal effects on congestion. Cromolyn sodium is gener-
ally well tolerated and is most efficacious when taken prophy-
lactically, well in advance of allergen exposure. In addition, 
because of its short duration of action, it should be taken 4 
times a day; as a result, compliance is difficult for many patients.

Ipratropium Bromide
Topical intranasal ipratropium bromide 0.03% and 0.06% solu-
tion reduces the volume of watery secretions but has little or no 
effect on other symptoms. Therefore this agent is most helpful 
in allergic rhinitis, when rhinorrhea is refractory to topical 
intranasal corticosteroids and/or antihistamines. The most 
common side-effects include nasal irritation, crusting and mild 
epistaxis. This drug can be helpful for blocking reflex-mediated 
rhinitis, profuse rhinorrhea that occurs after the ingestion of 
spicy foods or cold air exposure.1 It has not been well researched 
in the pediatric population.

Leukotriene Receptor Antagonists
These agents are effective in the treatment of seasonal and 
perennial allergic rhinitis.52–55 Because allergic rhinitis often 
co-exists with asthma, and montelukast is approved for both of 
these diagnoses, montelukast may be considered in such 
patients. It should also be considered in patients who are unre-
sponsive or noncompliant with intranasal corticosteroids. 
Montelukast has an excellent safety profile, is approved down 

to 6 months of age, and recently became available in generic 
formulations. An attractive attribute of this drug is that it is 
available as a once-daily oral formulation. Dosing is one 10 mg 
tablet daily for patients ≥14 years, one 5 mg chewable tablet 
daily for patients aged 6 to 13 years, and 4 mg daily (chewable 
tablet or granules) for children of 6 months to 5 years of age. 
Adverse effects are rare, with the most common complaints 
being headache or stomachache shortly after dosing.

Saline
Saline is of benefit in reducing symptoms and improving quality 
of life in some patients with allergic rhinitis. A recent study 
demonstrated that hypertonic saline was more effective than 
isotonic saline in improving outcomes.56 Various mechanisms 
of action, including improvement in mucociliary clearance, 
removal of allergen and inflammatory mediators and a protec-
tive effect on nasal mucosa, have been proposed but not con-
firmed. Side-effects are minimal and include local burning and 
irritation as well as nausea. Optimal delivery techniques, 
volumes, concentrations and dose frequency have not been 
established.

Allergen Immunotherapy
Specific allergen immunotherapy continues to be a useful and 
important treatment for many patients with severe allergic rhi-
nitis.57,58 Specific allergen immunotherapy has traditionally 
been administered via the subcutaneous route. In making the 
decision to prescribe subcutaneous immunotherapy, the clini-
cian should consider the positive and potentially negative effects 
of regular office visits for the administration of injections. If the 
decision is made to prescribe subcutaneous immunotherapy, it 
must be administered by a physician who is experienced in its 
use and whose office is set up to deal with the management of 
adverse allergic reactions, including anaphylaxis should this 
rare, untoward event occur.

Recently, several sublingual formulations for the treatment 
of grass and ragweed pollen allergy have received US Food and 
Drug Administration (FDA) approval.59–61 Other sublingual 
formulations, including but not limited to dust mite and cat, 
are currently under development in the USA. In controlled 
trials, this route of delivery appears to be safer with side-effects 
usually restricted to the upper airways and gastrointestinal 
tract. However, there are currently neither enough data nor 
experience with this delivery route to be certain of its safety. 
This is particularly true in patients with a history of anaphy-
laxis, eosinophilic esophagitis or uncontrolled asthma. When 
prescribing sublingual immunotherapy, the first dose must be 
administered in an allergy specialist’s office and the patient 
must be instructed on the signs and symptoms of anaphylaxis 
and the use of an epinephrine autoinjector and they must be 
discharged with an anaphylaxis action plan.

When administered to appropriately selected patients, either 
formulation of immunotherapy is effective in most cases.  
In addition to short-term benefits, recently published data 
suggest that the improvement in rhinitis symptoms persists  
for several years after the treatment is discontinued.62 Research 
performed during the past decade has demonstrated that  
allergen immunotherapy induces a state of allergen-specific  
T lymphocyte tolerance with a subsequent reduction in media-
tor release and tissue inflammation.63 Immunotherapy should 
be considered in patients who (1) do not respond to a com-
bination of environmental control measures and medications, 
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The Journal of Allergy and Clinical Immunology website 
(www.jacionline.org)

The Annals of Allergy, Asthma & Immunology website 
(www.annallergy.org)

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

(2) experience substantial side-effects with medications, (3) 
have symptoms for a significant portion of the year that require 
daily therapy, or (4) prefer long-term modulation of their aller-
gic symptoms.

Conclusions
Despite the high prevalence of allergic rhinitis in the pediatric 
population, this disease is often overlooked or undertreated. 
Untreated allergic rhinitis impairs the quality of life of the child 
and his or her parents. Accurate and timely diagnosis of allergic 
rhinitis in children relies on awareness of the symptoms and 
signs of the disease and its co-morbidities, including asthma, 
sinusitis and otitis media. Clinicians should understand the 
differential diagnosis of allergic rhinitis in children and pursue 
specific diagnostic testing when indicated. Treatment options 
include environmental controls and the use of intranasal corti-
costeroids, nonsedating antihistamines and immunotherapy. 
The key concepts of allergic rhinitis in children are summarized 
in Box 24-4.

Helpful Websites
The American Academy of Allergy, Asthma & Immunology 

website (www.aaaai.org)
The American College of Allergy, Asthma and Immunology 

website (www.acaai.org)

BOX 24-4 KEY CONCEPTS

Allergic Rhinitis

• Allergic rhinitis is one of the most common chronic disorders 
of childhood.

• Allergic rhinitis in children is an inflammatory airway disease.
• The distinction between allergic and nonallergic forms of rhi-

nitis is important in children.
• Treatment should be individualized, aggressive and targeted 

toward decreasing inflammation.
• Attention should be given to decreasing environmental expo-

sures (e.g. allergens, tobacco smoke) and the use of intranasal 
corticosteroids and nonsedating antihistamines.

• Intranasal steroids constitute very effective therapy for aller-
gic rhinitis and are safe despite a potential small drug-specific 
effect on growth rates.

• Allergic rhinitis in children may predispose to the develop-
ment of otitis media, sinusitis and asthma.
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KEY POINTS

• Otitis media remains an extremely common disorder; 
vaccination strategies are decreasing its incidence.

• Recent guidelines highlight the need for more careful 
diagnostic criteria.

• Initial treatment can include either initiation of antibiot-
ics or a period of observation, depending on patient age 
and severity of presentation.

• Frequent otitis media is a key feature of primary immune 
deficiency.

• Respiratory allergy contributes to chronic otitis media 
with effusion (OME), but more study is needed to fully 
define the impact of allergy on this common 
condition.

Introduction
Acute	 otitis	 media	 (AOM),	 and	 the	 related	 otitis	 media	 with	
effusion	(OME),	are	the	most	common	diseases	requiring	pedi-
atric	care	in	the	first	decade	of	life,	except	for	viral	upper	respi-
ratory	 infections.	 The	 costs	 of	 primary	 and	 specialty	 care,	 as	
well	as	the	indirect	costs	incurred	by	the	family,	are	enormous.	
In	 2013,	 estimates	 for	 the	 direct	 cost	 of	 treating	 otitis	 media	
(OM)	in	the	USA	totaled	$	2.88	billion,	not	including	indirect	
costs.1	Indirect	costs	incurred	by	families	(such	as	hours	of	work	
lost,	 transportation,	etc.)	may	equal	 the	direct	costs,	doubling	
the	financial	burden.2	There	have	been	significant	advances	in	
the	past	40	years	in	understanding	of	the	pathogenesis,	patho-
physiology	and	immunopathology	of	OM,	leading	to	a	decrease	
in	physician	visits	and	antibiotic	prescriptions	for	this	illness.3,4	
Improved	recognition,	a	willingness	to	observe	the	evolution	of	
less	 severe	 cases	 and	 widespread	 pneumococcal	 vaccination	
likely	have	contributed	to	this	improvement.	This	chapter	pro-
vides	 a	 review	 of	 the	 epidemiology,	 pathogenesis,	 Eustachian	
tube	(ET)	physiology	and	immunology	of	OM	as	well	as	medical	
and	 surgical	 therapies	 employed	 to	 treat	 it.	 It	 also	 provides	
information	on	the	potential	role	of	allergy	in	the	pathogenesis	
of	this	prevalent	condition.3

Definitions
OM	is	characterized	by	acute	or	chronic	 inflammation	of	 the	
middle	ear	(ME).5	AOM	is	typically	preceded	by	or	associated	
with	viral	upper	respiratory	tract	infections	(URTI);	up	to	37%	
of	viral	URTIs	may	be	complicated	by	OM.6	Persistent	OM	is	
defined	as	persistence	of	symptoms	and	signs	of	ME	infection	
despite	 antimicrobial	 therapy	 (i.e.	 treatment	 failure)	 and/or	 a	
relapse	 of	 AOM	 within	 1	 month	 of	 completion	 of	 antibiotic	

therapy.	When	 two	episodes	of	OM	occur	within	1	month,	 it	
may	be	difficult	to	distinguish	recurrence	of	AOM	from	persis-
tent	otitis	media	(relapse).	Recurrent	AOM	is	defined	as	having	
3	or	more	episodes	of	AOM	in	6	months	or	4	episodes	 in	12	
months	(Box	25-1).7

AOM	often	evolves	into	OME,	chronic	middle	ear	effusion	
(MEE)	without	signs	or	symptoms	of	acute	infection.	After	an	
episode	of	AOM,	60%	to	70%	of	children	have	OME	at	2	weeks,	
decreasing	to	40%	at	1	month	and	10%	to	25%	at	3	months.8	
Chronic	OME	is	defined	as	OM	lasting	for	12	weeks.	Children	
with	certain	sensory,	physical,	cognitive	and	behavioral	condi-
tions	 are	 particularly	 vulnerable	 to	 the	 hearing	 loss,	 speech,	
language	and	learning	problems	associated	with	OME.9

Epidemiology
The	peak	incidence	for	AOM	is	during	the	first	2	years	of	life,	
and	most	initial	cases	occur	between	6	and	12	months	of	age.7	
By	1	year	of	age	almost	50%	of	children	have	had	at	least	one	
episode	 of	AOM,10	 and	 two	 thirds	 by	 3	 years.	 Three	 or	 more	
episodes	of	OM	occur	in	10%	of	children	by	1	year	of	age	and	
in	33%	by	3	years	of	age.	Tos	and	colleagues	reported	a	point	
prevalence	of	OME	of	13%	during	 the	first	2	years	of	 life.	 In	
4-	to	6-year-old	children,	point	prevalence	decreased	to	7%	and	
then	 further	 decreased	 to	 2%	 to	 4%	 in	 8-	 to	 10-year-old	
children.11–13	Whereas	population-based	studies	in	the	USA	and	
Finland	 suggested	 that	 OM	 was	 increasing	 toward	 the	 end	 of	
the	 20th	 century,14,15	 changes	 in	 healthcare	 systems,	 access	 to	
care,	patterns	of	using	 services	 and	awareness	of	OM	may	be	
partially	 responsible	 for	 these	 increases.16	The	widespread	use	
of	pneumococcal	vaccination	appears	to	play	a	positive	role	in	
reducing	 the	 overall	 incidence	 of	 acute	 OM	 and	 subsequent	
complications,	 although	 the	 effect	 appears	 to	 be	 restricted	 to	
early	infancy.3,17

Multiple	 factors	 increase	 the	 risk	 of	 OM	 in	 children.	 The	
best-defined	risk	factor	in	the	development	of	AOM	is	a	preced-
ing	 viral	 URTI.	A	 prospective	 cohort	 study	 by	Wald	 and	 col-
leagues	reported	 that	25%	to	40%	of	URTIs	 in	children	 from	
birth	 to	 3	 years	 of	 age	 were	 accompanied	 by	 an	 episode	 of	
AOM,18	most	commonly	under	1	year	of	age.

Universally,	 males	 are	 affected	 more	 than	 females.	 Indige-
nous	 populations,	 such	 as	 North	 American	 Indians,	 native	
Canadians	and	Polynesian	children,	have	a	much	higher	 inci-
dence	 than	 white	 children.19	 Compared	 with	 bottle-feeding,	
breastfeeding	for	at	least	6	months	is	associated	with	a	decreased	
risk	 of	 acute	 otitis	 or	 recurrent	 otitis	 during	 the	 first	 year	 of	
life.20	This	protective	effect	on	both	the	frequency	of	URTIs	and	
the	resultant	AOM	may	not	be	seen	with	shorter	durations	of	
breastfeeding.21–23	Cigarette	smoking	by	the	parents,	especially	
the	mother,	is	a	significant	risk	factor	for	AOM	during	the	first	
year	 of	 life.24	 Children	 whose	 parents	 or	 siblings	 have	 had	 a	
history	of	chronic	otitis	have	a	higher	incidence	than	those	with	
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BOX 25-1 CLASSIFICATION OF OTITIS MEDIA

Acute otitis media
Recurrent acute otitis media
Persistent acute otitis media
Otitis media with effusion
Chronic otitis media with effusion

BOX 25-2 RISK FACTORS FOR OTITIS MEDIA

ENVIRONMENTAL FACTORS

Viral upper respiratory tract infection
Daycare attendance
Cigarette smoke (passive)
Low socioeconomic status
Environmental pollution

HOST FACTORS

Male gender
Genetic predisposition
Premature birth
Not breastfed
Supine bottle-feeding
Immune deficiency (primary and secondary)
Craniofacial abnormalities
Eustachian tube dysfunction
Cilia dysfunction
Allergic rhinitis

no	family	history.10	A	cohort	study	of	2,512	children	in	Finland	
concluded	that,	while	family	size,	low	socioeconomic	status	and	
cigarette	 smoking	 were	 all	 individually	 correlated	 with	 an	
increased	risk	of	recurrent	AOM,	they	were	all	interdependent	
variables.	The	association	of	these	factors	with	AOM	was	best	
accounted	for	by	the	strong	correlation	with	attendance	at	large	
(≥	20	 children)	 daycare	 centers	 as	 well	 as	 short	 duration	 of	
breastfeeding.25	 A	 study	 of	 175	 sets	 of	 twins	 and	 triplets	 fol-
lowed	from	birth	indicated	a	genetic	component	to	susceptibil-
ity	to	AOM.	The	estimate	of	discordance	of	AOM	in	monozygotic	
twins	 was	 0.04	 compared	 with	 0.49	 in	 dizygotic	 twins		
(P	<	 .005).26	Numerous	studies	confirm	an	augmented	risk	of	
AOM,	recurrent	otitis	media	(ROM)	and	OME	as	the	number	
of	 children	 in	 the	 childcare	 setting	 increases.27	 Other	 factors	
such	 as	 preterm	 birth	 and	 greater	 number	 of	 siblings	 in	 the	
household	also	increased	a	child’s	risk	of	AOM.7	Specific	condi-
tions	 such	 as	 Down’s	 syndrome,	 craniofacial	 anomalies,28,29	
ciliary	 dyskinesia	 syndromes	 and	 primary	 and	 secondary	
immune	deficiency	syndromes30–32	are	associated	with	increased	
risks	of	AOM	(Box	25-2).

Using	 tympanometry,	 Mandel	 and	 Casselbrant	 found	 that	
asymptomatic	 OME	 is	 relatively	 frequent	 in	 daycare	 settings,	
especially	in	the	winter	months.	Repeated	evaluations	indicated	
that	 many	 cases	 resolved	 spontaneously	 without	 therapy	 and	
effusions	 could	 persist	 for	 up	 to	 6	 months	 without	 overt	
symptoms.33

Whether	allergy	predisposes	children	to	AOM	and	OME	is	
an	 area	 of	 controversy.34	 Scandinavian	 and	 US	 studies	 have	
shown	that,	during	the	first	3	years	of	life,	there	is	no	association	
between	AOM	and	allergic	disease.35	Allergy	is	cited	as	a	poten-
tial	risk	factor	for	OME,	especially	in	children	needing	surgical	
intervention.	 Early	 clinical	 studies	 suffered	 from	 significant	
methodologic	 limitations	 such	 as	 lack	 of	 control	 groups	 or	

unclear	definitions	of	allergy.	For	example,	one	 study	of	 chil-
dren	 with	 chronic	 OM	 referred	 for	 placement	 of	 ventilation	
tubes	 found	that	approximately	half	 the	children	had	positive	
allergy	skin	tests	or	increased	serum	immunoglobulin	E	(IgE)	
antibodies	to	specific	allergens.	However,	there	was	no	compari-
son	to	normal	controls,	nor	was	it	clear	whether	these	children	
had	 clinical	 allergies	 or	 asymptomatic	 sensitization.36–38	 More	
recent	studies	have	used	prospective	birth	cohorts	to	examine	
the	risk	of	OME	in	children	with	allergic	disease.	The	COPASC	
cohort	from	Copenhagen	found	little	effect	of	allergic	rhinitis	
on	OME	in	early	 life,	but	a	strong	correlation	at	age	6.39	This	
was	 not	 only	 due	 to	 obstruction,	 but	 potentially	 to	 effects	 of	
Th2	 inflammation.	 The	 LISA	 cohort	 from	 Germany	 found	
similar	associations	at	age	6.	They	also	examined	 if	early	OM	
predicted	onset	of	allergic	disease;	they	found	positive	correla-
tions	 for	 late-onset	 atopic	 eczema	 and	 asthma,	 but	 not	 for		
allergic	rhinitis.40	Several	in	vitro	studies	substantiate	a	patho-
physiologic	link	between	allergy	and	OME.34

No	 association	 between	 OM	 and	 food	 ingestion	 has	 been	
found.	A	large	unblinded	trial	showed	some	efficacy	of	elimina-
tion	diets	 in	OME.41	One	study	suggested	a	 link	between	IgE-
mediated	cow’s	milk	allergy	and	recurrent	otitis	media,	however	
the	effect	could	be	completely	accounted	for	by	the	presence	of	
respiratory	 allergies	 in	 these	 children.42	 There	 has	 been	 little	
progress	and	no	significant	peer-reviewed	studies	in	this	area	in	
the	past	decade.

Pathophysiology
STRUCTURE AND FUNCTION

Otitis	media	is	a	disease	of	the	upper	respiratory	tract.	Ventila-
tion	of	the	ME	is	accomplished	via	the	ET	from	the	posterior	
nasopharynx.	Middle	ear	effusions	 in	children	are	most	often	
related	to	abnormal	ET	function.	The	ET	provides	an	anatomic	
communication	 between	 the	 nasopharynx	 and	 the	 ME.	 Like	
mucosa	 elsewhere	 in	 the	 respiratory	 tract,	 the	 ET	 lining	 con-
tains	 mucus-producing	 cells,	 ciliated	 cells,	 plasma	 cells	 and	
mast	 cells.43	 Unlike	 the	 bronchial	 tree,	 the	 ET	 is	 usually	 col-
lapsed	and	thus	closed	to	the	nasopharynx	and	its	contents.	The	
ET,	 like	 the	 bronchi,	 serves	 several	 physiologic	 functions.	 It	
protects	the	ME	from	nasopharyngeal	secretions,	drains	secre-
tions	produced	within	the	ME	into	the	nasopharynx,	ventilates	
the	ME	to	equilibrate	pressures	and	replenishes	oxygen	in	the	
ME.	In	normal	tubal	function,	intermittent	opening	of	the	ET	
maintains	 near-ambient	 pressure	 in	 the	 ME	 cavity.	 It	 is	 sus-
pected	that	in	cases	in	which	active	swallowing	is	inadequate	to	
overcome	 tubal	 resistance,	 the	 tube	 remains	 persistently	 col-
lapsed,	 resulting	 in	 progressively	 negative	 ME	 pressure.	 This	
abnormal	pressure	appears	to	be	common	in	children.	Periodic	
or	 persistently	 high	 negative	 pressure	 may	 be	 pathologic	 and	
associated	with	abnormal	ET	function	and	may	lead	to	AOM.

EUSTACHIAN TUBE OBSTRUCTION

Two	types	of	ET	obstruction,	mechanical	and	functional,	could	
result	in	acute	or	chronic	OME	(Box	25-3).	Intrinsic	mechanical	
obstruction	 may	 result	 from	 inflammation	 of	 infection	 or	
allergy,	whereas	extrinsic	obstruction	may	result	from	enlarged	
adenoids	or,	in	rare	instances,	nasopharyngeal	tumors.	Experi-
mentally,	 allergic	 rhinitis	 provoked	 in	 patients	 with	 a	 history		
of	 allergy	 has	 been	 associated	 with	 the	 development	 of	 ET	
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novel,	 potentially	 highly	 important	 contribution	 of	 animal	
models	 is	 the	discovery	of	genes	 that	may	predispose	 to	OM.	
Genetic	work	has	identified	the	key	role	of	innate	immunity	in	
the	inflammatory	response	of	the	ME.	It	is	well	recognized	that,	
in	 addition	 to	 humoral	 immune	 defects,	 subtle	 defects	 in	
mucosal	 immunity	 such	 as	 mannose	 binding	 ligand	 defects	
render	children	more	susceptible	to	OM.	Using	murine	models,	
a	 crucial	 role	 for	 proteins	 in	 the	 Toll	 receptor	 pathways	 was	
identified.60–62	MyD-88	signaling	may	also	be	crucial	for	defense	
against	bacterial	pathogens	in	AOM.54,60	Indeed,	defects	in	che-
mokines	 such	 as	 IL-8,	 MCP-1	 and	 CCL3,	 which	 play	 integral	
roles	 in	 promoting	 early	 neutrophilic	 inflammation,63–65	 can	
predispose	animals	 to	AOM.66	 In	contrast,	deleting	CCR5	can	
ameliorate	the	severity	of	bacterial	OM.57

The	role	of	mast	cells	and	innate	immune	responses	in	AOM	
has	been	the	subject	of	multiple	studies.	Mast	cells,	as	primarily	
mucosal	leukocytes,	are	the	most	common	hematopoietic	cells	
found	 in	 the	normal	ME,	 including	 the	 lining	of	 the	ME,	ET	
and	the	TM.	This	has	led	to	a	focus	on	allergy	in	the	pathogen-
esis	of	otitis.	However,	it	is	unlikely	that	the	primary	role	of	the	
mast	cell	in	OM	is	via	its	ability	to	bind	IgE	on	FcεR1,	but	rather	
its	role	in	binding	IgG	via	Fc	gamma	receptors.	In	cKit	knockout	
mice,	which	are	unable	to	produce	mast	cells,	infection	induced	
into	the	ME	did	not	cause	 inflammation,	mucosal	changes	or	
remodeling	found	in	mast	cell	sufficient	mice	or	cKit	knockout	
mice	 that	 had	 received	 infusions	 of	 normal	 mast	 cells.67	 ME	
fluid	 harbors	 mast	 cell	 mediators	 in	 both	 acute	 and	 chronic	
models	of	OM,	underlining	the	role	of	mast	cells	in	the	normal	
host	response	against	bacteria.68

Another	major	advantage	of	 the	expanding	role	of	murine	
models	is	the	ability	to	detect	new	genes	that	may	predispose	to	
OM.	Defects	that	affect	the	development	of	ET	and	ME	include	
mutations	in	the	transcription	factor	EVI1	and	the	eyes	absent	
homolog	 Eya1.69–71	 A	 mouse	 model	 of	 deafness	 known	 to	
develop	 chronic	 suppurative	 OM,	 Jeff,	 carries	 a	 mutation	 in		
an	 F-box	 gene,	 Fbxo11,	 predisposing	 to	 development	 of	
cleft	 palate.72–74	 Even	 well-known	 genetic	 syndromes	 such	 as	
DiGeorge/velocardiofacial	syndrome	have	been	advanced	in	the	
study	of	OM	pathogenesis	by	murine	models.75	This	is	comple-
mented	by	genome	wide	association	studies	in	several	cohorts	
of	 human	 subjects	 that	 identified	 predisposing	 single	 nucleo-
tide	polymorphisms	in	innate	immune	pathways	such	as	IL-1β	
and	CXC3R1.76,77

Etiology
ACUTE OTITIS MEDIA AND OTITIS MEDIA  
WITH EFFUSION

Bacteria	 are	 found	 in	 approximately	 60%	 to	 70%	 of	 children	
with	AOM	who	undergo	tympanocentesis.78	Historically,	Strep-
tococcus pneumoniae,	Moraxella catarrhalis	and	nontypable	H. 
influenzae	 were	 the	 predominant	 causative	 bacteria	 in	 AOM.	
Group	A	β-hemolytic	Streptococcus, Staphylococcus aureus	and,	
more	rarely,	anaerobes,	account	for	a	minority	of	cases.	Viruses	
alone	are	 recovered	 from	ME	fluid	 in	about	15%	of	cases.79,80	
Since	the	routine	institution	of	the	heptavalent	pneumococcal	
conjugate	 vaccine	 (PCV7),	 the	 microbiology	 of	 AOM	 has	
changed	 (Table	 25-1).	 About	 50%	 of	 children	 requiring		
myringotomy	for	AOM	refractory	to	second-line	antimicrobial	
treatment	 had	 positive	 cultures,	 most	 growing	 organisms		
such	 as	 S. pneumoniae,	 Staph. aureus	 and	 coagulase	 negative	

obstruction.44	A	persistent	collapse	of	the	ET	during	swallowing	
may	 result	 in	 functional	 obstruction,	 which	 appears	 to	 be	
related	 to	 increased	 tubal	 compliance,	 an	 inefficient,	 active	
opening	mechanism	by	the	tensor	veli	palatine	muscle,	or	both.	
The	 angulation	 of	 the	 craniofacial	 base	 changes	 with	 age,	
improving	the	tensor	veli	palatine	muscle	after	puberty.	Addi-
tionally,	 in	 infants	 and	 younger	 children	 the	 cartilaginous	
support	of	the	ET	is	less	robust.19,45

Pathogenesis
A	role	for	ET	dysfunction	in	the	pathogenesis	of	AOM	during	
a	viral	URTI	is	supported	by	multiple	clinical	and	experimental	
studies.	 Studies	 reported	 tubal	 dysfunction	 in	 children	 and	
adults	with	natural	viral	URTI,46	experimental	 infection47	and	
animal	models.48

Rhinovirus	infection	results	in	significant	increases	in	nasal	
inflammation,	impaired	tubal	function	and	abnormal	ME	pres-
sures	in	more	than	40%	of	subjects,	and	asymptomatic	OM	in	
approximately	2%	of	subjects.47	These	events	occurred	sequen-
tially	and	in	descending	frequency,	supporting	a	causal	pathway.	
This	pattern	occurred	in	infection	with	rhinovirus,	influenza	A	
virus,	and	coxsackievirus	A	and	 influenza.49,50	 In	 the	majority,	
OM	 was	 asymptomatic	 with	 experimental	 infection	 and	 the	
recovered	effusion	was	negative	by	culture	for	viruses	and	bac-
teria	but	positive	for	influenza	A	and	Streptococcus pneumoniae	
by	 polymerase	 chain	 reaction	 (PCR).51	 The	 inflammatory	
response	to	acute	infection	is	a	key	part	of	the	pathophysiology	
of	the	disease.	Using	a	murine	model	of	ME	and	H. influenzae	
infection,	 Ryan	 and	 colleagues	 documented	 that	 ME	 mucosa	
rapidly	 undergoes	 hypertrophy	 and	 within	 24	 hours	 exhibits	
edema,	 mucosal	 thickening	 and	 lymphocytic	 infiltrate.52	 This	
progressed	 over	 a	 5-	 to	 7-day	 period	 and	 resolved.	 Similar	
pathology	was	noted	in	larger	animal	models	of	AOM,	includ-
ing	rats,	guinea	pigs	and	chinchillas.48	Middle	ear	effusions	were	
accompanied	 by	 inflammatory	 cytokines,	 including	 TNF-α,	
IL-1,	 IL-8,	 IL-10	 and	 IL-6,	 which	 diminished	 over	 48	 to	 72	
hours.53,54	 The	 inflammatory	 infiltrate	 was	 potentiated	 by	
chemokines	 produced	 in	 the	 infectious	 response.	 What	 is	
lacking	 in	 the	 animal	 models	 of	 acute	 OM	 are	 experiments	
mimicking	both	early	viral	 infection	and	subsequent	bacterial	
superinfection	 characteristic	 in	 humans.	 Most	 models	 induce	
OM	 via	 introduction	 of	 bacteria	 to	 the	 ME	 via	 the	 tympanic	
membrane	(TM)	or	the	bulla	(i.e.	the	ME	in	mice).	While	this	
duplicates	 the	 pathogens	 found	 within	 ME	 fluid	 in	 AOM,		
it	 does	 not	 completely	 mimic	 AOM	 pathogenesis.	 A	 small	
number	of	models	have	employed	co-exposure	to	viruses	and	
bacteria,	 primarily	 to	 assess	 therapeutic	 approaches.55–59	 A	

BOX 25-3 TYPES OF EUSTACHIAN TUBE 
OBSTRUCTION

Mechanical obstruction
Intrinsic

Infectious inflammation
Allergic inflammation

Extrinsic (peritubular)
Adenoidal hypertrophy
Nasopharyngeal tumor

Functional obstruction
Poor tensor veli palatini muscle function
Increased tubal compliance
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lymphocytes,	and	IL-4+	and	IL-5+	cells	on	immunohistochem-
istry	compared	with	the	nonatopic	group,	and	a	trend	toward	
higher	mast	cells	and	basophils.	Nonatopics	had	higher	IFN-γ+	
cells.90	Th2	cells	and	cytokines	were	found	in	ME	fluid	in	atopic	
children	and	in	biopsy	specimens	from	adenoid	tissue	and	the	
torus	 tubarius,	 demonstrating	 a	 strong	 correlation	 between	
allergic	inflammation	in	MEE	and	the	upper	airway.91,92	A	UK	
study	with	an	incidence	of	atopy	of	7%	defined	four	groups	of	
children	with	OME	based	on	their	MEE	infiltrate	and	cytokine	
profiles.87,93	Two	groups	were	predominantly	Th1	(subacute	and	
chronic),	one	had	Th1-Th2	overlap,	and	one	was	strongly	Th2.	
A	 strong	 correlation	 between	 mucin	 production	 and	 the	 Th2	
cytokines	IL-4	and	IL-13	was	observed.

Diagnosis of Otitis Media
ACUTE OTITIS MEDIA

The	 American	 Academy	 of	 Pediatrics	 (AAP)	 and	 American	
Academy	of	Family	Physicians	released	clinical	practice	guide-
lines	in	2013	outlining	the	diagnosis	of	AOM.7	The	guidelines	
stipulate	 three	 criteria	 that	 must	 be	 fulfilled.	 There	 must	 be	
acute,	 abrupt	 onset	 of	 signs	 and	 symptoms	 of	 AOM	 such	 as	
otalgia,	 otorrhea,	 irritability	 and	 fever.	 There	 also	 must	 be	 a	
documented	MEE.	One	can	document	this	on	examination	of	
the	ME	by	noting	one	of	the	following:	a	bulging	TM,	an	air-
fluid	level	behind	the	TM,	otorrhea,	or	limited	TM	mobility	on	
tympanometry,	pneumatic	otoscopy	or	acoustic	reflectometry.	
The	patient	must	also	have	signs	or	symptoms	of	inflammation	
in	 the	 ME,	 such	 as	 distinct	 erythema	 of	 the	 TM.	 However,	
crying	and/or	fever	can	both	result	in	an	erythematous	TM.94,95	
The	diagnosis	of	AOM	is	often	difficult	in	infants	who	are	too	
young	to	clearly	express	themselves.	They	often	have	co-existing	
viral	URTI,	and	it	is	often	a	challenge	to	clear	the	external	ear	
canal	of	 cerumen.	The	ultimate	management	of	 the	 infant	or	
child	will	differ	depending	on	the	physician’s	degree	of	certainty	
of	the	diagnosis	of	AOM.	The	most	recent	guidelines	also	dif-
ferentiate	between	children	who	are	under	24	months	and	older	
children	and	classify	AOM	as	mild,	moderate	or	severe,	based	
on	 visualization	 of	 the	 tympanic	 membrane	 and	 pneumatic	
otoscopy.7	These	stricter	criteria	may	assist	in	decreasing	unnec-
essary	antibiotic	prescriptions.

CHRONIC OTITIS MEDIA WITH EFFUSION

The	AAP,	American	Academy	of	Family	Physicians,	and	Ameri-
can	Academy	of	Otolaryngology	and	Head	and	Neck	Surgery	
developed	clinical	practice	guidelines	describing	the	diagnosis	
and	 management	 of	 OME	 in	 children.7	 According	 to	 these	
evidence-based	guidelines,	during	follow-up	of	all	children	with	
OME,	 it	 is	 important	 to	 document	 the	 laterality,	 duration	 of	
effusion	and	presence	and	severity	of	any	associated	symptoms	
at	each	clinical	assessment.	The	presence	of	OME	can	be	con-
firmed	by	a	 combination	of	visual	 inspection,	 tympanometry	
and	 pneumatic	 otoscopy.	 Children	 at	 ‘high	 risk’	 for	 develop-
ment	 of	 speech,	 language	 or	 learning	 problems	 as	 a	 result	 of	
MEE	 causing	 hearing	 loss	 should	 be	 promptly	 evaluated	 and	
may	need	more	timely	surgical	intervention	than	low-risk	chil-
dren.	A	low-risk	child	with	OME	can	be	managed	with	watchful	
waiting	for	3	months	from	the	onset	of	the	effusion	(if	known),	
or	from	the	date	of	diagnosis.	All	children	with	OME	lasting	>	3	
months	should	have	a	hearing	test	and	be	reexamined	at	3-	to	

Staphylococcus.81	Finnish	and	US	trials	have	demonstrated	that	
PCV7	 has	 resulted	 in	 a	 6%	 overall	 reduction	 in	 the	 clinical	
incidence	 of	AOM82	 which	 may	 diminish	 ROM	 and	 the	 need	
for	 tympanostomy	 tube	 placement.83,84	 The	 majority	 of	 the	
effect	 is	 in	 younger	 children,	 while	 children	 who	 were	 vacci-
nated	later	in	life	had	less	effect	from	PC7.17	Studies	with	more	
extensive	 vaccine	 coverage	 will	 be	 highly	 instructive	 in	 deter-
mining	if	there	is	a	broader	effect;	in	terms	of	healthcare	dollars,	
5%	to	6%	difference	has	significant	impact.17

Penicillin-resistant	 S. pneumoniae	 is	 a	 significant	 clinical	
problem	 and	 is	 found	 in	 up	 to	 two	 thirds	 of	 pneumococcal	
isolates.85	Approximately	50%	of	H. influenzae	and	90%	of	M. 
catarrhalis	strains	produce	β-lactamase,	making	them	resistant	
to	 amoxicillin.	Additionally,	 while	 antibiotic	 prescriptions	 for	
AOM	 have	 decreased	 somewhat,	 there	 is	 an	 increase	 in	 treat-
ment	of	OM	with	broad-spectrum	antibiotics	including	single-
dose	 third-generation	 cephalosporins.	 This	 may	 well	 impact	
antibiotic	resistance	patterns.86

Previously	 it	 had	 been	 assumed,	 incorrectly,	 that	 chronic	
middle	ear	fluid	(MEF)	effusions	were	sterile.	In	several	studies,	
about	50%	of	the	chronic,	persistent	ME	effusions	had	positive	
cultures	 for	 bacteria	 whose	 microbiology	 was	 similar	 to	 that	
found	in	acute	otitis.

Mediators of Allergy and Otitis 
Media with Effusion
Studies	have	focussed	on	analysis	of	the	inflammatory	infiltrate	
found	in	MEEs	from	OME.	There	is	no	uniform	infiltrate;	both	
Th1	and	Th2	inflammation	have	been	found	in	analyses	of	ME	
fluid.87	 MEEs	 with	 infiltrates	 characteristic	 of	 allergic	 inflam-
mation	have	been	studied	 in	detail.	Eosinophilia	and	proteins	
derived	 from	 eosinophil	 degranulation	 are	 unique	 features	 of	
ME	disease	in	allergic	patients.88	Statistically	significant	differ-
ences	in	major	basic	protein	and	IL-5	mRNA	were	found	in	ME	
biopsy	specimens,	suggesting	both	eosinophil	recruitment	and	
degranulation	 in	 the	 ME.	 Elevated	 levels	 of	 IL-4,	 mast	 cell-
derived	 tryptase,	 eosinophilic	 cationic	 protein	 and	 RANTES	
(regulated	 upon	 activation	 normal	 T	 cell-expressed	 and	
secreted)	 were	 all	 found	 in	 higher	 concentration	 in	 children	
with	atopic	backgrounds	compared	with	nonatopic	children.89

Using	 a	 cohort	 of	 75	 children	 skin	 tested	 prior	 to	 surgery		
for	OME,	Sobol	and	colleagues90	and	Nguyen	and	colleagues91,92	
studied	 cellular	 components	 and	 cytokine	 expression	 in		
MEEs	 of	 patients	 undergoing	 tympanostomy	 tube	 insertion.	
The	incidence	of	atopy	(positive	skin	tests	to	at	least	one	of	12	
common	 allergens)	 in	 these	 three	 studies	 was	 24%	 to	 30%.	
Atopic	children	had	significantly	higher	levels	of	eosinophils,	T	

Bacteria Percentage

Haemophilus influenzae 51
Streptococcus pneumoniae 38
Moraxella catarrhalis 12
Staphylococcus aureus 5
Two pathogens 12
No growth 30

TABLE 

25-1 
Bacteria Cultured from Middle Ear Effusion 
Tympanocentesis of Acute Otitis Media
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a	 correlation	 between	 exposure	 to	 a	 particular	 allergen	 and	
clinical	symptoms.	Total	serum	IgE	levels	are	not	useful,	as	they	
do	not	define	specific	allergen	sensitivities.

DIAGNOSTIC TECHNIQUES

Physical Findings
Otoscopic	 inspection	 requires	 visualization	 of	 the	 TM.	 The	
normal	 TM	 is	 thin,	 translucent,	 neutrally	 positioned	 and	
mobile.	The	bony	ossicles,	particularly	the	malleus,	are	generally	
visible	through	the	TM.	Adequate	assessment	requires	that	the	
physician	 take	 note	 of	 the	 TM’s	 thickness,	 degree	 of	 translu-
cency,	position	and	its	mobility	to	applied	pressure.	A	bulging	
eardrum	and	air	bubbles	or	air-fluid	levels	indicate	the	presence	
of	excessive	ME	fluid	and	document	effusion.	Various	degrees	
of	 bulging	 may	 assist	 in	 better	 classifying	 the	 severity	 of	 the	
illness,	whereas	hyperemia	and	erythema	alone	without	fluid	or	
indications	of	pressure	changes	are	much	less	sensitive	indica-
tors.7	The	ear	canal	may	be	filled	with	pus	which,	when	removed,	
will	 usually	 reveal	 an	 inflamed	 TM	 with	 perforation	 (Figure	
25-2).

Children	with	AOM	may	also	have	co-existent	sinusitis	as	a	
complication	of	a	viral	URTI.	It	is	also	important	to	be	aware	

6-month	 intervals	until	 the	effusion	 is	no	 longer	present,	 sig-
nificant	hearing	loss	is	identified	or	structural	abnormalities	of	
the	eardrum	or	ME	are	suspected9,95	(Figure	25-1).

CHRONIC OTITIS MEDIA AND ALLERGY

Some	children	presenting	with	OM	have	associated	rhinitis.	If	
chronic,	 it	 is	 important	 to	 determine	 whether	 this	 rhinitis	 is	
infectious	 or	 allergic.	 Prolonged,	 perennial	 or	 recurrent	 sea-
sonal	 rhinitis	 with	 itching	 and	 sneezing	 suggests	 an	 allergic	
basis,	as	does	co-existent	allergic	conjunctivitis.	A	family	history	
of	allergy	and/or	a	personal	history	of	atopic	dermatitis,	allergic	
asthma	and	food	allergies	also	raise	clinical	suspicion	of	allergic	
rhinitis.

It	is	advisable	that	children	with	persistent	OME	be	screened	
for	 allergic	 rhinitis	 by	 taking	 a	 clinical	 history	 addressing		
symptoms,	signs	and	timing	for	allergic	rhinitis.	If	this	is	sus-
pected,	these	children	should	be	referred	to	a	specialist	in	allergy	
for	 further	 evaluation	 and	 investigations.39	 Skin	 prick	 testing	
is	preferred	to	serologic	anti-IgE	antibody	tests	for	the	detection	
of	 IgE	 antibodies	 to	 specific	 inhalant	 allergens	 because	 of		
the	increased	clinical	sensitivity	and	lower	cost.	For	either	test	
result	 to	 be	 considered	 clinically	 relevant	 there	 must	 be	

Figure 25-1  Algorithm for management of otitis media with effusion. (Modified from Mandel EM, Casselbrant ML. Acute otitis media in decision 
making. In: Alper CM, Myers EN, Eibling DE, editors. Ear, nose, and throat disorders. Philadelphia: WB Saunders; 2001.)
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DIAGNOSIS OF IMMUNODEFICIENCY 
SYNDROMES

The	 possibility	 of	 an	 immunodeficiency	 syndrome	 should	 be	
considered	 if	 a	 child	 has	 an	 increased	 susceptibility	 to	 infec-
tions.	 One	 consensus	 statement	 suggests	 that	 eight	 or	 more	
diagnosed	 episodes	 of	 AOM	 should	 raise	 suspicion	 for	 an	
underlying	 immunodeficiency.	 The	 combination	 of	 multiple	
episodes	of	AOM,	accompanied	by	recurrent	sinusitis,	pneumo-
nia	or	other	infections,	warrants	a	formal	immunologic	assess-
ment	(see	www.info4pi.org).

The	initial	laboratory	tests	performed	should	include	a	com-
plete	blood	count	and	leukocyte	differential	to	ensure	that	there	
is	 no	 underlying	 lymphopenia	 or	 neutropenia.	 Defects	 of	
humoral	immunity	most	often	present	with	recurrent	oto-sino-
pulmonary	 infections.103	 Thus,	 the	 quantification	 of	 serum	
immunoglobulins	including	IgG,	IgA,	IgM	and	IgE	is	indicated.	
It	 is	 also	 mandatory	 to	 assess	 the	 child’s	 response	 to	 vaccines	
(diphtheria,	 tetanus,	 H. influenzae	 type	 B, Pneumococcus)	 to	
determine	the	child’s	capacity	 to	mount	an	 immune	response	
and	sustain	 immunologic	memory.104,105	 If	 the	 initial	work-up	
is	unremarkable,	but	one	still	suspects	an	underlying	immuno-
deficiency,	second-line	investigations	can	be	considered.	Defects	
in	the	innate	barrier	system,	such	as	inner	ear	malformations,	
implanted	 foreign	 bodies,	 cystic	 fibrosis	 and	 primary	 ciliary	
dyskinesia,	can	all	lead	to	recurrent	AOM.	B	and	T	lymphocyte	
enumeration	 by	 flow	 cytometry	 or	 lymphocyte	 proliferation	
assay	may	also	be	 indicated.	While	recurrent	AOM	is	unlikely	
to	 be	 the	 only	 presenting	 symptom	 of	 an	 early-component	
complement	 deficiency,	 depending	 on	 associated	 clinical	 fea-
tures,	levels	of	C3,	C4,	mannose	binding	ligand	and	total	hemo-
lytic	complement	can	be	measured.106	Less	common	conditions	
that	 can	 also	 predispose	 to	 recurrent	 oto-sino-pulmonary	
infections	include	specific	polysaccharide	antibody	deficiency105	
and	IRAK-4	deficiency	(a	defect	in	signaling	through	Toll-like	
receptors).107,108	 A	 large	 variety	 of	 B	 cell	 defects	 have	 been	
recently	characterized	genetically,	and	recurrent	ear	and	sinus	
infections	are	important	components	of	these	humoral	immune	
defects.109	Defects	in	cell-mediated	immunity,	both	primary	and	
secondary	(such	as	HIV),	can	also	predispose	patients	to	have	
recurrent	AOM.

Treatment
ACUTE OTITIS MEDIA

The	therapy	for	AOM	is	outlined	in	Figure	25-3.	If	there	are	no	
potential	 or	 documented	 complications,	 the	 initial	 manage-
ment	consists	of	treating	associated	pain	and	deciding	if	anti-
biotics	are	indicated.	Several	meta-analyses	have	found	that	OM	
resolves	without	antibiotics	in	80%	of	children	over	2	years	old	
and	 in	 30%	 of	 children	 younger	 than	 2	 years	 of	 age.110,111	 In	
children	under	the	age	of	2,	two	large	placebo-controlled	trials	
of	 amoxicillin-clavulanate	 or	 placebo	 clearly	 demonstrated	
more	rapid	resolution	and	decrease	of	symptoms	with	antibiot-
ics	 compared	 to	 placebo.112,113	 Thus,	 the	 decision	 to	 institute	
therapy	 or	 continue	 observation	 is	 clearly	 dependent	 on	 age,	
and	 these	 studies	 and	 others	 led	 to	 modifications	 of	 recent	
guidelines.

Antibiotics	 should	 continue	 to	 be	 provided	 as	 first-line	
therapy	 for	 children	 with	 clear	 visual	 signs	 of	 otitis	 media,	
moderate	 or	 severe	 otalgia	 and	 fever	 ≥	39°C.	 An	 AAP	

of	 more	 severe,	 acute	 complications	 of	 AOM.	 These	 include	
co-existent	mastoiditis,	meningitis,	brain	abscess,	sepsis	and/or	
bacteremia.	These	complications	are	more	likely	to	arise	in	chil-
dren	 with	 underlying	 ME	 malformations,	 cochlear	 implants	
and	 immunodeficiency.	 One	 long-term	 complication	 of	
neglected	 otitis	 with	 recurrent	 inflammation	 is	 the	 develop-
ment	of	a	cholesteatoma,	a	cyst-like	mass	with	a	lining	of	strati-
fied	 squamous	 epithelium	 filled	 with	 desquamating	 debris,	
which	can	predispose	to	infectious	complications	and	hearing	
loss.	Other	long-term	complications	include	hearing	loss,	tym-
panosclerosis	and	vestibular	problems.96

Pneumatic Otoscopy
Clinicians	 should	 use	 pneumatic	 otoscopy	 as	 a	 diagnostic	
method	for	OME.7,97	A	meta-analysis	showed	that,	when	done	
by	 trained	 observers,	 pneumatic	 otoscopy	 has	 a	 sensitivity	 of	
87%	and	specificity	of	74%.98	Choosing	the	correct	size	of	spec-
ulum	to	fit	the	patient’s	ear	canal	and	obtaining	a	good	pneu-
matic	 seal	 during	 an	 otoscopic	 examination	 both	 help	 to	
ascertain	the	motility	of	the	tympanic	membrane.	The	loss	of	
normal	movement	of	the	eardrum	during	the	gentle	application	
of	air	pressure	via	a	hand-held	bulb	indicates	a	loss	of	compli-
ance	of	the	eardrum.	This	may	be	seen	with	either	an	ME	effu-
sion	 or	 increased	 stiffness	 from	 scarring	 or	 thickening	 of	 an	
inflamed	eardrum.

Tympanometry
When	otoscopic	findings	are	unclear	or	otoscopy	is	difficult	to	
perform,	 tympanometry	 can	 be	 useful	 in	 evaluating	 children	
older	 than	 4	 months.99	 This	 instrument,	 which	 measures	 the	
compliance	 of	 the	 eardrum	 as	 well	 as	 ME	 pressure,	 is	 also	
helpful	in	clinical	practice	in	confirming	the	diagnosis	of	OME.	
Unlike	pneumatic	otoscopy,	which	requires	clinicians	to	be	spe-
cifically	 trained	 in	order	 for	 it	 to	be	an	accurate	 tool,	 tympa-
nometry	 is	 technically	 straightforward	 with	 better	 diagnostic	
accuracy.9

Audiogram
An	audiogram	to	evaluate	for	conductive	hearing	deficit	is	nec-
essary	 for	 the	 management	 of	 recurrent	 and	 chronic	 OME.	
OME	is	most	often	associated	with	conductive	hearing	loss	of	
about	25	to	30	dB,	directly	attributable	to	the	effects	of	fluid	in	
the	ME.100–102

Figure 25-2  Demonstration of acute otitis media with effusion. 

http://www.info4pi.org
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According	to	treatment	guidelines,	the	majority	of	children	
with	AOM	 who	 require	 antibiotics	 should	 receive	 amoxicillin	
80–90	mg/kg/day	+	Clavulanic	Acid	6.4	mg/kg//day.	Amoxicil-
lin	is	considered	first-line	therapy	because	it	covers	strains	of	S. 
pneumoniae	that	are	both	sensitive	and	intermediately	resistant	
to	penicillin	and	it	has	a	narrow	microbiologic	spectrum.	High-
dose	 amoxicillin-clavulanate	 (80–90	mg/kg/day)	 is	 preferred	
for	 severe	 illness	 (moderate	 to	 severe	 otalgia	 and/or	 fever	
>	39°C)	in	order	to	cover	β-lactamase-producing	H. influenzae	
and	M. catarrhalis.	In	penicillin-allergic	patients,	azithromycin,	
clarithromycin	or	trimethoprim-sulfamethoxazole	are	potential	
alternatives.	A	recent	practice	parameter	from	the	Joint	Council	
of	Allergy,	Asthma	and	Immunology	stated	that	‘cephalosporin	
treatment	of	patients	with	a	history	of	penicillin	allergy,	select-
ing	out	those	with	severe	reaction	histories,	show	a	reaction	rate	
of	 0.1%’.	 They	 recommend	 a	 cephalosporin	 in	 cases	 without	
severe	 and/or	 recent	 penicillin	 allergy	 reaction	 history	 when	
skin	test	is	not	available.115

Antimicrobials	should	be	prescribed	for	10	days	in	children	
younger	than	6	years	and	for	5	to	7	days	in	children	over	6	years	
of	age.7

In	 the	 event	 of	 no	 clinical	 improvement	 within	 48	 to	 72	
hours,	 the	child	should	be	re-evaluated.	The	physician	should	

subcommittee	review	recommended	that	selected	patients	can	
be	 managed	 with	 ‘observation	 only’	 providing	 pain	 control	
without	 antibacterial	 treatment	 for	 48	 hours,	 in	 consultation	
with	the	caregiver,	and	as	long	as	follow-up	is	ensured.	This	is	
not	an	option	 in	patients	with	known	or	suspected	 immuno-
deficiencies,	 infants	under	6	months	of	age	and	children	pre-
senting	 with	 severe	 disease	 (moderate-severe	 otalgia	 or	 fever	
>	39°C).	This	option	can	be	considered	for	children	older	than	
2	years	of	age	without	severe	disease	or	uncertain	diagnosis.	For	
children	 aged	 6	 to	 24	 months	 with	 an	 uncertain	 diagnosis	 of	
AOM	 and	 non-severe	 disease,	 observation	 can	 be	 considered	
only	if	good	follow-up	is	ensured,	otherwise	antibiotic	therapy	
may	 be	 preferable.7	 If	 symptoms	 worsen	 on	 follow-up,	 the	
patient	should	then	be	treated	with	antibiotics.

In	keeping	with	the	findings	of	Hoberman	and	Tahtinen,112,113	
a	 large	 meta-analysis	 found	 that	 if	 a	 child	 is	 younger	 than	 2	
years	of	age	with	bilateral	acute	OM,	they	are	more	likely	to	‘fail’	
the	‘observation	only’	option	and	eventually	require	antibiotics.	
In	 this	 trial	 55%	 of	 children	 in	 the	 ‘observation	 only’	 group	
versus	30%	of	children	treated	initially	with	antibiotics	still	had	
pain,	fever	or	both	on	days	3	to	7	after	diagnosis114	There	does	
not	 appear	 to	 be	 an	 increase	 in	 severe	 complications	 such	 as	
mastoiditis,	bacteremia	or	meningitis	with	this	approach.

Figure 25-3  Algorithm for management of acute otitis media. 
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systemic	 steroids	 largely	 outweigh	 any	 potential	 short-term	
benefits.119

There	 are	 no	 placebo-controlled	 trials	 that	 document	 the	
efficacy	of	immunotherapy	for	reducing	the	frequency	or	pro-
moting	 the	 resolution	 of	 OME.	 Recently,	 a	 community-based	
ENT	practice	examined	the	effect	of	treating	patients	who	war-
ranted	pressure	equalization	(PE)	tubes	for	OME	with	immu-
notherapy.	Although	 this	 study	 strongly	 supported	 the	 use	 of	
immunotherapy	in	the	treatment	of	subjects	with	OME,	there	
were	methodologic	problems	with	the	evaluation	and	treatment	
of	the	subjects.120	Similar	methodologic	issues	were	found	in	an	
older	pediatric	otolaryngologic	study.121

In	 some	 cases	 of	 OME,	 surgical	 management	 is	 indicated.	
The	 surgical	 management	 of	 OME	 includes	 the	 insertion	 of	
tympanostomy	tubes,	also	known	as	ventilation	tubes	or	pres-
sure	equalization	(PE)	tubes,	to	promote	drainage	of	persistent	
unresolved	 effusions	 and	 improve	 hearing.	 According	 to	 the	
AAP	 guidelines	 on	 management	 of	 OME,	 the	 indications	 for	
consultation	 with	 an	 otolaryngologist	 to	 consider	 insertion		
of	 tympanostomy	 tubes	 include	 OME	 lasting	 4	 months	 or	
longer	with	persistent	hearing	loss,	recurrent	or	persistent	OME	
in	 high-risk	 children	 regardless	 of	 hearing	 status,	 and	 OME	
associated	with	structural	damage	to	the	TM	or	ME.	The	deci-
sion	of	whether	or	not	 to	proceed	 to	 surgery	 should	be	 indi-
vidualized.	Children	with	OME	of	any	duration	who	are	at	‘high	
risk’	of	language	delay	are	candidates	for	earlier	surgery.8	Other	
plausible	 indications	 for	 referral	 include	 the	 following:	 (1)	
appropriate	 medical	 management	 has	 not	 been	 successful		
in	 alleviating	 the	 OME;	 (2)	 recurrent	 OME	 (three	 or	 more	
episodes	 in	 the	 preceding	 6	 months);	 (3)	 OME	 persisting	 for	
more	 than	 6	 months;	 (4)	 documented	 persistent	 conductive	
hearing	loss.94

There	continues	to	be	a	great	deal	of	controversy	regarding	
the	 indications	 for	PE	tube	placement	 in	children	with	OME.	
One	must	weigh	the	benefits	of	PE	tube	placement	against	the	
risks	 of	 surgery,	 including	 mortality	 with	 anesthesia	 and	 TM	
perforation.	While	PE	tubes	decrease	by	about	half	the	number	
of	days	per	year	that	children	have	OME,	hearing	improves	only	
minimally	(about	10	dB).100	A	third	of	children	have	relapse	of	
OME	after	their	PE	tubes	fall	out,	and	later	require	repeated	PE	
tube	 placement.	 Furthermore,	 low-risk	 children	 with	 long-
standing	 OME	 and	 hearing	 loss	 derived	 no	 benefit	 from	 the	
insertion	of	PE	 tubes,	and	only	one	RCT	has	 shown	minimal	
improvement	 with	 PE	 tube	 placement	 in	 children	 with	 OME	
and	 hearing	 loss	 that	 resulted	 in	 disruptions	 of	 speech,	 lan-
guage,	learning	or	behavior.100,122

Conclusions
Otitis	 media	 is	 a	 multifactorial	 illness	 that	 affects	 many	 chil-
dren.	It	may	be	an	acute,	chronic	or	recurrent	disease.	The	roles	
of	 infection,	 ET	 obstruction,	 allergy	 and	 host	 defense	 defects	
have	 been	 delineated.	 Infection	 and	 ET	 obstruction	 are	 the	
principal	contributing	factors	in	acute	OM.	However,	in	a	child	
who	has	clinically	significant	allergic	rhinitis,	the	role	of	allergy	
in	 chronic	 or	 recurrent	 OM	 cannot	 be	 ignored.	 Clinicians	
should	 be	 diligent	 about	 using	 the	 available	 tools	 and	 most	
recent	 evidence-based	 techniques	when	diagnosing	AOM	and	
OME,	and	not	hesitate	to	involve	consultants	such	as	allergist-
immunologists,	 otolaryngologist	 and	 audiologists	 when	 clini-
cally	indicated.	In	treating	patients	with	OM,	being	mindful	of	
indications	 for	 treatment,	 considering	 the	 adverse	 effects		

ensure	that	the	patient	does	not	present	signs	of	complications	
of	AOM	and	reassess	if	the	patient	still	meets	diagnostic	criteria	
for	 AOM.	 If	 the	 diagnosis	 of	 AOM	 is	 maintained,	 and	 the	
patient	was	initially	observed,	antibiotics	should	be	prescribed.	
A	patient	initially	treated	with	amoxicillin	should	be	switched	
to	 amoxicillin-clavulanate.	 If	 the	 patient	 fails	 to	 respond	 to	
second-line	 antibiotics,	 one	 to	 three	 daily	 doses	 of	 parenteral	
ceftriaxone	may	be	given.	If	this	too	fails,	therapeutic	and	diag-
nostic	 tympanocentesis	 should	 be	 done.	A	 culture	 of	 the	 ME	
fluid	 can	 help	 tailor	 antimicrobial	 therapy.	 In	 the	 case	 of	
penicillin-allergic	patients,	clindamycin	is	the	optimal	second-
line	therapy.	When	a	patient	has	had	an	episode	of	AOM	in	the	
previous	30	days,	a	second-line	antibiotic	should	be	prescribed	
initially	 because	 the	 causative	 organism	 is	 more	 likely	 to	 be	
penicillin	 resistant.	 When	 symptoms	 of	 the	 acute	 infection	
improve,	the	patient	should	be	scheduled	for	follow-up	in	4	to	
6	 weeks	 to	 determine	 if	 OME	 persists.	 If	 OME	 is	 present	 at	
follow-up,	 the	 clinician	 should	 consider	 follow-up,	 audiology	
testing	and,	if	necessary,	tympanostomy	on	a	case-by-case	basis	
(see	Figure	25-3).

Antimicrobial	prophylaxis	 for	 recurrent	acute	OM,	usually	
with	 trimethoprim-sulfamethoxazole,	 has	 demonstrated	 effi-
cacy,	 but	 because	 of	 the	 problem	 of	 increased	 bacterial	 resis-
tance,	 this	 therapy	should	be	 limited	to	selected	cases.103	Data	
from	a	recent	Cochrane	review	do	not	support	the	use	of	decon-
gestant	 treatment	 in	 children	 with	 AOM,	 given	 the	 lack	 of	
benefit	and	increased	risk	of	side-effects.116

OTITIS MEDIA WITH EFFUSION

OME	may	be	a	complication	of	AOM	or	it	may	be	detected	as	
an	occult	condition	without	previous	signs	or	symptoms	of	an	
infection.	 OME	 is	 frequently	 asymptomatic	 but	 may	 cause	 a	
hearing	loss	or	balance	disturbance.117	If	the	patient	is	identified	
as	not	at	‘high	risk’	of	suffering	language	or	developmental	delay	
as	a	result	of	hearing	loss	secondary	to	OME,	the	OME	has	been	
present	for	less	than	3	months,	and	the	patient	is	asymptomatic,	
then	the	patient	should	be	re-examined	at	4	to	6	weeks	to	deter-
mine	 whether	 the	 effusion	 has	 resolved.	 An	 effusion	 that		
persists	 for	 longer	 than	 3	 months	 should	 prompt	 a	 hearing	
evaluation	with	audiometry.	A	normal	audiogram	 for	at	 least	
one	 ear	 is	 reassuring	 and	 the	 patient	 can	 then	 be	 rechecked	
periodically.	This	watchful	waiting	strategy	is	employed	because	
up	to	90%	of	OME	will	resolve	spontaneously	after	3	months.94	
Children	should	have	scheduled	pediatric	follow-up	every	3	to	
6	 months,	 verifying	 if	 hearing	 is	 normal	 and	 the	 tympanic	
membrane	 examination	 free	 of	 pathology	 such	 as	 retraction	
pockets,	 atelectasis	or	cholesteatoma.	Children	with	moderate	
(>	40	dB)	hearing	 loss	should	be	referred	for	consideration	of	
surgery,	whereas	 low-risk	children	with	mild	hearing	 loss	 can	
continue	to	be	observed	with	close	follow-up	and	strategies	to	
optimize	 hearing,	 such	 as	 minimizing	 background	 noise	 and	
standing	close	to	the	child	when	speaking.102

In	patients	with	OME	in	whom	persistent	nasal	obstruction	
is	documented,	allergy	should	be	considered.	If	allergic	rhinitis	
is	documented	in	association	with	OME,	management	should	
include	 intranasal	 corticosteroids	 and	 avoidance	 of	 offending	
allergens.	Antihistamine	therapy	and	decongestants	alone	have	
been	 proven	 to	 be	 ineffective	 for	 OME	 in	 multiple	 meta-
analyses,116	 as	 have	 antibiotics	 for	 treatment	 of	 asymptomatic	
OME.118	Oral	 steroids	are	not	 recommended	 for	 the	manage-
ment	 of	 chronic	 OME	 or	 recurrent	 OM,	 and	 the	 risks	 of	



	 25  Otitis Media 227

of	 various	 therapies,	 treating	 associated	 co-morbidities,	 and	
identifying	 children	 at	 risk	 for	 language	 delays	 reduce	 the	
healthcare	 costs	 as	 well	 as	 increasing	 the	 wellbeing	 of	 these	
children	(Box	25-4).
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BOX 25-4 KEY CONCEPTS

Otitis Media

• Acute otitis media, a frequent multifactorial illness of early 
childhood, can evolve into a chronic otitis media with effusion 
associated with obstruction of the Eustachian tube.

• Viral upper respiratory infection often precedes acute otitis 
media, with bacteria cultured in 70% of patients with acute otitis 
media and 50% of patients with otitis media with effusion.

• Chronic otitis media with effusion of more than 3 months’ 
duration promotes a conductive hearing deficit with potential 
resultant speech pathology.

• Increased frequency of bacterial resistance to antibiotics 
requires judicious selection of antibiotics without excessive use.

• Epidemiologic and experimental studies suggest a role for 
allergic rhinitis in the patient with chronic otitis media with 
effusion and nasal obstruction but not in acute otitis media.

KEY REFERENCES

7.	 Lieberthal	 AS,	 Carroll	 AE,	 Chonmaitree	 T,	
Ganiats	 TG,	 Hoberman	A,	 Jackson	 MA,	 et	al.	
The	diagnosis	and	management	of	acute	otitis	
media.	Pediatrics	2013;131:e964–99.

8.	 Rosenfeld	 RM,	 Kay	 D.	 Natural	 history	 of	
untreated	 otitis	 media.	 Laryngoscope	 2003;	
113:1645–57.

17.	 Fortanier	 AC,	 Venekamp	 RP,	 Boonacker	 CW,	
Hak	 E,	 Schilder	AG,	 Sanders	 EA,	 et	al.	 Pneu-
mococcal	 conjugate	 vaccines	 for	 preventing	
otitis	 media.	 Cochrane	 Database	 Syst	 Rev	
2014;4:CD001480.

34.	 Lack	 G,	 Caulfield	 H,	 Penagos	 M.	 The	 link	
between	otitis	media	with	effusion	and	allergy:	
a	 potential	 role	 for	 intranasal	 corticoste-
roids.	 Pediatr	 Allergy	 Immunol	 2011;22:258–	
66.

45.	 Bluestone	 CD.	 Impact	 of	 evolution	 on	 the	
eustachian	 tube.	 Laryngoscope	 2008;118:	
522–7.

59.	 Li	 JD,	 Hermansson	 A,	 Ryan	 AF,	 Bakaletz	 LO,	
Brown	 SD,	 Cheeseman	 MT,	 et	al.	 Panel	 4:	
Recent	 advances	 in	 otitis	 media	 in	 molecular	
biology,	 biochemistry,	 genetics,	 and	 animal	
models.	 Otolaryngol	 Head	 Neck	 Surg	 2013;	
148(Suppl.	4):E52–63.

77.	 Nokso-Koivisto	J,	Chonmaitree	T,	Jennings	K,	
Matalon	R,	Block	S,	Patel	 JA.	Polymorphisms	
of	 immunity	genes	and	susceptibility	to	otitis	
media	in	children.	PLoS	ONE	2014;9:e93930.

86.	 Hawker	 JI,	 Smith	 S,	 Smith	 GE,	 Morbey	 R,	
Johnson	AP,	Fleming	DM,	et	al.	Trends	in	anti-
biotic	prescribing	 in	primary	care	 for	 clinical	
syndromes	 subject	 to	 national	 recommenda-

tions	to	reduce	antibiotic	resistance,	UK	1995–
2011:	 analysis	 of	 a	 large	 database	 of	 primary	
care	 consultations.	 J	 Antimicrob	 Chemo	ther	
2014;39:3423–30.

89.	 Tewfik	TL,	Mazer	B.	The	links	between	allergy	
and	otitis	media	with	effusion.	Curr	Opin	Oto-
laryngol	Head	Neck	Surg	2006;14:187–90.

102.	 Marchisio	 P,	 Chonmaitree	 T,	 Leibovitz	 E,	
Lieberthal	A,	Lous	J,	Mandel	E,	et	al.	Panel	7:	
Treatment	 and	 comparative	 effectiveness	
research.	 Otolaryngol	 Head	 Neck	 Surg	 2013;	
148(Suppl.	4):E102–21.

109.	 Bousfiha	 AA,	 Jeddane	 L,	 Ailal	 F,	 Al	 Herz	 W,	
Conley	 ME,	 Cunningham-Rundles	 C,	 et	al.	A	
phenotypic	 approach	 for	 IUIS	 PID	 classifica-
tion	and	diagnosis:	guidelines	for	clinicians	at	
the	bedside.	J	Clin	Immunol	2013;33:1078–87.

http://www.expertconsult.inkling.com
http://www.expertconsult.inkling.com


	 25  Otitis Media 227.e1

REFERENCES
1.	 Ahmed	S,	Shapiro	NL,	Bhattacharyya	N.	Incre-

mental	 health	 care	 utilization	 and	 costs	 for	
acute	 otitis	 media	 in	 children.	 Laryngoscope	
2014;124:301–5.

2.	 Capra	AM,	Lieu	TA,	Black	SB,	Shinefield	HR,	
Martin	KE,	Klein	JO.	Costs	of	otitis	media	in	a	
managed	care	population.	Pediatr	Infect	Dis	J	
2000;19:354–5.

3.	 Grijalva	 CG.	 Decrease	 in	 antibiotic	 use,	 an	
added	 benefit	 of	 PCVs.	 Lancet	 Infect	 Dis	
2014;14:175–7.

4.	 Grijalva	CG,	Nuorti	JP,	Griffin	MR.	Antibiotic	
prescription	 rates	 for	 acute	 respiratory	 tract	
infections	 in	 US	 ambulatory	 settings.	 JAMA	
2009;302:758–66.

5.	 Revai	K,	Dobbs	LA,	Nair	S,	Patel	JA,	Grady	JJ,	
Chonmaitree	T.	Incidence	of	acute	otitis	media	
and	 sinusitis	 complicating	 upper	 respiratory	
tract	 infection:	 the	 effect	 of	 age.	 Pediatrics	
2007;119:e1408–12.

6.	 Winther	B,	Doyle	WJ,	Alper	CM.	A	high	preva-
lence	of	new	onset	otitis	media	during	parent	
diagnosed	common	colds.	Int	J	Pediatr	Otorhi-
nolaryngol	2006;70:1725–30.

7.	 Lieberthal	 AS,	 Carroll	 AE,	 Chonmaitree	 T,	
Ganiats	 TG,	 Hoberman	A,	 Jackson	 MA,	 et	al.	
The	diagnosis	and	management	of	acute	otitis	
media.	Pediatrics	2013;131:e964–99.

8.	 Rosenfeld	 RM,	 Kay	 D.	 Natural	 history	 of	
untreated	otitis	media.	Laryngoscope	2003;113:	
1645–57.

9.	 Rosenfeld	RM,	Culpepper	L,	Doyle	KJ,	Grund-
fast	KM,	Hoberman	A,	Kenna	MA,	et	al.	Clini-
cal	 practice	 guideline:	 Otitis	 media	 with	
effusion.	 Otolaryngol	 Head	 Neck	 Surg	 2004;	
130(Suppl.	5):S95–118.

10.	 Teele	DW,	Klein	JO,	Rosner	B.	Epidemiology	of	
otitis	media	during	the	first	seven	years	of	life	
in	 children	 in	 greater	 Boston:	 a	 prospective,	
cohort	study.	J	Infect	Dis	1989;160:83–94.

11.	 Stangerup	 SE,	 Tos	 M.	 Epidemiology	 of	 acute	
suppurative	 otitis	 media.	 Am	 J	 Otolaryngol	
1986;7:47–54.

12.	 Stangerup	SE,	 Tos	 M,	Arnesen	R,	Larsen	P.	A	
cohort	 study	 of	 point	 prevalence	 of	 eardrum	
pathology	in	children	and	teenagers	from	age	
5	to	age	16.	Eur	Arch	Otorhinolaryngol	1994;	
251:399–403.

13.	 Tos	 M.	 Epidemiology	 and	 natural	 history	 of	
secretory	otitis.	Am	J	Otol	1984;5:459–62.

14.	 Joki-Erkkila	 VP,	 Laippala	 P,	 Pukander	 J.	
Increase	in	paediatric	acute	otitis	media	diag-
nosed	by	primary	care	in	two	Finnish	munici-
palities	 –	 1994–5	 versus	 1978–9.	 Epidemiol	
Infect	1998;121:529–34.

15.	 Lanphear	 BP,	 Byrd	 RS,	 Auinger	 P,	 Hall	 CB.	
Increasing	prevalence	of	recurrent	otitis	media	
among	children	in	the	United	States.	Pediatrics	
1997;99:E1.

16.	 Rovers	 MM,	 Schilder	 AG,	 Zielhuis	 GA,		
Rosenfeld	RM.	Otitis	media.	Lancet	2004;363:	
465–73.

17.	 Fortanier	 AC,	 Venekamp	 RP,	 Boonacker	 CW,	
Hak	 E,	 Schilder	AG,	 Sanders	 EA,	 et	al.	 Pneu-
mococcal	 conjugate	 vaccines	 for	 preventing	
otitis	 media.	 Cochrane	 Database	 Syst	 Rev	
2014;4:CD001480.

18.	 Wald	ER,	Guerra	N,	Byers	C.	Upper	respiratory	
tract	infections	in	young	children:	duration	of	
and	 frequency	 of	 complications.	 Pediatrics	
1991;87:129–33.

19.	 Bluestone	CD,	Hebda	PA,	Alper	CM,	Sando	I,	
Buchman	 CA,	 Stangerup	 SE,	 et	al.	 Recent	

advances	 in	 otitis	 media.	 2.	 Eustachian	 tube,	
middle	ear,	and	mastoid	anatomy;	physiology,	
pathophysiology,	 and	 pathogenesis.	Ann	 Otol	
Rhinol	Laryngol	Suppl	2005;194:16–30.

20.	 Abrahams	SW,	Labbok	MH.	Breastfeeding	and	
otitis	media:	a	review	of	recent	evidence.	Curr	
Allergy	Asthma	Rep	2011;11:508–12.

21.	 Chantry	 CJ,	 Howard	 CR,	 Auinger	 P.	 Full	
breastfeeding	duration	and	associated	decrease	
in	 respiratory	 tract	 infection	 in	 US	 children.	
Pediatrics	2006;117:425–32.

22.	 Kramer	MS,	Chalmers	B,	Hodnett	ED,	Sevkovs-
kaya	 Z,	 Dzikovich	 I,	 Shapiro	 S,	 et	al.	 Promo-
tion	 of	 Breastfeeding	 Intervention	 Trial	
(PROBIT):	a	randomized	trial	in	the	Republic	
of	Belarus.	JAMA	2001;285:413–20.

23.	 Kuiper	S,	Muris	JW,	Dompeling	E,	Kester	AD,	
Wesseling	 G,	 Knottnerus	 JA,	 et	al.	 Interactive	
effect	 of	 family	 history	 and	 environmental	
factors	 on	 respiratory	 tract-related	 morbidity	
in	 infancy.	 J	 Allergy	 Clin	 Immunol	 2007;	
120:388–95.

24.	 Jacoby	 PA,	 Coates	 HL,	 Arumugaswamy	 A,	
Elsbury	D,	Stokes	A,	Monck	R,	et	al.	The	effect	
of	passive	smoking	on	the	risk	of	otitis	media	
in	Aboriginal	and	non-Aboriginal	children	 in	
the	Kalgoorlie-Boulder	region	of	Western	Aus-
tralia.	Med	J	Aust	2008;188:599–603.

25.	 Alho	OP,	Koivu	M,	Sorri	M,	Rantakallio	P.	Risk	
factors	 for	 recurrent	 acute	 otitis	 media	 and	
respiratory	 infection	 in	 infancy.	 Int	 J	 Pediatr	
Otorhinolaryngol	1990;19:151–61.

26.	 Casselbrant	ML,	Mandel	EM,	Fall	PA,	Rockette	
HE,	 Kurs-Lasky	 M,	 Bluestone	 CD,	 et	al.	 The	
heritability	of	otitis	media:	a	 twin	and	 triplet	
study.	JAMA	1999;282:2125–30.

27.	 Daly	 KA,	 Casselbrant	 ML,	 Hoffman	 HJ,	
Ingvarsson	 LB,	 Kvaerner	 KJ,	 Tos	 M,	 et	al.	
Recent	advances	in	otitis	media.	2.	Epidemiol-
ogy,	natural	history,	and	risk	factors.	Ann	Otol	
Rhinol	Laryngol	Suppl	2002;188:19–25.

28.	 Bluestone	 CD.	 Studies	 in	 otitis	 media:	 Chil-
dren’s	 Hospital	 of	 Pittsburgh-University	 of	
Pittsburgh	 progress	 report	 –	 2004.	 Laryngo-
scope	2004;114(11	Pt	3	Suppl.	105):1–26.

29.	 Clarke	 RW.	 Ear,	 nose	 and	 throat	 problems	 in	
children	with	Down	syndrome.	Br	J	Hosp	Med	
(Lond)	2005;66:504–6.

30.	 Boyle	RJ,	Le	C,	Balloch	A,	Tang	ML.	The	clini-
cal	 syndrome	 of	 specific	 antibody	 deficiency		
in	 children.	 Clin	 Exp	 Immunol	 2006;146:	
486–92.

31.	 Wilson	NW,	Hogan	MB.	Otitis	media	as	a	pre-
senting	complaint	 in	childhood	 immunodefi-
ciency	 diseases.	 Curr	 Allergy	 Asthma	 Rep	
2008;8:519–24.

32.	 Verhoeven	D,	Xu	Q,	Pichichero	ME.	Differen-
tial	 impact	 of	 respiratory	 syncytial	 virus	 and	
parainfluenza	virus	on	the	frequency	of	acute	
otitis	media	is	explained	by	lower	adaptive	and	
innate	immune	responses	in	otitis-prone	chil-
dren.	Clin	Infect	Dis	2014;59:376–83.

33.	 Mandel	EM,	Casselbrant	ML.	Recent	develop-
ments	 in	 the	 treatment	 of	 otitis	 media	 with	
effusion.	Drugs	2006;66:1565–76.

34.	 Lack	 G,	 Caulfield	 H,	 Penagos	 M.	 The	 link	
between	otitis	media	with	effusion	and	allergy:	
a	 potential	 role	 for	 intranasal	 corticosteroids.	
Pediatr	Allergy	Immunol	2011;22:258–66.

35.	 Bentdal	 YE,	 Nafstad	 P,	 Karevold	 G,	 Kvaerner	
KJ.	Acute	otitis	media	in	schoolchildren:	aller-
gic	diseases	and	skin	prick	test	positivity.	Acta	
Otolaryngol	2007;127:480–5.

36.	 Arbes	SJ	Jr,	Gergen	PJ,	Vaughn	B,	Zeldin	DC.	
Asthma	 cases	 attributable	 to	 atopy:	 results	
from	the	Third	National	Health	and	Nutrition	
Examination	 Survey.	 J	 Allergy	 Clin	 Immunol	
2007;120:1139–45.

37.	 Bernstein	JM.	The	role	of	IgE-mediated	hyper-
sensitivity	 in	the	development	of	otitis	media	
with	 effusion:	 a	 review.	 Otolaryngol	 Head	
Neck	Surg	1993;109(3	Pt	2):611–20.

38.	 Bernstein	 JM,	 Lee	 J,	 Conboy	 K,	 Ellis	 E,	 Li	 P.	
Further	observations	on	the	role	of	IgE-medi-
ated	hypersensitivity	in	recurrent	otitis	media	
with	 effusion.	 Otolaryngol	 Head	 Neck	 Surg	
1985;93:611–15.

39.	 Kreiner-Moller	E,	Chawes	BL,	Caye-Thomasen	
P,	Bonnelykke	K,	Bisgaard	H.	Allergic	rhinitis	
is	 associated	 with	 otitis	 media	 with	 effusion:		
a	 birth	 cohort	 study.	 Clin	 Exp	 Allergy	 2012;	
42:1615–20.

40.	 MacIntyre	 EA,	 Chen	 CM,	 Herbarth	 O,		
Borte	M,	Schaaf	B,	Kramer	U,	et	al.	Early-life	
otitis	 media	 and	 incident	 atopic	 disease	 at	
school	age	in	a	birth	cohort.	Pediatr	Infect	Dis	
J	2010;29:e96–9.

41.	 Nsouli	 TM,	 Nsouli	 SM,	 Linde	 RE,	 O’Mara	 F,	
Scanlon	RT,	Bellanti	JA.	Role	of	food	allergy	in	
serous	 otitis	 media.	 Ann	 Allergy	 1994;73:	
215–19.

42.	 Juntti	 H,	 Tikkanen	 S,	 Kokkonen	 J,	 Alho	 OP,	
Niinimaki	A.	 Cow’s	 milk	 allergy	 is	 associated	
with	recurrent	otitis	media	during	childhood.	
Acta	Otolaryngol	1999;119:867–73.

43.	 Ishii	T,	Toriyama	M,	Suzuki	JI.	Histopathologi-
cal	 study	 of	 otitis	 media	 with	 effusion.	 Ann	
Otol	 Rhinol	 Laryngol	 Suppl	 1980;89(3	 Pt	 2):	
83–6.

44.	 Friedman	 RA,	 Doyle	 WJ,	 Casselbrant	 ML,	
Bluestone	 C,	 Fireman	 P.	 Immunologic-medi-
ated	 eustachian	 tube	 obstruction:	 a	 double-
blind	crossover	study.	J	Allergy	Clin	Immunol	
1983;71:442–7.

45.	 Bluestone	 CD.	 Impact	 of	 evolution	 on	 the	
eustachian	 tube.	 Laryngoscope	 2008;118:	
522–7.

46.	 Bylander	A.	 Upper	 respiratory	 tract	 infection	
and	eustachian	tube	function	in	children.	Acta	
Otolaryngol	1984;97:343–9.

47.	 McBride	 TP,	 Derkay	 CS,	 Cunningham	 MJ,	
Doyle	 WJ.	 Evaluation	 of	 noninvasive	 eusta-
chian	 tube	 function	 tests	 in	 normal	 adults.	
Laryngoscope	1988;98(6	Pt	1):655–8.

48.	 Giebink	GS.	Otitis	media:	the	chinchilla	model.	
Microb	Drug	Resist	1999;5:57–72.

49.	 Reuman	 PD,	 Swarts	 JD,	 Maddern	 BD,	 et	al.	
The	effects	of	influenza	A	H3N2,	rhinovirus	39	
and	 coxsackie	 A	 21	 infection	 on	 nasal	 and	
middle	ear	function	in	adult	subjects.	In:	Pro-
ceedings	of	 the	5th	 International	Symposium	
on	Recent	Advances	in	Otitis	Media.	Toronto:	
BC	Decker;	1993.

50.	 Doyle	WJ,	Skoner	DP,	Hayden	F,	Buchman	CA,	
Seroky	JT,	Fireman	P.	Nasal	and	otologic	effects	
of	 experimental	 influenza	 A	 virus	 infection.	
Ann	 Otol	 Rhinol	 Laryngol	 1994;103:	
59–69.

51.	 Post	 JC,	 Aul	 JJ,	 White	 GJ,	 Wadowsky	 RM,	
Zavoral	T,	Tabari	R,	et	al.	PCR-based	detection	
of	bacterial	DNA	after	antimicrobial	treatment	
is	indicative	of	persistent,	viable	bacteria	in	the	
chinchilla	model	of	otitis	media.	Am	J	Otolar-
yngol	1996;17:106–11.

52.	 Ryan	 AF,	 Ebmeyer	 J,	 Furukawa	 M,	 Pak	 K,	
Melhus	A,	Wasserman	SI,	et	al.	Mouse	models	



227.e2	 SECTION E Upper Airway Disease

of	induced	otitis	media.	Brain	Res	2006;1091:	
3–8.

53.	 Chen	A,	Li	HS,	Hebda	PA,	Zeevi	A,	Swarts	JD.	
Gene	expression	profiles	of	early	pneumococ-
cal	otitis	media	in	the	rat.	Int	J	Pediatr	Otorhi-
nolaryngol	2005;69:1383–93.

54.	 Tong	HH,	Chen	Y,	Liu	X,	DeMaria	TF.	Differ-
ential	expression	of	cytokine	genes	and	iNOS	
induced	by	nonviable	nontypeable	Haemophi-
lus	influenzae	or	its	LOS	mutants	during	acute	
otitis	media	in	the	rat.	Int	J	Pediatr	Otorhino-
laryngol	2008;72:1183–91.

55.	 MacArthur	CJ,	Pillers	DA,	Pang	J,	Kempton	JB,	
Trune	 DR.	 Altered	 expression	 of	 middle	 and	
inner	 ear	 cytokines	 in	 mouse	 otitis	 media.	
Laryngoscope	2011;121:365–71.

56.	 Short	KR,	Reading	PC,	Brown	LE,	Pedersen	J,	
Gilbertson	B,	Job	ER,	et	al.	Influenza-induced	
inflammation	 drives	 pneumococcal	 otitis	
media.	Infect	Immun	2013;81:645–52.

57.	 Tong	 HH,	 Lambert	 G,	 Li	 YX,	 Thurman	 JM,	
Stahl	 GL,	 Douthitt	 K,	 et	al.	 Deletion	 of	 the	
complement	C5a	receptor	alleviates	the	sever-
ity	of	acute	pneumococcal	otitis	media	follow-
ing	 influenza	A	virus	 infection	 in	mice.	PLoS	
ONE	2014;9:e95160.

58.	 Zhang	Y,	Yu	H,	Xu	M,	Han	F,	Tian	C,	Kim	S,	
et	al.	Pathological	 features	 in	 the	LmnaDhe/+	
mutant	 mouse	 provide	 a	 novel	 model	 of	
human	otitis	media	and	 laminopathies.	Am	J	
Pathol	2012;181:761–74.

59.	 Li	 JD,	 Hermansson	 A,	 Ryan	 AF,	 Bakaletz	 LO,	
Brown	 SD,	 Cheeseman	 MT,	 et	al.	 Panel	 4:	
Recent	 advances	 in	 otitis	 media	 in	 molecular	
biology,	 biochemistry,	 genetics,	 and	 animal	
models.	 Otolaryngol	 Head	 Neck	 Surg	 2013;	
148(Suppl.	4):E52–63.

60.	 Hernandez	 M,	 Leichtle	 A,	 Pak	 K,	 Ebmeyer	 J,	
Euteneuer	S,	Obonyo	M,	et	al.	Myeloid	differ-
entiation	primary	response	gene	88	is	required	
for	the	resolution	of	otitis	media.	J	Infect	Dis	
2008;198:1862–9.

61.	 Lee	 HY,	 Takeshita	 T,	 Shimada	 J,	 Akopyan	 A,	
Woo	 JI,	 Pan	 H,	 et	al.	 Induction	 of	 beta		
defensin	 2	 by	 NTHi	 requires	 TLR2	 mediated	
MyD88	 and	 IRAK-TRAF6-p38MAPK	 signal-
ing	 pathway	 in	 human	 middle	 ear	 epithelial	
cells.	BMC	Infect	Dis	2008;8:87.

62.	 McCoy	SL,	Kurtz	SE,	Macarthur	CJ,	Trune	DR,	
Hefeneider	 SH.	 Identification	 of	 a	 peptide	
derived	from	vaccinia	virus	A52R	protein	that	
inhibits	cytokine	secretion	in	response	to	TLR-
dependent	signaling	and	reduces	 in	vivo	bac-
terial-induced	inflammation.	J	Immunol	2005;	
174:3006–14.

63.	 Tong	 HH,	 Chen	 Y,	 James	 M,	 Van	 Deusen	 J,	
Welling	DB,	DeMaria	TF.	Expression	of	cyto-
kine	and	chemokine	genes	by	human	middle	
ear	epithelial	 cells	 induced	by	 formalin-killed	
Haemophilus	 influenzae	 or	 its	 lipooligosac-
charide	htrB	and	rfaD	mutants.	Infect	Immun	
2001;69:3678–84.

64.	 Tong	HH,	Long	JP,	Li	D,	DeMaria	TF.	Altera-
tion	 of	 gene	 expression	 in	 human	 middle		
ear	 epithelial	 cells	 induced	 by	 influenza	 A		
virus	and	its	 implication	for	the	pathogenesis	
of	 otitis	 media.	 Microb	 Pathog	 2004;37:	
193–204.

65.	 Tsuchiya	K,	Toyama	K,	Tsuprun	V,	Hamajima	
Y,	 Kim	 Y,	 Ondrey	 FG,	 et	al.	 Pneumococcal	
peptidoglycan-polysaccharides	 induce	 the	
expression	of	interleukin-8	in	airway	epithelial	
cells	by	way	of	nuclear	factor-kappaB,	nuclear	
factor	 interleukin-6,	 or	 activation	 protein-1	
dependent	 mechanisms.	 Laryngoscope	 2007;	
117:86–91.

66.	 Wasserman	 SI,	 Leichtle	 A,	 Hernandez	 M,	
Yamasaki	 K,	 Pak	 K,	 Ryan	 AF.	 CCL3	 restores	
bacterial	clearance	in	nontypeable	Haemophi-
lus influenzae	(NTHi)-induced	otitis	media	in	
TNF−/−	 mice.	 J	 Allergy	 Clin	 Immunol	 2009;
123:S257.

67.	 Ebmeyer	 J,	 Furukawa	 M,	 Pak	 K,	 Ebmeyer	 U,	
Sudhoff	H,	Broide	D,	et	al.	Role	of	mast	cells	
in	otitis	media.	J	Allergy	Clin	Immunol	2005;	
116:1129–35.

68.	 Kim	JS,	Yoon	YJ,	Lee	EJ.	Studies	on	distribution	
of	 alpha1-antitrypsin,	 lysozyme,	 lactoferrin,	
and	mast	cell	enzymes	in	diseased	middle	ear	
mucosa.	Acta	Otolaryngol	2014;134:791–5.

69.	 Depreux	FF,	Darrow	K,	Conner	DA,	Eavey	RD,	
Liberman	 MC,	 Seidman	 CE,	 et	al.	 Eya4-defi-
cient	 mice	 are	 a	 model	 for	 heritable	 otitis	
media.	J	Clin	Invest	2008;118:651–8.

70.	 Lazaridis	 E,	 Saunders	 JC.	 Can	 you	 hear	 me	
now?	 A	 genetic	 model	 of	 otitis	 media	 with	
effusion.	J	Clin	Invest	2008;118:471–4.

71.	 Parkinson	N,	Hardisty-Hughes	RE,	Tateossian	
H,	Tsai	HT,	Brooker	D,	Morse	S,	et	al.	Mutation	
at	the	Evi1	locus	in	Junbo	mice	causes	suscep-
tibility	 to	 otitis	 media.	 PLoS	 Genet	 2006;2:	
e149.

72.	 Haberal	I,	Corey	JP.	The	role	of	leukotrienes	in	
nasal	 allergy.	 Otolaryngol	 Head	 Neck	 Surg	
2003;129:274–9.

73.	 Hardisty	RE,	Erven	A,	Logan	K,	Morse	S,	Gui-
onaud	 S,	 Sancho-Oliver	 S,	 et	al.	 The	 deaf	
mouse	mutant	Jeff	(Jf)	is	a	single	gene	model	
of	otitis	media.	J	Assoc	Res	Otolaryngol	2003;	
4:130–8.

74.	 Hardisty-Hughes	RE,	Tateossian	H,	Morse	SA,	
Romero	 MR,	 Middleton	 A,	 Tymowska-Lal-
anne	 Z,	 et	al.	 A	 mutation	 in	 the	 F-box	 gene,	
Fbxo11,	causes	otitis	media	in	the	Jeff	mouse.	
Hum	Mol	Genet	2006;15:3273–9.

75.	 Liao	 J,	 Kochilas	 L,	 Nowotschin	 S,	 Arnold	 JS,	
Aggarwal	VS,	 Epstein	 JA,	 et	al.	 Full	 spectrum	
of	 malformations	 in	 velo-cardio-facial	 syn-
drome/DiGeorge	syndrome	mouse	models	by	
altering	 Tbx1	 dosage.	 Hum	 Mol	 Genet	 2004;	
13:1577–85.

76.	 Ilia	S,	Goulielmos	GN,	Samonis	G,	Galanakis	
E.	 Polymorphisms	 in	 IL-6,	 IL-10,	 TNF-alpha,	
IFN-gamma	and	TGF-beta1	genes	and	suscep-
tibility	 to	 acute	 otitis	 media	 in	 early	 infancy.	
Pediatr	Infect	Dis	J	2014;33:518–21.

77.	 Nokso-Koivisto	J,	Chonmaitree	T,	Jennings	K,	
Matalon	R,	Block	S,	Patel	 JA.	Polymorphisms	
of	 immunity	genes	and	susceptibility	to	otitis	
media	in	children.	PLoS	ONE	2014;9:e93930.

78.	 Fletcher	 MA,	 Fritzell	 B.	 Brief	 review	 of	 the	
clinical	 effectiveness	 of	 PREVENAR	 against	
otitis	media.	Vaccine	2007;25:2507–12.

79.	 Heikkinen	 T,	 Chonmaitree	 T.	 Importance	 of	
respiratory	viruses	 in	acute	otitis	media.	Clin	
Microbiol	Rev	2003;16:230–41.

80.	 Heikkinen	T,	Thint	M,	Chonmaitree	T.	Preva-
lence	 of	 various	 respiratory	 viruses	 in	 the	
middle	ear	during	acute	otitis	media.	N	Engl	J	
Med	1999;340:260–4.

81.	 Shiao	AS,	Guo	YC,	Hsieh	ST,	Tsai	TL.	Bacteriol-
ogy	of	medically	refractory	acute	otitis	media	
in	children:	a	9-year	retrospective	 study.	 Int	 J	
Pediatr	Otorhinolaryngol	2004;68:759–65.

82.	 Jacobs	MR.	Prevention	of	otitis	media:	role	of	
pneumococcal	conjugate	vaccines	in	reducing	
incidence	 and	 antibiotic	 resistance.	 J	 Pediatr	
2002;141:287–93.

83.	 Fireman	 B,	 Black	 SB,	 Shinefield	 HR,	 Lee	 J,	
Lewis	 E,	 Ray	 P.	 Impact	 of	 the	 pneumococcal	
conjugate	 vaccine	 on	 otitis	 media.	 Pediatr	
Infect	Dis	J	2003;22:10–16.

84.	 Poehling	KA,	Szilagyi	PG,	Grijalva	CG,	Martin	
SW,	 LaFleur	 B,	 Mitchel	 E,	 et	al.	 Reduction	 of	
frequent	otitis	media	and	pressure-equalizing	
tube	 insertions	 in	 children	 after	 introduction	
of	pneumococcal	conjugate	vaccine.	Pediatrics	
2007;119:707–15.

85.	 Pichichero	 ME,	 Casey	 JR,	 Hoberman	 A,	
Schwartz	 R.	 Pathogens	 causing	 recurrent	 and	
difficult-to-treat	 acute	 otitis	 media,	 2003–
2006.	Clin	Pediatr	(Phila)	2008;47:901–6.

86.	 Hawker	 JI,	 Smith	 S,	 Smith	 GE,	 Morbey	 R,	
Johnson	AP,	Fleming	DM,	et	al.	Trends	in	anti-
biotic	prescribing	 in	primary	care	 for	 clinical	
syndromes	 subject	 to	 national	 recommenda-
tions	to	reduce	antibiotic	resistance,	UK	1995–
2011:	 analysis	 of	 a	 large	 database	 of	 primary	
care	 consultations.	 J	 Antimicrob	 Chemother	
2014;39:3423–30.

87.	 Smirnova	MG,	Birchall	JP,	Pearson	JP.	Evidence	
of	 T-helper	 cell	 2	 cytokine	 regulation	 of	
chronic	 otitis	 media	 with	 effusion.	Acta	 Oto-
laryngol	2005;125:1043–50.

88.	 Wright	 ED,	 Hurst	 D,	 Miotto	 D,	 Giguere	 C,	
Hamid	Q.	Increased	expression	of	major	basic	
protein	 (MBP)	 and	 interleukin-5(IL-5)	 in	
middle	 ear	 biopsy	 specimens	 from	 atopic	
patients	with	persistent	otitis	media	with	effu-
sion.	 Otolaryngol	 Head	 Neck	 Surg	 2000;	
123:533–8.

89.	 Tewfik	TL,	Mazer	B.	The	links	between	allergy	
and	otitis	media	with	effusion.	Curr	Opin	Oto-
laryngol	Head	Neck	Surg	2006;14:187–90.

90.	 Sobol	 SE,	 Taha	 R,	 Schloss	 MD,	 Mazer	 BD,	
Manoukian	JJ,	Tewfik	TL,	et	al.	T(H)2	cytokine	
expression	in	atopic	children	with	otitis	media	
with	 effusion.	 J	 Allergy	 Clin	 Immunol	 2002;	
110:125–30.

91.	 Nguyen	 LH,	 Manoukian	 JJ,	 Sobol	 SE,		
Tewfik	 TL,	 Mazer	 BD,	 Schloss	 MD,	 et	al.	
Similar	allergic	inflammation	in	the	middle	ear	
and	 the	 upper	 airway:	 evidence	 linking	 otitis	
media	 with	 effusion	 to	 the	 united	 airways	
concept.	 J	 Allergy	 Clin	 Immunol	 2004;114:	
1110–15.

92.	 Nguyen	 LH,	 Manoukian	 JJ,	 Tewfik	 TL,	 Sobol	
SE,	 Joubert	 P,	 Mazer	 BD,	 et	al.	 Evidence	 of	
allergic	 inflammation	 in	 the	 middle	 ear	 and	
nasopharynx	 in	 atopic	 children	 with	 otitis	
media	 with	 effusion.	 J	 Otolaryngol	 2004;	
33:345–51.

93.	 Smirnova	 MG,	 Birchall	 JP,	 Pearson	 JP.	 The	
immunoregulatory	 and	 allergy-associated	
cytokines	 in	 the	 aetiology	 of	 the	 otitis	 media	
with	 effusion.	 Mediators	 Inflamm	 2004;13:	
75–88.

94.	 American	 Academy	 of	 Family	 Physicians,	
American	 Academy	 of	 Otolaryngology-Head	
and	Neck	Surgery,	American	Academy	of	Pedi-
atrics.	 Otitis	 media	 with	 effusion.	 Pediatrics	
2004;113:1412–29.

95.	 American	 Academy	 of	 Pediatrics.	 Diagnosis	
and	management	of	acute	otitis	media.	Pediat-
rics	2004;113:1451–65.

96.	 Bluestone	 CD.	 Clinical	 course,	 complications	
and	 sequelae	 of	 acute	 otitis	 media.	 Pediatr	
Infect	Dis	J	2000;19(Suppl.	5):S37–46.

97.	 Caye-Thomasen	P,	Hermansson	A,	Bakaletz	L,	
Hellstrom	S,	Kanzaki	S,	Kerschner	J,	et	al.	Panel	
3:	Recent	advances	in	anatomy,	pathology,	and	
cell	biology	 in	relation	 to	otitis	media	patho-
genesis.	 Otolaryngol	 Head	 Neck	 Surg	 2013;	
148(Suppl.	4):E37–51.

98.	 Kaleida	 PH,	 Stool	 SE.	 Assessment	 of	 otosco-
pists’	 accuracy	 regarding	 middle-ear	 effusion.	
Otoscopic	 validation.	 Am	 J	 Dis	 Child	 1992;	
146:433–5.



	 25  Otitis Media 227.e3

99.	 Palmu	A,	Puhakka	H,	Rahko	T,	Takala	A,	Kilpi	
T.	Predicting	the	development	and	outcome	of	
otitis	 media	 by	 tympanometry.	 Int	 J	 Pediatr	
Otorhinolaryngol	2002;62:135–42.

100.	 Browning	GG,	Rovers	MM,	Williamson	I,	Lous	
J,	Burton	MJ.	Grommets	(ventilation	tubes)	for	
hearing	loss	associated	with	otitis	media	with	
effusion	 in	 children.	 Cochrane	 Database	 Syst	
Rev	2010;10:CD001801.

101.	 Lous	J,	Ryborg	CT,	Thomsen	JL.	A	systematic	
review	 of	 the	 effect	 of	 tympanostomy	 tubes		
in	 children	 with	 recurrent	 acute	 otitis	 media.	
Int	 J	 Pediatr	 Otorhinolaryngol	 2011;75:	
1058–61.

102.	 Marchisio	 P,	 Chonmaitree	 T,	 Leibovitz	 E,	
Lieberthal	A,	Lous	J,	Mandel	E,	et	al.	Panel	7:	
Treatment	 and	 comparative	 effectiveness	
research.	 Otolaryngol	 Head	 Neck	 Surg	 2013;	
148(Suppl.	4):E102–21.

103.	 Bonilla	FA,	Bernstein	IL,	Khan	DA,	Ballas	ZK,	
Chinen	J,	Frank	MM,	et	al.	Practice	parameter	
for	the	diagnosis	and	management	of	primary	
immunodeficiency.	 Ann	 Allergy	 Asthma	
Immunol	2005;94(5	Suppl.	1):S1–63.

104.	 Orange	JS,	Hossny	EM,	Weiler	CR,	Ballow	M,	
Berger	M,	Bonilla	FA,	et	al.	Use	of	intravenous	
immunoglobulin	 in	 human	 disease:	 a	 review		
of	 evidence	 by	 members	 of	 the	 Primary		
Immunodeficiency	 Committee	 of	 the	 Ameri-
can	 Academy	 of	 Allergy,	 Asthma	 and	 Immu-
nology.	J	Allergy	Clin	Immunol	2006;117(Suppl.	
4):S525–53.

105.	 Paris	 K,	 Sorensen	 RU.	 Assessment	 and		
clinical	 interpretation	 of	 polysaccharide	 anti-
body	responses.	Ann	Allergy	Asthma	Immunol	
2007;99:462–4.

106.	 Wiertsema	 SP,	 Herpers	 BL,	 Veenhoven	 RH,	
Salimans	 MM,	 Ruven	 HJ,	 Sanders	 EA,		
et	al.	 Functional	 polymorphisms	 in	 the	

mannan-binding	lectin	2	gene:	effect	on	MBL	
levels	and	otitis	media.	J	Allergy	Clin	Immunol	
2006;117:1344–50.

107.	 Ku	 CL,	 von	 Bernuth	 H,	 Picard	 C,	 Zhang	 SY,	
Chang	HH,	Yang	K,	et	al.	Selective	predisposi-
tion	to	bacterial	infections	in	IRAK-4-deficient	
children:	 IRAK-4-dependent	 TLRs	 are	 other-
wise	redundant	in	protective	immunity.	J	Exp	
Med	2007;204:2407–22.

108.	 Picard	 C,	 von	 Bernuth	 H,	 Ku	 CL,	 Yang	 K,		
Puel	A,	Casanova	JL.	Inherited	human	IRAK-4	
deficiency:	 an	 update.	 Immunol	 Res	 2007;	
38:347–52.

109.	 Bousfiha	 AA,	 Jeddane	 L,	 Ailal	 F,	 Al	 Herz	 W,	
Conley	ME,	Cunningham-Rundles	C,	 et	al.	A	
phenotypic	 approach	 for	 IUIS	 PID	 classifica-
tion	and	diagnosis:	guidelines	for	clinicians	at	
the	 bedside.	 J	 Clin	 Immunol	 2013;33:	
1078–87.

110.	 Fischer	TF,	Singer	AJ,	Gulla	J,	Garra	G,	Rosen-
feld	R.	Reaction	toward	a	new	treatment	para-
digm	 for	 acute	 otitis	 media.	 Pediatr	 Emerg	
Care	2005;21:170–2.

111.	 Rovers	MM,	Zielhuis	GA.	Otitis	media	meta-
analysis.	 Pediatrics	 2004;114:508–9,	 author	
reply	509.

112.	 Hoberman	A,	Paradise	JL,	Rockette	HE,	Shaikh	
N,	Wald	ER,	Kearney	DH,	et	al.	Treatment	of	
acute	otitis	media	in	children	under	2	years	of	
age.	N	Engl	J	Med	2011;364:105–15.

113.	 Tahtinen	PA,	Laine	MK,	Huovinen	P,	Jalava	J,	
Ruuskanen	O,	Ruohola	A.	A	placebo-controlled	
trial	of	antimicrobial	treatment	for	acute	otitis	
media.	N	Engl	J	Med	2011;364:116–26.

114.	 Rovers	MM,	Glasziou	P,	Appelman	CL,	Burke	
P,	McCormick	DP,	Damoiseaux	RA,	et	al.	Anti-
biotics	 for	acute	otitis	media:	a	meta-analysis	
with	 individual	 patient	 data.	 Lancet	 2006;	
368:1429–35.

115.	 Joint	Task	Force	on	Practice	Parameters,	Amer-
ican	Academy	of	Allergy,	Asthma	and	Immu-
nology,	 American	 College	 of	 Allergy,	 Asthma	
and	 Immunology,	 Joint	 Council	 of	 Allergy,	
Asthma	 and	 Immunology.	 Drug	 allergy:	 an	
updated	 practice	 parameter.	 Ann	 Allergy	
Asthma	Immunol	2010;105:259–73.

116.	 Coleman	 C,	 Moore	 M.	 Decongestants	 and	
antihistamines	 for	 acute	 otitis	 media	 in	 chil-
dren.	 Cochrane	 Database	 Syst	 Rev	 2008;3:	
CD001727.

117.	 Casselbrant	 ML,	 Villardo	 RJ,	 Mandel	 EM.	
Balance	 and	 otitis	 media	 with	 effusion.	 Int	 J	
Audiol	2008;47:584–9.

118.	 Koopman	L,	Hoes	AW,	Glasziou	PP,	Appelman	
CL,	Burke	P,	McCormick	DP,	et	al.	Antibiotic	
therapy	to	prevent	the	development	of	asymp-
tomatic	 middle	 ear	 effusion	 in	 children	 with	
acute	otitis	media:	a	meta-analysis	of	individ-
ual	patient	data.	Arch	Otolaryngol	Head	Neck	
Surg	2008;134:128–32.

119.	 Thomas	 CL,	 Simpson	 S,	 Butler	 CC,	 van	 der	
Voort	 JH.	 Oral	 or	 topical	 nasal	 steroids	 for	
hearing	loss	associated	with	otitis	media	with	
effusion	 in	 children.	 Cochrane	 Database	 Syst	
Rev	2006;3:CD001935.

120.	 Hurst	DS.	Efficacy	of	allergy	 immunotherapy	
as	a	treatment	for	patients	with	chronic	otitis	
media	 with	 effusion.	 Int	 J	 Pediatr	 Otorhino-
laryngol	2008;72:1215–23.

121.	 McMahan	JT,	Calenoff	E,	Croft	DJ,	Barenholtz	
L,	 Weber	 LD.	 Chronic	 otitis	 media	 with		
effusion	 and	 allergy:	 modified	 RAST	 analysis	
of	 119	 cases.	 Otolaryngol	 Head	 Neck	 Surg	
1981;89(3	Pt	1):427–31.

122.	 Lous	 J.	 Which	 children	 would	 benefit	 most	
from	 tympanostomy	 tubes	 (grommets)?	 A	
personal	 evidence-based	 review.	 Int	 J	 Pediatr	
Otorhinolaryngol	2008;72:731–6.



228

Sinusitis
KENNY H. CHAN | MARK J. ABZUG | ANDREW H. LIU

26 

KEY POINTS

• Sinusitis is diagnostically challenging because symptoms 
(i.e. nasal discharge, congestion and cough), signs and 
radiographic findings are similar to those in common 
upper respiratory tract infections. Coronal sinus CT 
scans may be helpful in chronic, recurrent or compli-
cated sinusitis.

• Respiratory infections (viruses, bacteria), bacterial bio-
films and microbiome disruption have pathogenic  
roles. The most common causes of bacterial sinusitis  
are Streptococcus pneumoniae (20–30%), Haemophilus 
influenzae (20–30%) and Moraxella catarrhalis (10–20%); 
30–35% are sterile.

• Antibiotic resistance is common: Streptococcus pneu-
moniae (15–50% penicillin resistant), Haemophilus influ-
enzae (25–80% β-lactamase positive), and Moraxella 
catarrhalis (90–100% β-lactamase positive). Antral irriga-
tion can provide sinus specimens for bacterial culture 
and targeted antimicrobial therapy in patients with 
chronic, refractory and complicated disease.

• Children with chronic sinusitis have mucosal pathology 
and inflammation that typically differs from adults. In 
adults, chronic sinusitis is characterized by mucosal 
thickening, goblet cell hyperplasia, subepithelial fibrosis 
and persistent Th2-type eosinophilic inflammation. In 
children, pan-immune inflammation (CD8+ T lympho-
cytes, B lymphocytes, neutrophils) with reduced base-
ment membrane thickness, fewer mucous glands, and 
less epithelial injury is common.

• Management of uncomplicated, acute sinusitis consists 
of antimicrobial treatment aiming for symptom relief 
and prevention of complications and recurrence. Severe 
intraorbital and intracranial complications are uncom-
mon today.

This chapter on sinusitis in children will provide an overview 
of the pathogenesis and management of acute and chronic sinus 
disease. Although acute sinusitis has been substantially investi-
gated, relatively little is known about chronic sinusitis in 
children.

Sinus Development in Childhood
There are four pairs of paranasal sinuses in humans: maxillary, 
ethmoid, frontal, and sphenoid. The maxillary and ethmoid 
sinuses are present at birth and invaginate to become radio-
graphically visible in the first 1 to 2 years of life (Figure 26-1). 
In comparison, frontal and sphenoid sinuses begin to develop 

in the first few years of life and gradually become pneumatized 
and radiographically visible between 7 and 15 years of age. The 
maxillary, anterior ethmoid and frontal sinus ostia enter the 
nasal cavity through the middle meatus, under the middle tur-
binate (i.e. osteomeatal complex; see Figure 26-1). The sphe-
noid and posterior ethmoid ostia join the nasal cavity through 
the superior meatus, above the middle turbinate.

Clinical Definitions of Sinusitis
Several descriptive modifiers for sinusitis are commonly used. 
In terms of sinusitis duration, (1) acute sinusitis refers to sinus 
symptoms of 10 to 30 days, with complete resolution of symp-
toms,1 (2) subacute sinusitis refers to symptoms that last 30 to 
90–120 days, and (3) chronic sinusitis is used for symptoms that 
last more than 90–120 days. Recurrent sinusitis occurs in patients 
who improve with sinus therapy but experience multiple epi-
sodes. Refractory sinusitis refers to patients who do not respond 
to conventional therapy for sinusitis.

The uses of the term sinusitis and rhinosinusitis have been 
debated; sinusitis implies that the disease is the manifestation 
of an infectious process of the sinuses.2 In comparison, the term 
rhinosinusitis implies that the nasal and sinus mucosae are 
involved in similar and concurrent pathogenic (e.g. inflamma-
tory) processes.1 In this chapter the two terms will be used 
interchangeably.

Epidemiology
Sinusitis is a common problem in childhood. In a study of 1- to 
5-year-old children seen in pediatric practices, 9.3% met the 
clinical criteria of sinusitis (i.e. ≥ 10 days of symptoms).3 In a 
large birth cohort study primarily intended to study the natural 
history of childhood asthma (Children’s Respiratory Study, 
Tucson, Arizona), 13% of 8-year-old children reported 
physician-diagnosed sinusitis within the past year.4 Of children 
with sinusitis, 50%, 18% and 11% had sinusitis diagnosed for 
the first time at ages 6 years, 3 years and 2 years, respectively. 
The main risk factors for sinusitis were current allergic rhinitis 
and grass pollen hypersensitivity.

The US National Center for Health Statistics reported that, 
from 1980 to 1992, sinusitis was the fifth leading diagnosis for 
which antibiotics was prescribed.5 The annual outpatient visit 
rates for sinusitis increased about 3-fold over this period and 
the use of amoxicillin and cephalosporin antibiotics for sinusitis 
also increased significantly. Antibiotic resistance of bacterial 
pathogens from the sinuses of children with acute6 and chronic 
sinusitis7 is common. Severe alterations in quality of life can 
result from chronic recurrent sinusitis in children. Using a stan-
dardized child health questionnaire, children with chronic 
sinusitis and their parents reported more bodily pain and 
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Figure 26-1  Computed tomography scans of  the paranasal sinuses. Coronal views of a 4-year-old child with  (A) normal maxillary and ethmoid 
sinuses and patent osteomeatal complex and (B) opacified maxillary and ethmoid sinuses consistent with sinusitis. E – Ethmoid sinus; M – Maxillary 
sinus; OMC – Osteomeatal complex. 

A

E

OMC

M

B

greater limitation in their physical activity than were typically 
reported by children with asthma or juvenile rheumatoid 
arthritis.8 Complications of sinusitis, such as intracranial or 
intraorbital extension of bacterial infection from the sinuses, 
are medical emergencies that are life-threatening.

Etiology
A combination of anatomic, mucosal, microbial and immune 
pathogenic processes is believed to underlie sinusitis in chil-
dren. Children with congenital mucosal diseases (e.g. cystic 
fibrosis, ciliary dyskinesias) and lymphocyte immune deficien-
cies (congenital and acquired) typically have chronic recurrent 
sinus disease. Also, allergic airway diseases in children have both 
epidemiologic and pathogenic links to sinusitis.

ANATOMIC	PATHOGENESIS

Anatomic obstructions of the sinus ostia in the nasopharynx 
have long been suspected causes of sinusitis. The pathophysiol-
ogy of osteomeatal obstruction leading to sinusitis is believed 
to be similar to that of otitis media.9 For the middle ear space, 
animal model studies reveal that a lack of ventilation (i.e. oxy-
genation) of the middle ear results in negative pressure in the 
closed space, leading to mucosal vascular leakage, edema, 
inflammation and middle ear fluid accumulation.10,11 Both ana-
tomic obstructive lesions and mucosal disorders such as mucosal 
injury from viral upper respiratory tract infections (URTIs), 
inhalant allergies, cystic fibrosis and ciliary dyskinesias may 
begin this cascade of pathogenic events. Anatomic variations 
associated with sinusitis in children in uncontrolled studies 
include concha bullosa (10%), paradoxical turbinates (4–8%), 
lateralized uncinate process with hypoplastic maxillary sinus 
(7–17%), Haller cell (5–10%) and septal deviation (10%).12,13 
Recent studies have failed to establish a relationship between 
anatomic variations and the severity and extent of chronic 
sinusitis in children.14,15 Adenoid hypertrophy has also been 
implicated as a possible predisposing factor to sinusitis in chil-
dren by serving as a mechanical obstruction to nasal drainage; 
however, an etiologic role has not been established.16,17 There-
fore, it is not prudent to base surgical intervention on anatomic 
variations alone.

MICROBIAL	PATHOGENESIS

Both viral and bacterial infections have integral roles in the 
pathogenesis of sinusitis. Viral URTIs commonly cause sinus 
mucosal injury and swelling, resulting in osteomeatal obstruc-
tion, loss of ciliary activity and mucous hypersecretion. Indeed, 
radiologic sinus imaging studies of adults and children with 
common colds revealed that sinus mucosal abnormalities are 
the norm, and even air-fluid levels in the maxillary sinuses and 
opacification of the maxillary sinuses are common.18,19 Specifi-
cally, coronal sinus computed tomography (CT) scans of adults 
with URTIs revealed that 87% had abnormalities of one or both 
maxillary sinuses, 77% had obstruction of the ethmoid infun-
dibulum, 65% had abnormal ethmoid sinuses, 32% had abnor-
mal frontal sinuses and 39% had abnormal sphenoid sinuses.19

Sneezing and nose blowing are thought to introduce nasal 
flora into the sinuses. Chronically infected adenoids, which may 
be colonized by bacterial biofilms, and intracellular bacteria (in 
particular, Staphylococcus aureus) in the nasopharynx have been 
proposed as nasopharyngeal reservoirs of pathogens that may 
be introduced into the sinuses.17,20 Normal nasopharyngeal flora 
such as alpha streptococci and anaerobes may elaborate bacte-
riocins and other inhibitory compounds that interfere with 
colonization and infection by pathogenic bacteria.21 Bacterial 
growth conditions are favorable in obstructed sinuses, reflected 
by bacterial concentrations of up to 107 bacterial colony-
forming units (cfu)/mL in sinus aspirates. Additionally, bacte-
rial biofilms have been demonstrated in sinus mucosal 
specimens obtained from 45% to 80% of children and adults 
with chronic sinusitis.22,23 White blood cell counts in excess of 
10,000 cells/mL in sinus aspirates are evidence of a robust 
inflammatory response to infection. The combination of infec-
tion, biofilm formation and inflammation can result in intense 
epithelial damage and transmucosal injury.24,25

Microbiology of Acute and Subacute Sinusitis
The gold standard for microbiologic diagnosis of bacterial 
sinusitis has been the recovery of ≥ 104 cfu/mL of pathogenic 
bacteria from a sinus aspirate.1,26 Studies employing sinus aspi-
rates indicate that the pathogens responsible for acute and sub-
acute sinusitis are similar to each other and mirror those 
responsible for acute otitis media26–31 (Table 26-1). Streptococcus 
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Microorganism

FREQUENCY

Common Occasional Uncommon

Streptococcus 
pneumoniae

A, C

Haemophilus 
influenzae, 
nontypable

A, C

Moraxella catarrhalis A, C
Streptococcus 

pyogenes
A, C

Other streptococcal 
species (including 
Streptococcus 
milleri)

A, C

Staphylococcus 
aureus (including 
methicillin-resistant 
S. aureus)

C A

Diphtheroids C
Coagulase-negative 

staphylococci
C

Other Gram-negatives, 
Moraxella, Neisseria

C A

Anaerobes C A
Respiratory viruses A, C
Fungi (Aspergillus, 

Alternaria, other 
dematiaceous fungi, 
zygomycetes)*

C A

Acanthamoeba† A

A – Acute and subacute sinusitis; C – Chronic sinusitis.
*Primarily in immunocompromised hosts or associated with allergic 

fungal sinusitis.
†Primarily in immunocompromised hosts.

TABLE	

26-1	
Microbiology of Acute, Subacute and  
Chronic Sinusitis

pneumoniae is recovered in approximately 20% to 30% of cases, 
nontypable Haemophilus influenzae in approximately 20% to 
30%, and Moraxella catarrhalis in approximately 10% to 20%. 
Similar to observations for acute otitis media, a modest reduc-
tion in the proportion due to S. pneumoniae and a correspond-
ing increase in the proportion due to H. influenzae is suggested 
in populations with routine pneumococcal conjugate vaccina-
tion of young children.21 A significant proportion of S. pneu
moniae isolates have intermediate or high-level resistance to 
penicillin due to alterations in penicillin-binding proteins (up 
to 15–50%). H. influenzae and M. catarrhalis isolates are fre-
quently β-lactamase positive (25–80% and 90–100%, respec-
tively), and a minority of H. influenzae are ampicillin resistant 
due to altered penicillin-binding proteins and/or an efflux 
pump.21,32 Actual resistance rates vary with time period, geo-
graphic region and the prevalence of risk factors for resistance 
(e.g. age < 2 years, daycare attendance, recent antibiotic expo-
sure). Streptococcus pyogenes and other streptococcal species are 
generally recovered in only a small number of cases, although 
several series have highlighted a frequent association between 
recovery of Streptococcus anginosus group with acute sinusitis 
leading to intraorbital and/or intracranial complications in 
children and adults.33,34 Staphylococcus aureus and anaerobes are 
uncommon causes of acute and subacute pediatric sinusitis; 

however, they are more frequently identified in severe, compli-
cated disease, or, in the case of anaerobes, associated with dental 
disease.35 Less commonly recovered bacteria include Gram-
negative organisms such as Eikenella corrodens and other 
Moraxella and Neisseria species. Fungi are uncommonly recov-
ered in acute sinusitis except in immunocompromised patients.27 
The protozoan Acanthamoeba has also been identified as a rare 
cause of sinusitis in severely immunosuppressed hosts.36,37 
Sinus aspirates are sterile in approximately 30% to 35% of  
children with clinically and/or radiographically diagnosed 
sinusitis.1,26,30,38 Acute sinusitis in children has been associated 
with rhinovirus URTIs.39 Chronic rhinosinusitis (CRS) has also 
been associated with nasal respiratory viruses. Comparing nasal 
lavage from CRS participants with non-CRS controls: nasal 
respiratory virus detection (50% vs 26%), especially rhinovirus 
(26% vs 10%), parainfluenza virus (23% vs 8%), influenza virus 
(13% vs 4%), RSV (11% vs 2%), and multiple respiratory 
viruses (24% vs 4%, respectively).40 Respiratory viruses have 
been recovered from ~10% of sinus aspirates, although sinus 
aspirates and biopsy investigations with more sensitive modern 
viral detection methods may provide additional insights.26 
Whether or not respiratory viruses have a direct pathogenic role 
in sinusitis is poorly understood, but it is clear that viral rhino-
sinusitis and bacterial sinusitis may have overlapping clinical 
and radiographic features that make clinical diagnosis of the 
latter entity challenging.32

Microbiology of Chronic Sinusitis
Infection is a key component in pediatric chronic sinusitis, 
although concomitant factors may be an important contributor 
to the chronic inflammatory process.41 In numerous studies, 
65% to 100% of children with chronic sinusitis have positive 
cultures of sinus aspirates.7,42–46 Rates of recovery of specific 
organisms vary among studies; this variability is likely to be 
explained by differences in patient populations, sinuses evalu-
ated, specimen collection methods and microbiologic culture 
techniques. Despite these differences, certain general observa-
tions can be made. S. pneumoniae, H. influenzae and M. catarrh
alis are frequently isolated from children with chronic sinusitis, 
mirroring acute and subacute sinusitis7,43,47 (see Table 26-1). 
With increasing chronicity, other organisms may also be  
recovered, including S. aureus, S. pyogenes, alpha streptococci 
(including Streptococcus anginosus group), group D strepto-
cocci, diphtheroids, coagulase-negative staphylococci, Neisseria 
species, Gram-negative aerobic rods (including Pseudomonas 
aeruginosa), and anaerobes; infection is frequently polymicro-
bial.42,44–46 S. aureus and anaerobes tend to be disproportionately 
associated with protracted, severe or complicated disease.48–51 In 
concert with the overall increase in community-acquired 
methicillin-resistant S. aureus (MRSA) infections, an increased 
frequency of MRSA-associated sinus infections has been 
observed.52 Recovery of anaerobes (e.g. Peptococcus, Peptostrep
tococcus, Propionibacterium acnes, Prevotella, Veillonella, Fuso
bacterium, Bacteroides and Actinomyces) has varied widely 
from less than 5% to more than 90%, depending on the 
populations and sinuses evaluated and microbiologic methods 
employed.42–46,53,54 Many anaerobic isolates are β-lactamase 
producing.35,55

In a study using modern profiling techniques to determine 
the sinus microbiome in chronic rhinosinusitis, an abundance 
of a single fastidious species, Corynebacterium tuberculo
stearicum, and depletion of Lactobacillus sakei was identified 
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characterized by mucosal thickening, goblet cell hyperplasia, 
subepithelial fibrosis and persistent inflammation59 (Figure 
26-2). These fibrotic changes are thought to be driven by acti-
vated eosinophils and their products, including the profibrotic 
transforming growth factor-β,60 GM-CSF61,62 and interleukin 
(IL)-11.63 Tissue fibroblasts are stimulated to increase the syn-
thesis and deposition of collagen and matrix products, resulting 
in thickening of the sub-basement membrane layer.

Current views associate sensitivity to aeroallergens as a 
primary pathologic mechanism in the development of chronic 
sinusitis in both adults64,65 and children.66 Many studies have 
shown that the composition of the inflammatory substrate in 
chronic sinusitis is similar to that seen in allergic rhinitis and 
the late-phase response to antigen challenge.64,67

Th2-Mediated Eosinophilic Inflammation
Although many immune cell types are involved in the patho-
genesis of chronic sinusitis, a specific subclass of T lymphocytes 
(i.e. T helper cell type 2 [Th2] lymphocytes) and eosinophils 
appear to have a central role. The orchestration of cellular 
recruitment and activation of the inflammatory infiltrate in 
CHS/NP has been largely attributed to the Th2 cells and their 
cytokines (i.e. IL-3, IL-4, IL-5, IL-9, IL-13, GM-CSF). Among 
immune cell types, eosinophils are the most characteristic and 
are found in 80% to 90% of nasal polyps.68 A histopathologic 
study has investigated the inflammatory cells in pediatric 
chronic sinusitis and reported similar findings: the numbers of 
eosinophils, and to a much lesser extent mast cells and T 

compared with healthy controls.56 In a mouse model, C. tuber
culostearicum was demonstrated to be a sinus pathogen 
following pretreatment with amoxicillin-clavulanic acid, and 
protection against this organism was conferred by pretreatment 
with L. sakei.

Fungi, including Aspergillus, Alternaria and other dematia-
ceous species (e.g. Bipolaris and Curvularia), and zygomycetes 
are occasionally isolated, although invasive disease is uncom-
mon except in immunocompromised children.45 Respiratory 
viruses are occasionally identified in sinus mucosal or lavage 
specimens.57,58 Interestingly, bilateral cultures of the sinuses are 
often discordant.7,46

Antibiotic resistance has emerged as an important factor in 
the microbiology of chronic sinusitis. For example, in a 4-year 
retrospective review of maxillary sinus aspirates from children 
with sinusitis for more than 8 weeks, rates of nonsusceptibility 
of S. pneumoniae (recovered in 19% of cultures) were 64% for 
penicillin, 40% for cefotaxime and 18% for clindamycin.7 Of 
H. influenzae isolates (recovered in 24%), 44% were nonsuscep-
tible to ampicillin, and all M. catarrhalis isolates (recovered in 
17%) were β-lactamase positive.

IMMUNE	PATHOGENESIS

There are few studies in the literature on the immunopathology 
of sinusitis in children. Most of our knowledge is derived from 
studies conducted on adults with chronic hyperplastic sinusitis 
and nasal polyposis (CHS/NP). In adults, chronic sinusitis is 

Figure 26-2  Chronic sinusitis: sinus mucosal biopsies from children (A and B) and adults (C and D).  (A) and  (C): Hematoxylin and eosin stained 
(original magnification ×400). Arrows on the adult photo (C) point to some of the eosinophils in this image. There is a relative abundance of lym-
phocytes and scarcity of eosinophils in the pediatric specimen (A) compared with adult tissue (C). (B) and (D): Pentachrome stained (original mag-
nification ×200). Arrows on the adult photo (D) point to thickened basement membrane. Basement membrane thickening, mucous gland hyperplasia 
and hypertrophy, and loss of columnar epithelium in the adult sample (D) are not seen in the pediatric sample (B). 

A B

C D

A B

C D
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were significant and independent risk factors for sinusitis in 
childhood (i.e. age 8 years).4 Experimentally, in allergic rhinitis 
subjects, nasal provocation with allergen induced sinus radio-
graphic changes (i.e. mucosal thickening, sinus opacification) 
and symptoms of headache and pressure in the maxillary 
sinuses.88

GENETIC	RISK	FACTORS

Association studies between chronic sinusitis and a few candi-
date gene markers have been reported. Chronic rhinosinusitis, 
and sometimes nasal polyposis, are hallmark features of cystic 
fibrosis (CF) and primary ciliary dyskinesia, two autosomal 
recessive inherited disorders. A small proportion of chronic 
sinusitis patients without CF are carriers of mutations in the 
cystic fibrosis transmembrane regulator (CFTR) gene, espe-
cially in association with the M470V polymorphism;89,90 
however, siblings of CF patients, who are all CFTR mutation 
carriers, do not have an increased prevalence of rhinosinusitis.91 
Modest linkages of single-nucleotide polymorphisms (SNPs) in 
other CRS candidate genes include TNF-α (CHS/NP),92 LTC4 
synthase,93 TGF-β1,94 TNF-β2 (chronic sinusitis),95 and the 
major histocompatibility B54 haplotype.96 A replication study 
of 53 CRS-associated SNPs replicated significance for SNPs in 
seven good gene candidates, especially prolyl-tRNA synthetase 
2 (odds ratio 0.77), transforming growth factor B1 (OR 0.81) 
and nitric oxide synthase 1 (OR 0.84).97

OTHER	RISK	FACTORS

Medical conditions that render children susceptible to acute 
and chronic sinus disease include immune deficiencies (espe-
cially patients with T and B lymphocyte defects, AIDS and those 
receiving immunosuppressive medications) and primary ciliary 
dyskinesias. The association of gastroesophageal reflux disease 
(GERD) with chronic sinusitis has also received attention. 
GERD, diagnosed by pH-monitored nasopharyngeal acid 
reflux98 or esophageal biopsy,99 was associated with rhinosinus-
itis in children. Phipps and colleagues100 also reported signifi-
cantly increased nasopharyngeal reflux in children with chronic 
sinusitis when compared with a historical control group. Anti-
reflux treatment of their GERD-positive cohort resulted in a 
79% improvement in chronic sinusitis symptoms.

Sinusitis Management
OVERVIEW

Medical histories and physical examinations can help to distin-
guish sinusitis in children from URTIs and other masqueraders 
and to identify complications from sinusitis and underlying risk 
factors for chronic recurrent disease. Radiographic imaging 
studies are particularly helpful in evaluating children with 
chronic, recurrent or complicated sinusitis. Sinus washings for 
bacterial culture and targeted antimicrobial therapy, while ideal, 
are surgical procedures (e.g. antral irrigation) that require 
general anesthesia in children. Therefore, their use is generally 
reserved for (1) children with chronic sinusitis that does not 
adequately improve with multiple courses of antibiotics, (2) 
children with sinusitis with complications, and (3) sinusitis in 
immunocompromised hosts. Differential diagnostic consider-
ations are provided in Box 26-1.

lymphocytes, are significantly increased in children with chronic 
sinusitis compared to control subjects69 (see Figure 26-2). The 
degree of tissue eosinophilia was not affected by the allergic 
status of patients. This is in agreement with published studies 
on chronic sinusitis in the adult population where the level of 
eosinophilic infiltration was found to be similar between aller-
gic and nonallergic patients with either chronic sinusitis without 
nasal polyps70,71 or CHS/NP.72,73 Levels of neutrophils are also 
increased in the sinus lavage fluid of adults with chronic sinus-
itis, particularly in nonallergic patients.74

Allergic fungal sinusitis (AFS), an uncommon condition due 
to an intense and chronic allergic reaction to fungi growing in 
allergic mucin within the sinus cavities, is believed to be patho-
genically similar to allergic bronchopulmonary mycoses.75,76 
Aspergillus and dematiaceous fungi (e.g. Alternaria, Curvularia, 
Bipolaris) have been cultured from affected sinuses. Nasal pol-
yposis, facial deformity, bony erosion of the sinuses, proptosis 
and fungal hyphae in allergic mucin filling the sinuses are 
common in children with AFS.77–79 Because of its destructive 
nature, AFS is managed aggressively, with topical and oral cor-
ticosteroids after surgical debridement.75,79 Antifungal therapy 
(e.g. itraconazole) has been associated with clinical improve-
ment, oral steroid reduction and resolution of disease in some 
series.80,81

Chronic rhinosinusitis in young children differs from the 
common pathology in older children and adults. Sinus mucosal 
biopsies from younger children (median age 3.9 years; range 
1.4–8.2) with chronic rhinosinusitis (i.e. despite at least two 
courses of antibiotics, one with a second-line agent), when com-
pared with adult sinusitis controls, had significantly fewer eosin-
ophils, less basement membrane thickness, fewer submucosal 
mucous glands and less epithelial injury.82 These young children 
had more CD8+ (cytotoxic T lymphocytes), CD20+ (B lympho-
cytes), myeloperoxidase-positive (neutrophils) and CD68+ 
(monocytes, macrophages) cells in sinus epithelium and/or sub-
mucosal tissues.83 Those whose sinus cultures grew a bacterial 
pathogen (55%) had significantly more submucosal neutrophils. 
This pan-immune histopathology might indicate inadequate 
and/or dysregulated immune responses to bacterial biofilms, 
pathogenic microbiomes and/or common respiratory viruses.

Asthma and Allergy Risk Factors
Along with histologic evidence that the immune pathologic 
processes of chronic sinusitis and asthma can be similar, epide-
miologic, radiographic and clinical studies also link sinusitis 
with asthma. In a large European survey study, a strong associa-
tion of asthma with chronic rhinosinusitis (adjusted odds ratio 
3.47) was observed at all ages, and was stronger in those also 
reporting allergic rhinitis (aOR 11.85).84 Using plain radiogra-
phy of the sinuses, the prevalence of radiographic sinus abnor-
malities was significantly higher in asthmatic children (31%) 
than nonasthmatic controls (0%).85 In asthmatic children who 
were hospitalized for an acute exacerbation, significant radio-
graphic abnormalities of the sinuses were revealed in 87%.86 A 
study of patients undergoing surgery for chronic sinusitis found 
that sinus CT evidence of extensive disease was associated with 
asthma, allergen sensitization and peripheral blood eosino-
philia.87 Of those with eosinophilia, 87% had extensive sinus 
disease.

Allergic rhinitis and inhalant allergen sensitization have  
also been associated with sinusitis in children. In a large birth 
cohort study, both allergic rhinitis and grass pollen sensitization 
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turbinates are generally edematous. Following decongestion of 
the nasal cavity, purulent drainage coming from the middle 
meatus can sometimes be observed in older children. Tender-
ness over the frontal sinus in older children may indicate frontal 
sinus disease, but tenderness, in general, is uncommon in chil-
dren with acute disease. Transillumination, considered by some 
to be a useful tool in adults, is unreliable in children.

Chronic Sinusitis
The most common symptoms associated with chronic sinusitis 
in children are nasal discharge (59%), facial pain/discomfort 
(33%), nasal congestion (30%), cough (19%) and wheezing 
(19%).103 Nasal discharge can be of any quality, but purulent 
discharge is the most common. Daytime mouth-breathing and 
snoring are common complaints. Examination of the nasal 
cavity may or may not reveal nasal discharge. The nasal turbi-
nates are generally enlarged and can be edematous or erythema-
tous. Although facial pain or discomfort may be a common 
complaint, tenderness over the sinuses is an uncommon finding 
in children.

RADIOGRAPHIC	IMAGING

A consensus report provided by the American College of Radi-
ology105 provided appropriateness criteria of different radio-
graphic imaging modalities in assessing pediatric sinus disease. 
Currently, coronal CT is the recommended examination for 
imaging persistent or chronic sinusitis in patients of any age. 
Plain sinus radiographs (Waters and Caldwell projections), 
although widely available, can both underdiagnose and overdi-
agnose sinus soft tissue changes. Magnetic resonance imaging 
provides superior soft tissue delineation; however, it is expen-
sive, has limited availability and does not provide bony details 
of the osteomeatal complex. Conventional tomography, nuclear 
medicine studies and ultrasound have significant limitations for 
imaging the sinuses.

It is tempting to consider sinus mucosal abnormalities and 
associated anatomic variations seen in imaging studies in symp-
tomatic patients as clear indications for sinusitis therapy (e.g. 
antimicrobial therapy and sinus surgery). However, the clinical 
importance of such findings is challenged by studies that have 
revealed a high prevalence of such soft tissue findings in people 
without sinusitis symptoms or with URTIs.18,19 In these studies, 
URTI symptoms and associated radiographic sinus abnormali-
ties have improved without specific sinusitis therapy (i.e. no 
antibiotics or surgery for sinusitis).

The American College of Radiology consensus report has the 
following recommendations: (1) the diagnoses of acute and 
chronic sinusitis should be made clinically and not on the basis 
of imaging findings alone; (2) no imaging studies are indicated 
for acute sinusitis except for cases where complications are sus-
pected or cases that are not responding to therapy; and (3) if 
imaging information in patients with chronic sinusitis is desired, 
coronal sinus CT is recommended. The use of plain radiographs 
of the sinuses (i.e. Waters and Caldwell views) is generally dis-
couraged in this report, except in children younger than 4 years 
of age. The use of Waters view radiographs in children is sup-
ported by a study in which the sensitivity and specificity of a 
Waters view radiograph to diagnose chronic sinusitis in chil-
dren were 76% and 81%, respectively.106 In the same study, 
limited coronal CT scans were better than sinus x-rays and 
nearly as good as full sinus CT evaluations.

Consensus-based guidelines on the management of sinusitis 
in children have been published, from the American Academy 
of Pediatrics (AAP),1 the Infectious Diseases Society of America 
(IDSA),101 the American Academy of Allergy, Asthma and 
Immunology102 and the American Academy of Otolaryngology–
Head and Neck Surgery.103 These consensus guidelines, along 
with randomized controlled trials, systematic reviews and 
meta-analyses of specific management topics, have been con-
sidered in the following discussion.

HISTORY	AND	PHYSICAL	EXAMINATION

Acute Sinusitis
Persisting, non-improving symptoms, such as nasal discharge 
(76%) and cough (80%), lasting longer than 10 to 14 days  
are the most common presentation of acute sinusitis in  
children.1,26,101 Nasal discharge can be of any quality, and cough 
can be daytime, nighttime or both. Fever may accompany  
the illness. Less common presentations include severe symp-
toms such as high fever, purulent nasal discharge or facial  
pain for 3 to 4 days or longer at the start of illness, or worsening 
symptoms after 5 to 6 days of a viral URTI that had been 
improving.1,101

Although headaches and sinus tenderness are generally 
believed to be the hallmarks of sinusitis, a study of 200 sinusitis 
patients did not find a significant correlation of facial pain or 
headache with abnormal findings on sinus CT.104 Additionally, 
the reported regions of facial pain did not correlate with radio-
graphically identified sinus abnormalities. The nasal cavity  
is usually filled with discharge and the nasal mucosa and 

BOX	26-1 DIFFERENTIAL DIAGNOSIS AND RISK 
FACTORS FOR ACUTE AND CHRONIC 
SINUSITIS IN CHILDREN

ACUTE	SINUSITIS

Prolonged viral upper respiratory tract infection
Foreign body in the nose
Acute exacerbation of inhalant allergies
Acute adenoiditis or adenotonsillitis

CHRONIC	SINUSITIS

Rhinitis, allergic and nonallergic
Anatomic causes of nasopharyngeal obstruction

Turbinate hypertrophy
Adenoid hypertrophy
Nasal polyps
Severe septal deviation
Choanal atresia
Asthma

Neoplasms of the nose and nasopharynx
Juvenile angiofibroma
Rhabdomyosarcoma
Lymphoma
Dermoid cyst

Cystic fibrosis
Lymphocyte immune deficiencies

B lymphocytes – antibody deficiencies
T lymphocyte deficiencies – congenital and acquired

Primary ciliary dyskinesias
Wegener’s granulomatosis
Churg-Strauss vasculitis
Dental caries/abscess
Gastroesophageal reflux disease with nasopharyngeal reflux
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mycotic aneurysm formation, resulting in neurologic sequelae 
and death.

Complications of maxillary sinusitis are rare. Mucoceles in 
the maxillary sinus are occasionally encountered in children 
with cystic fibrosis. Osteomyelitis of the maxillary sinus, more 
prevalent in the preantibiotic era and in adults with dental 
disease, is rare today.

Sinusitis Treatment
ANTIMICROBIAL	THERAPY

Acute and Subacute Sinusitis
The goals of therapy for acute and subacute sinusitis are to 
hasten clinical improvement, prevent intracranial and orbital 
complications, and prevent mucosal damage that may predis-
pose to chronic sinus disease27,28 (Box 26-2). The actual benefit 
of antibiotics in achieving these goals has not been conclusively 
proven. A pivotal randomized trial showed that antibiotic 
therapy (amoxicillin or amoxicillin-clavulanic acid) for acute 
sinusitis, defined by clinical and plain radiograph criteria, was 
associated with symptom resolution in 66% of children at 10 
days, significantly greater than the 43% rate of resolution 
among placebo-treated subjects.111 Two subsequent random-
ized trials call into question the benefit of antibiotic treatment. 
One compared amoxicillin, amoxicillin-clavulanate and placebo 
in children with clinically diagnosed acute sinusitis and found 
no differences in symptom improvement at 14 days (79–81%), 
or relapse or recurrence rates.112 The other compared cefurox-
ime and placebo in children with nonimproving respiratory 
symptoms and abnormal maxillary sinus ultrasonography; no 
difference in rates of improvement or cure at 14 days (84–91%) 
was observed.113 A fourth trial randomized children with acute 
sinusitis to receive amoxicillin-clavulanate or placebo. Antibi-
otic treatment was associated with a superior cure rate (50% vs 
14%) and less treatment failure (14% vs 68%).114 In the IDSA 
guidelines, a meta-analysis of antibiotic randomized, controlled 

SINUSITIS	COMPLICATIONS

Complications of sinusitis (Table 26-2) are generally believed 
to be acute events that result from a combination of outflow 
obstruction and pathogenic bacteria in the sinuses. Intracranial 
extension of infection is by direct erosion, thrombophlebitis or 
extension through preformed pathways (e.g. fracture lines). The 
incidence of intracranial complications in children hospitalized 
for sinusitis was 3%.107

Orbital complications from sinusitis are primarily the result 
of acute ethmoid disease but could occasionally be extensions 
of frontal disease.108 A classic description of the progression 
of sinusitis to orbital complications is as follows: inflammatory 
edema, orbital cellulitis, subperiosteal abscess, orbital abscess 
and cavernous sinus thrombosis.109 The most common presen-
tations of orbital complications include eyelid edema, orbital 
pain, diplopia, proptosis, and chemosis, as well as fever,  
nasal discharge and headache.110 In a cohort of hospitalized 
children with orbital complications from sinusitis, 72% had a 
history of a URTI and 24% had received oral antibiotic therapy 
prior to their presentation with orbital complications.110 It can 
be difficult to differentiate between preseptal cellulitis and 
orbital cellulitis on clinical parameters alone (i.e. based on lid 
edema and pain), without an imaging study. In orbital cellulitis, 
proptosis progresses and chemosis, ophthalmoplegia and 
reduced visual acuity may ensue. Orbital abscesses and cavern-
ous sinus thrombosis caused by bacterial sinusitis are uncom-
mon today.

Intracranial complications from sinusitis primarily result 
from frontal or sphenoid sinus disease.107 There are many simi-
larities between the pathogenesis of intracranial extension of 
sinusitis and that of otitis media. Intracranial complications in 
the preantibiotic era were devastating, with mortality rates of 
up to 75%. Current mortality rates for these complications are 
between 10% and 20%. Cavernous sinus thrombosis is a unique 
intracranial complication of ethmoid and sphenoid sinusitis by 
direct extension or venous communication. This complication 
is characterized by a toxic-appearing patient with infectious/
inflammatory involvement of cranial nerves III, IV and VI, 
resulting in ophthalmoplegia. Progressive disease within the 
cavernous sinus can lead to carotid artery thrombosis and 

Complication
Maxillary	
Sinus

Ethmoid	
Sinus

Frontal	
Sinus

Sphenoid	
Sinus

Osteomyelitis + + +
Mucocele + + + + + + +
Preseptal 

cellulitis
+ + +

Orbital cellulitis + + + +
Subperiosteal 

abscess
+ + +

Orbital abscess +
Meningitis + +
Epidural abscess + +
Subdural 

abscess
+

Brain abscess +

+++ – Frequent, ++ – less frequent, + – least frequent.

TABLE	

26-2	 Sinusitis Complications (by Sinus Involvement)

BOX	26-2 KEY CONCEPTS

USE	OF	ANTIMICROBIALS	IN	SINUSITIS

• For acute and subacute sinusitis, target therapy toward the 
same pathogens responsible for acute otitis media: Strepto-
coccus pneumoniae, Haemophilus influenzae and Moraxella 
catarrhalis.

• Broad-spectrum antibiotics targeting β-lactamase-producing 
organisms and resistant S. pneumoniae should be used when 
there is:
Poor response to first-line antibiotics
Moderate-severe, chronic or recurrent disease
Complicated or potentially complicated disease (including 

frontal or sphenoidal involvement)
High risk for first-line antibiotic-resistant organisms: antibiotic 

therapy within the preceding 30–90 days, daycare atten-
dance, age < 2 years, high endemic rates of resistant 
pathogens

• Treat acute sinusitis for at least 10–14 days and until asymp-
tomatic plus an additional 7 days.

• Consider sinus aspiration for microbiologic identification and 
targeted antimicrobial therapy if disease is:
Severe
Associated with orbital or intracranial complications
Unresponsive to multiple antibiotic courses
In immunocompromised patients
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trials of children with acute sinusitis concluded modest benefit, 
with approximately five children requiring therapy for one 
additional child with cure or improvement.101 Meta-analyses of 
studies in adults with acute sinusitis suggest similar modest 
benefit of antibiotic therapy, in part because approximately two 
thirds of adults with acute sinusitis improve without antibiotic 
treatment.101,115–119

Despite lack of definitive proof of efficacy, antibiotic treat-
ment is recommended for most children with acute and sub-
acute sinusitis because bacterial pathogens are recoverable from 
the majority of affected sinuses,1,17 antibiotic treatment may be 
associated with greater rates of clinical improvement, and pre-
venting sinusitis complications is a major concern.1,101 Several 
days of watchful waiting for spontaneous clinical improvement 
prior to initiating antibiotic treatment is an alternative for per-
sistent, non-severe symptoms.1 There is a paucity of trial data 
in children to indicate which antibiotics may be superior, 
although studies performed in adults suggest comparable clini-
cal efficacy of commonly used agents.21 Antibiotic selection is 
frequently directed by typical susceptibility profiles of fre-
quently isolated bacteria and pharmacokinetic properties of 
candidate antibiotics27,28 (Table 26-3). Because their microbiol-
ogy is similar, the approach to antibiotic selection for acute and 
subacute sinusitis is similar. Amoxicillin is commonly recom-
mended for previously untreated, mild and uncomplicated 
acute sinusitis based on its excellent tolerability, low cost, 
narrow spectrum and track record for both sinusitis and otitis 
media; this option is preferred in the AAP guidelines for uncom-
plicated, mild-moderate disease in children lacking risk factors 
for antibiotic resistance.1,120,121 This parallels recommendations 
for adults, in whom meta-analyses of randomized trials support 
the efficacy of amoxicillin (and penicillin) for acute sinus-
itis.115,122,123 However, a 5% to 20% failure rate can be expected 
with amoxicillin because of resistant S. pneumoniae, H. influen
zae and M. catarrhalis.1,31 High-dose amoxicillin (80–90 mg/kg/
day) can be used to improve eradication of potentially non-
susceptible S. pneumoniae in children with risk factors for anti-
biotic resistance (e.g. antibiotic therapy within the preceding 30 
to 90 days, daycare attendance, age < 2 years, and/or high local 
rate of penicillin-nonsusceptible S. pneumoniae).1,27,101 Initial 
therapy with a broader antibiotic targeting β-lactamase-
producing organisms and resistant S. pneumoniae should be 
considered in the following circumstances: a history of poor 
response to amoxicillin; moderate-severe, complicated or 
potentially complicated disease (including frontal or sphenoidal 
involvement); protracted or recurrent disease; and high risk for 
antibiotic resistance (age < 2 years, day care, recent antibiotic 
use).1,31,101,121 Amoxicillin-clavulanic acid (80–90 mg/kg/day of 
amoxicillin component) is generally recommended in these 
situations and, in the ISDA guidelines, is preferred first-line 
therapy.1,101 Alternatives include cephalosporins (e.g. cefurox-
ime, cefpodoxime, cefprozil, cefdinir, cefixime), combination 
cephalosporin with clindamycin to provide extended Gram-
positive (e.g. S. pneumoniae, methicillin-susceptible and 
methicillin-resistant S. aureus) and anaerobic coverage, or the 
fluoroquinolone levofloxacin.1,101 Macrolides (e.g. azithro-
mycin) are generally not recommended because of increasing 
resistance of S. pneumoniae and H. influenzae unless other 
options are limited by allergies.1,27,101,121 The role of trimethoprim-
sulfamethoxazole has similarly been reduced by increasing 
resistance of both S. pneumoniae and H. influenzae; it remains 
an option in patients with β-lactam allergy or known infection 
with methicillin-resistant Staphylococcus aureus.1,27,28,101,121

Antibiotic Comments

Penicillins
Amoxicillin
Amoxicillin-

clavulanate

Untreated, mild, uncomplicated disease; 
high dose targets resistant 
Streptococcus pneumoniae

Poor response to amoxicillin; moderate-
severe, complicated or protracted 
disease; or high risk for antibiotic 
resistance

High dose of amoxicillin component 
targets resistant S. pneumoniae

Cephalosporins
Cefuroxime
Cefpodoxime
Cefprozil
Cefdinir
Cefixime
Cefotaxime
Ceftriaxone

Poor response to amoxicillin or 
amoxicillin-clavulanate; moderate-
severe, complicated or protracted 
disease; penicillin allergy; or high  
risk for antibiotic resistance. May  
be combined with clindamycin  
for additional Gram-positive  
(S. pneumoniae, S. aureus, 
streptococci) coverage. Intravenous 
agents (cefotaxime, ceftriaxone) for 
severe or complicated disease or 
disease unresponsive to oral antibiotics

Macrolides
Clarithromycin
Azithromycin

Recommended only if significant β-lactam 
allergy limits other options; increasing 
resistance of S. pneumoniae and 
Haemophilus influenzae

Trimethoprim-
sulfamethoxazole

Recommended only if significant β-lactam 
allergy limits other options or if known 
methicillin-resistant Staphylococcus 
aureus; increasing resistance of 
S. pneumoniae and H. influenzae

Clindamycin Activity against Gram-positive aerobes 
(including many S. pneumoniae, many 
methicillin-susceptible and methicillin-
resistant S. aureus, and streptococci) 
and anaerobes; can be combined  
with cephalosporin to provide broad 
coverage; option if significant β-lactam 
allergy or poor response to β-lactam 
antibiotics

Levofloxacin Fluoroquinolone antibiotic; option if 
severe penicillin allergy or poor 
response to β-lactam antibiotics

Vancomycin Intravenous; severe or complicated 
disease or disease unresponsive to oral 
antibiotics

TABLE	

26-3	
Selected Antibiotics for Acute, Subacute and 
Chronic Sinusitis

If amoxicillin is chosen for initial therapy, lack of clinical 
response within 48 to 72 hours should prompt a change to a 
broader agent (e.g. amoxicillin-clavulanate).1,28,31 If amoxicillin-
clavulanate is used initially without clinical response, include 
either a combination of cephalosporin with clindamycin, or 
levofloxacin.1,101 If the disease becomes severe, protracted, asso-
ciated with orbital or intracranial complications, or unrespon-
sive to multiple antibiotic trials, sinus lavage for microbiologic 
diagnosis and/or intravenous antibiotics (e.g. cefotaxime, cef-
triaxone, vancomycin, clindamycin) can be considered.1,19,121 In 
immunocompromised hosts, sinus lavage should be considered 
earlier because of their increased risk for atypical and resistant 
organisms and their impaired immune response to them.31,121

There has been no systematic evaluation of the optimal 
duration of antibiotic therapy for acute sinusitis in children. 
Data obtained in adults suggest that treatment for 10 days 
affords microbiologic cure rates in excess of 90%, whereas 7-day 
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sinusitis by analogy with recurrent otitis media.31,103 An alterna-
tive approach was short-term, preemptive prophylaxis with the 
onset of URTIs in children who have frequently recurrent sinus-
itis triggered by URTIs, a strategy that was beneficial for recur-
rent otitis media.137 However, increasing rates of antibiotic 
resistance and the resulting impetus to reduce antibiotic expo-
sure have restricted prophylactic antibiotic strategies in recent 
years.32,138

SINUS	SURGERY

Acute Sinusitis
The indications to perform sinus surgery on a child with acute 
and uncomplicated sinusitis are limited. Acute sinusitis symp-
toms are generally relieved by medical therapy consisting of 
antibiotics and adjunctive medical therapy. However, acute 
frontal or sphenoidal sinusitis in an adolescent may benefit 
from emergent surgical drainage for pain relief. In immuno-
compromised hosts, sinus irrigations to obtain specimens for 
microbial staining and culturing may be needed to identify 
potentially unusual, opportunistic pathogens.

Chronic Sinusitis
Endoscopic sinus surgery (ESS) was popularized after sinus 
surgery using endoscopes was imported from Europe by Ameri-
can surgeons in the 1980s. The safety and efficacy of this pro-
cedure in pediatric sinusitis cases have been reported, based 
primarily on satisfaction questionnaires.139–141 A meta-analysis 
using data from 13 studies on the outcomes of pediatric ESS 
concluded that ESS is a safe and effective treatment of chronic 
sinusitis in children.142 However, it is important to note that the 
studies included in this analysis lack an untreated control group, 
and most of the data sources were retrospective chart reviews.

Others have reported symptomatic and clinical improve-
ments following ESS in special populations such as children and 
adults with asthma143,144 and cystic fibrosis,145 although polyp 
recurrence in cystic fibrosis exceeds 50%.142 Opposing this trend 
have been sporadic commentaries challenging the impression 
that pediatric sinusitis is a surgical disease.138,146 Indeed, in a 
cohort of children who underwent ESS at an early age, a mark-
edly higher rate of revision surgeries (50%) was required (e.g. 
for postsurgical osteomeatal scarring), in comparison with a 
control group of young, chronic sinusitis patients who had not 
had prior sinus surgery (9%).147

Despite its unproven clinical efficacy and uncertain indica-
tions, ESS has safety attributes that surpass those of its prede-
cessors. ESS with pediatric instrumentation can provide sinus 
drainage and sinus ablation. Specifically, the ostium of the max-
illary sinuses can be widened by endoscopic antrostomy. By 
performing endoscopic ethmoidectomy, the ethmoid cells and 
polypoid tissue can be removed, frontal duct drainage can be 
enhanced and the sphenoid sinus can be entered and drained. 
A technologic advance in ESS, balloon sinuplasty, uses angio-
plasty balloon technology to expand the sinus ostium to increase 
sinus aeration and/or establish drainage. The therapeutic benefit 
of balloon sinuplasty has not yet been determined.148 However, 
the light angioplasty guide wire can be used to enter the frontal 
sinus for bacteriologic sampling and irrigation.

Surgery for Sinusitis Complications
The type of sinusitis complication dictates whether an  
otolaryngologist will need the additional expertise of an  

courses are associated with microbiologic failure in 20%. 
However, treatment courses as short as 1 to 5 days in children 
have had encouraging clinical results in a limited number of 
trials.124–126 In general, a 10- to 14-day treatment course is rec-
ommended for the majority of children, tailored to a patient’s 
response (e.g. treat until asymptomatic plus an additional 7 
days).1,31,101,121,127 Longer courses (e.g. 3 to 4 weeks) should be 
considered for severe disease or if resolution is unusually 
slow.27,32,121,127

Chronic Sinusitis
Few studies of the efficacy of antibiotics in hastening clinical 
improvement from and preventing complications of chronic 
sinusitis have been reported; furthermore, their findings are 
inconsistent. In atopic children with chronic sinusitis, amoxicil-
lin and trimethoprim-sulfamethoxazole were associated with 
higher response rates than either erythromycin or an oral 
antihistamine/decongestant without antibiotic.128 However, in 
other studies of subacute or chronic sinusitis, response rates 
with antibiotic therapy plus decongestant were not greater than 
those with decongestant plus nasal saline129 or with placebo or 
drainage procedures.47

Despite lack of firm evidence of efficacy, antibiotics are gen-
erally prescribed for chronic sinusitis because pathogenic bac-
teria in the sinuses have been well documented. Broad-spectrum 
antibiotics are chosen for empirical therapy, with the choice 
dependent on previous treatments and anticipated resistance 
patterns of pathogens such as S. pneumoniae, H. influenzae, 
M. catarrhalis and S. aureus (see Table 26-3). Favorable options 
include amoxicillin-clavulanic acid, cefuroxime and third-
generation cephalosporins such as cefpodoxime and cefdinir.  
If these agents are unsuccessful, a trial of clindamycin to  
target β-lactam-resistant S. pneumoniae, methicillin-susceptible 
and methicillin-resistant S. aureus, and anaerobes is reason-
able.27,130,131 Trimethoprim-sulfamethoxazole may be helpful for 
a patient with known infection with methicillin-resistant  
S. aureus resistant to clindamycin. The roles of oxazolidinones 
(e.g. linezolid) and newer fluoroquinolones such as levofloxacin 
for pediatric chronic sinusitis are yet to be determined. After 
multiple failed antibiotic courses, concern for resistant organ-
isms increases, and sinus lavage for culture and susceptibilities 
should be considered to facilitate targeted antibiotic treat-
ment.7,31,43,121,132 Nasal swabs have insufficient positive predictive 
value to accurately guide antibiotic therapy.1,38,46,57,101,133 Middle 
meatus swabs may have better, although still imperfect, correla-
tion with sinus cultures.1,46,57,101,134 Patients with very resistant 
isolates and/or extremely refractory disease may benefit from 
intravenous therapy with agents such as cefotaxime, ceftriax-
one, cefuroxime, ampicillin-sulbactam, ticarcillin-clavulanate, 
piperacillin-tazobactam, vancomycin or clindamycin.43,121,132,135 
For invasive fungal sinusitis, surgical debridement and systemic 
antifungal therapy are indicated.136

The optimal duration of therapy is unknown. A minimum 
of 14 days is generally recommended if there is a prompt 
response. Longer courses (e.g. 3–6 weeks) can be considered for 
slower responses, and treatment for 7 days beyond the patient 
becoming symptom-free has been suggested.32,121,127 It has been 
suggested that prolonged courses of intravenous antibiotics 
may be effective for treating bacteria in sinus-containing bio-
films; however, this concept remains to be proven.17

Antibiotic prophylaxis with agents such as amoxicillin or 
sulfonamides was previously used for children with recurrent 
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mines, topical anticholinergics, leukotriene receptor antago-
nists, topical anti-infectives and corticosteroids (intranasal  
and oral). The use of these agents is largely based on their theo-
retical benefits of improving associated rhinitis and rhinorrhea 
by decreasing mucosal inflammation, edema and mucous  
production, and increasing mucociliary transport, thereby 
improving nasal patency and presumably ostial drainage. They 
are generally discouraged in treating acute sinusitis in chil-
dren.1,101 Cochrane reviews addressing the efficacy of intranasal 
saline washes153 and intranasal corticosteroids154 for rhinosinus-
itis in adults concluded significant improvement by saline 
washes as monotherapy and in combination with intranasal 
corticosteroids for chronic sinusitis symptoms. For acute sinus-
itis, there was limited support for intranasal corticosteroids  
as monotherapy or in combination with oral antibiotics.154,155 
In adults with chronic rhinosinusitis with nasal polyposis, 
intranasal corticosteroids improved polyp scores and patients’ 
symptoms, and reduced postoperative polyp recurrence.156 
Topical and systemic antifungal therapies have been purported 
to benefit patients with chronic rhinosinusitis. A recent system-
atic review with meta-analyses found no significant benefit  
and higher adverse event reporting in the antifungal-treated 
groups.157

Conclusions
Sinusitis in children is a common problem. Diagnosis is chal-
lenging due to the overlap of symptoms, physical findings and 
radiographic findings with those of common URTIs. Sinusitis 
rarely leads to severe, life-threatening complications as a  
result of direct extension of bacterial infection from the 
sinuses. Management of uncomplicated, acute sinusitis con-
sists of antimicrobial treatment aiming for symptom relief 
and prevention of complications and recurrence. Radiographic 
imaging studies (e.g. coronal sinus CT scans) may be helpful 
in chronic, recurrent or complicated sinusitis. Antral irrigation 
can provide sinus specimens for bacterial culture and targeted 
antimicrobial therapy in patients with chronic, refractory and 
complicated disease. Sinus surgery in uncomplicated sinusitis, 
especially in young children, should generally be avoided. 
Great reductions in mortality caused by sinusitis complica-
tions coincide with advances in antimicrobial and surgical 
therapies.

The	complete	reference	list	can	be	found	on	the	companion	
Expert	Consult	website	at	http://www.expertconsult.inkling	
.com.

ophthalmologist or a neurosurgeon. Generally, the participa-
tion of a pediatrician or an infectious disease consultant in the 
care of a child with sinusitis complications is beneficial.

Subperiosteal and orbital abscesses can be drained through 
either an external or endoscopic approach. Small epidural 
abscesses may be treated medically. Other intracranial abscesses 
are usually drained by a neurosurgeon. Complicated frontal 
sinusitis (e.g. mucocele, osteomyelitis of the frontal bone) is 
treated through an external approach, with the intent to achieve 
drainage and debridement. Severe cases in which long-term 
antimicrobial therapy has failed may need sinus obliteration, 
cranialization and/or other reconstructive procedures. Muco-
celes of the ethmoid and sphenoid sinuses can be drained endo-
scopically. Children with toxic shock syndrome from sinusitis 
should undergo sinus irrigation for culture and drainage. Neu-
rosurgical drainage is sometimes indicated.

Adjunctive Surgical Procedures
Adenoid hypertrophy is a cause of chronic sinusitis and the 
benefits of adenoidectomy for chronic sinusitis have been sug-
gested by earlier uncontrolled studies.149,150 A meta-analysis of 
10 trials (six cohort and four case series) showed significant 
reduction of postoperative sinusitis symptoms.151 The basis for 
improvement by adenoidectomy is unknown. No correlation 
between maxillary sinus and adenoid cultures in patients with 
chronic rhinosinusitis was found.16 An abundance of bacterial 
biofilm coating the surface of adenoid surgical specimens in 
patients with chronic rhinosinusitis vs obstructive sleep apnea 
was observed.152 Chronic sinusitis patients with nasal obstruc-
tion from adenoid hypertrophy are likely to have some symp-
tomatic benefit from an adenoidectomy regardless of effects on 
the sinuses.

Some children with chronic sinusitis have inferior turbinate 
hypertrophy causing nasal obstruction. There are no published 
reports on the efficacy of inferior turbinate cauterization or 
reduction in the treatment of chronic sinusitis. In subjects in 
whom intranasal corticosteroid therapy for nasal obstructive 
symptoms associated with inferior turbinate hypertrophy has 
failed, a turbinate reduction procedure for symptomatic relief 
may be considered.

ADJUNCTIVE	MEDICAL	THERAPY

Clinicians have used an assortment of agents in conjunction 
with oral antibiotics for the treatment of both acute and chronic 
sinusitis in children, including nasal saline washes (isotonic  
and hypertonic), topical and oral decongestants and antihista-
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KEY POINTS

• Cough is an important defense mechanism.

• Cough is a common manifestation of disease in 
childhood.

• Cough may be classified as acute (lasting <3 weeks), 
subacute (lasting 3 to 8 weeks), or chronic (lasting >8 
weeks).

• The cause of chronic cough can be determined in most 
patients; specific therapy based on a systematic evalu-
ation is usually successful.

• Congenital anomalies and aspiration are relatively 
uncommon causes of chronic cough in children.

Introduction
Cough is a widespread sign and symptom of diseases ranging 
from uncomplicated respiratory tract infections to serious ill-
nesses affecting several organ systems. It is a source of discom-
fort for the young patient and anxiety for the parents.1,2 In the 
years 1995–1996, 24 million annual physician visits for cough 
took place in the USA, the largest number documented for a 
single symptom.3 Nearly half the patients were younger than 15 
years old. In this young cohort, cough accounted for 8.5% of 
all medical appointments.3 Pediatric texts generally describe 
chronic cough as a condition that persists for more than 3 
weeks. This observation suggests that chronic cough is likely to 
improve in time without treatment.4 A better informed classi-
fication by Irwin and colleagues divides cough into three cate-
gories: acute, lasting less than 3 weeks; subacute, lasting 3 to 8 
weeks; and chronic, lasting more than 8 weeks.5 Irwin’s defini-
tion of chronic cough excludes most self-limiting cases. A 
chronic cough by these criteria often lasts much longer than 8 
weeks and requires medical attention.

Viral infections of the upper respiratory tract are the most 
common causes of acute cough. Typically, the symptoms resolve 
within 10 to 14 days.6 Patients with subacute cough most often 
have a history of recent upper respiratory tract infection or 
seasonal allergic rhinitis (e.g. postinfectious cough, bacterial 
sinusitis and asthma). Children with chronic or recurrent epi-
sodes of dry, nonproductive cough over several months, require 
careful and systematic evaluation for the presence of specific 
diagnostic indicators.7 They pose a perplexing problem in pedi-
atric practice and call for a careful evaluation. Cough may be a 
manifestation of an underlying disorder that must be identified 
and treated. Many children with chronic cough have experi-
enced repeated treatment failures, and the families have come 
to regard the condition as permanent and untreatable. 

Fortunately, in most cases, this presupposition is inaccurate, but 
a systematic approach to the diagnosis is necessary, and therapy, 
to be effective, may have to be directed simultaneously at more 
than one involved cough mechanism. Evidence-based algo-
rithms to manage the chronic cough of children based on vali-
dated outcome measures and a priori definitions to designate 
resolution should be put to use.8,9 Child-specific cough manage-
ment protocols are advocated in Australia, the USA and the 
UK.6

Differential Diagnosis  
(Figure 27-1, Box 27-1)
The differential diagnosis of cough in childhood varies with the 
age of the patient, the duration, character and time of occur-
rence of the cough, associated signs and symptoms, and the 
patient’s exposure history. In the neonatal period, congenital 
abnormalities, especially pulmonary or cardiac, must be con-
sidered. Prematurity, especially in a patient who had required 
mechanical ventilation, may lead to bronchopulmonary dyspla-
sia or the development of tracheal or bronchial stenosis. Vomit-
ing and regurgitation may be the presenting signs and symptoms 
of gastroesophageal reflux (GER) or a tracheoesophageal fistula. 
Recurrent choking or cough associated with difficulty in sucking 
or swallowing suggests aspiration. Cough may occur in the 
course or following resolution of a respiratory infection. Atten-
dance in daycare increases the risk of upper respiratory symp-
toms and infections in young children. In the toddler, foreign 
body aspiration and cystic fibrosis are added to the list of causes. 
A history of fever and/or presentation in winter suggests a viral 
etiology; seasonal occurrence suggests asthma or seasonal aller-
gic rhinitis; year-round symptoms suggest perennial allergic 
rhinitis. Maternal smoking, in particular, appears to influence 
the development of respiratory symptoms in young children.10 
In the older child, immune deficiency, tuberculosis and psycho-
genic cough enter into the differential diagnosis. Sinusitis,  
postnasal drip and GER may contribute to cough at any age. 
Cigarette smoking and psychogenic causes also require consid-
eration among adolescents.11 A recent study showed that in 
otherwise healthy children with unexplained chronic cough, a 
significant proportion of the coughs was preceded by episodes 
of reflux. Most of these episodes were acidic in older children 
but not in infants12(Figure 27-3). Early evaluation and treat-
ment of children with recurrent cough, sinusitis, foreign-body 
aspiration or GER are important to prevent bronchiectasis.13

How often do normal children cough? Accurate answers 
come from studies that used cough recorders. Cough frequency 
over 24 hours was 11.3, with a range of one to 34 in 41 children 
free from respiratory infection for at least 1 month. Only  
two children coughed at night.14 In children with chronic cough, 
the frequency was 65/day and in normal controls 10/day.15 
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Figure 27-1  Algorithm for the evaluation and treatment of chronic cough in childhood. CT – computed tomography, Tx – therapy, GERD – gas-
troesophageal reflux disease, ELISA – enzyme-linked immunosorbent assay, PPD – purified protein derivative, UGI – upper gastrointestinal series, 
MRI – magnetic resonance imaging, ECG – electrocardiogram. 
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Unfortunately, most studies rely on parents to give an account 
of their child’s cough, a method that has been shown to provide 
inaccurate information.16,17 When questionnaires administered 
to parents about their child’s coughing were compared to  
overnight recordings performed in 145 homes, the agreement 
was low.18

Pathophysiology  
(Figures 27-2 and 27-3)
Cough serves as a protective mechanism to clear the respiratory 
tract and to defend it against the aspiration of noxious materi-
als. While mechanical barriers limit the exposure of the respira-
tory tract to inhaled pathogens, the mucociliary apparatus  
and cough act to expel any organisms that may have bypassed 
the primary defenses. Two associated processes, bronchocon-
striction and mucus secretion, add to its effectiveness. Recur-
rent partial collapse or incomplete inflation of the lungs and 
pneumonia associated with ineffective cough attest to its 
importance.19

Cough is executed as a complex reflex, an automatic or invol-
untary response to a stimulus, completed by the afferent and 
efferent pathways and a putative cough center in the brain, but 
also, at least in part, intensified or restrained under voluntary 
control. The main afferent pathways of cough originate in nerve 
receptors immediately beneath the respiratory epithelium in the 
larynx and the tracheobronchial tree, and in extrapulmonary 

Figure 27-2  Changes in flow rate, air volume, subglottic pressure and 
sound  level  generated  during  the  act  of  coughing.  (From Bianco S, 
Robuschi M. Mechanics of cough. In: Braga PC, Allegra L, editors. 
Cough. New York: Raven; 1989.)
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Congenital anomalies
Connection of the airway to the esophagus

Laryngeal cleft
Tracheoesophageal fistula

Laryngotracheomalacia
Primary laryngotracheomalacia
Laryngotracheomalacia secondary to vascular or other 

compression
Bronchopulmonary foregut malformation
Congenital mediastinal tumors
Congenital heart disease with pulmonary congestion
Chiari type I malformation

Infectious or postinfectious cough
Recurrent viral infection (infants and toddlers)
Chlamydial infection (infants)
Whooping cough-like syndrome

Bordetella pertussis infection
Chlamydia infection
Mycoplasma infection
Cystic fibrosis (infants and toddlers)

Granulomatous infection
Mycobacterial infection
Fungal infection

Suppurative lung disease (bronchiectasis and lung abscess)
Cystic fibrosis
Foreign body aspiration with secondary suppuration
Ciliary dysfunction
Immunodeficiency

Primary immunodeficiency
Secondary immunodeficiency (acquired immune deficiency 

syndrome)

Paranasal sinus infection
Cough-variant asthma

Rhinitis related
Allergic rhinitis
Rhinosinusitis
Vasomotor rhinitis
Postnasal drip

Gastroesophageal reflux without aspiration
Vocal cord dysfunction
Aspiration (fluid material)

Dyskinetic swallowing with aspiration
General neurodevelopmental problems
Möbius’ syndrome
Chiari malformations

Bottle-propping and bottle in bed (infant and toddlers)
Gastroesophageal reflux

Foreign body aspiration (solid material)
Upper airway aspiration (tonsillar, pharyngeal, laryngeal)
Tracheobronchial aspiration

Esophageal foreign body with an obstruction or aspiration 
resulting from dysphagia

Physical and chemical irritation
Smoke from tobacco products (active and passive)
Wood smoke from stoves and fireplaces
Dry, dusty environment (hobbies and employment)
Volatile chemicals (hobbies and employment)
Dampness
Mold

Psychogenic cough
Habit cough

BOX 27-1 DIFFERENTIAL DIAGNOSIS OF CHRONIC COUGH
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methacholine or histamine provokes both cough and broncho-
constriction.24 However, the receptors for both reflexes are func-
tionally distinct, and either response can arise independently. 
Challenge with hyperosmolar solutions causes both cough and 
bronchoconstriction, but hypo-osmolar solutions tend to bring 
about cough alone.25 Pretreatment divides induced cough from 
bronchoconstriction.26 When aerosolized water serves as the 
provoking agent, inhaled lidocaine blocks cough but not bron-
choconstriction. When inhaled capsaicin is used to provoke 
cough, opiates administered systemically suppress cough 
whereas those administered by inhalation suppress broncho-
constriction.26 Bronchoconstriction, but not the urge to cough, 
can be blocked by pretreatment with intravenous atropine, con-
sistent with the role of cholinergic pathways in the efferent limb 
of reflex bronchoconstriction. The mechanisms that trigger 
cough and bronchospasm following exercise or exposure to cold 
air appear to be different. Cough results mainly from excessive 
water loss, while bronchoconstriction follows airway rewarm-
ing.27 Cold, air-induced bronchoconstriction can be blocked by 
β-adrenergic agents, but cough cannot. Cough most often 
results from excitation of receptors concentrated in the larynx 
and proximal airways, while bronchoconstriction can be trig-
gered from the lower airways as well. Finally, inflammatory 
changes in the airways may result in cough without simultane-
ously giving rise to bronchospasm.28

Cough-Variant Asthma
Childhood asthma is a syndrome of inflammation in medium 
and small airways that gives rise to hyperresponsiveness and 

sites: the nose, the paranasal sinuses, the pharynx, ear canals 
and ear drums, the pleura, the stomach, the pericardium and 
the diaphragm. Nerve impulses from the tracheobronchial tree 
pass through the vagus, the principal afferent pathway. Cough 
may result from direct stimulation of this nerve.20 The trigemi-
nal, glossopharyngeal and phrenic nerves conduct impulses 
from extrapulmonary sites.21 Axon reflexes traveling through 
branches of sensory end-organs may cause the release of neu-
ropeptides and subsequent smooth muscle contraction, mucus 
secretion and epithelial injury. Thus, sensory signals taking  
part in cough may trigger or enhance bronchospasm. Reflexes 
regulate the parasympathetic nervous system, and chronic 
cough lowers the threshold for sensory signals. Efferent impulses 
of the cough reflex are transmitted to the respiratory muscula-
ture through the phrenic and other spinal motor nerves,  
and to the larynx through the recurrent laryngeal branches  
of the vagus. The vagus also provides efferent innervation  
to the tracheobronchial tree where its branches mediate 
bronchoconstriction.

Cough and Bronchospasm
Cough and bronchospasm are two closely related reflexes that 
enhance one another, but neither depends on the other for its 
action.22 Cough clears the airways effectively only at high lung 
volumes; sufficient air velocity to shear mucus from bronchial 
walls can be achieved only down to the sixth or seventh genera-
tion of airway branching.23 Co-existing bronchoconstriction 
adds to the effectiveness of cough by extending peripherally the 
region of rapid and turbulent airflow. Challenge with either 

Figure 27-3  Proportion of children with cough preceded by reflux with pH 4–7 or <4, n = 8. The three small panels on the right present the data 
by age: <2 years (n = 15), >2–<6 years (n = 36), >6 years (n = 32). (From: Ghezzi M, Guida E, Ullmann N, Sacco O, Mattioli G, Jasonni V, Rossi GA, 
Silvestri M. Weakly acidic gastroesophageal refluxes are frequently triggers in young children with chronic cough. Pediatr Pulmonol 
2013;48:295–302).
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evaluation of airway function by bronchial provocation with 
methacholine, histamine or exercise is recommended. In chil-
dren too young to perform pulmonary function testing, the 
diagnosis of cough-variant asthma may be confirmed by the 
patient developing unequivocal evidence of reversible airways 
obstruction later in the clinical course and by the patient’s 
response to asthma therapy.

Cough During and After  
Respiratory Infection
Children have an average of six to eight respiratory infections 
per year, a number that may be higher in those with siblings or 
in daycare. Repeated infections common in winter months may 
result in a chronic cough. Acute bronchitis usually follows the 
symptoms of upper respiratory illness. Cough associated with 
infection with respiratory syncytial virus (RSV), other respira-
tory viruses and cytomegalovirus, Mycoplasma pneumoniae, 
Chlamydia trachomatis, Ureoplasma urealyticum, Pneumocystis 
jiroveci (formerly carinii), Corynebacterium diphtheriae and 
Bordetella pertussis often lasts beyond the acute stage. Measles 
causes a cough with coryza, conjunctivitis and fever. In the 
immunized patient, atypical measles is more likely to cause 
cough or pneumonia than the characteristic rash.

Persistent bacterial bronchitis (PBB) is an increasingly diag-
nosed form of chronic wet cough that occurs in children with 
a history of mild asthma or possibly misdiagnosed asthma.41 
Some of the children have a history of invasive medical therapy 
(prolonged ventilation, cardiac surgery) and many have an 
underprivileged background. These children have a chronic wet 
productive cough with bacteria such as Streptococcus pneu-
moniae, Haemophilus influenzae and Moraxella catarrhalis per-
sisting in the airways, and an associated neutrophilia. Spirometry 
and chest x-rays are typically normal. The cough responds to  
a course of antibiotic (e.g. amoxicillin-clavulanate for 2–4 
weeks).42 Prolonged duration of cough and increased neutro-
phil counts are related to worse high-resolution computed 
tomography scan scores. A recent retrospective study identified 
a cohort of children with protracted bacterial bronchitis that 
for the most part had started in infancy.43 Almost three quarters 
of the children had an associated airway malacia. These children 
responded well to antibiotics, although a significant number 
relapsed and needed additional courses of treatment.43 A favor-
able response to a course of antibiotics confirms the diagnosis 
of PBB and further investigations may be unnecessary. Children 
who do not respond to treatment require investigation for spe-
cific causes of suppurative lung disease. This includes a sweat 
test and genotyping for cystic fibrosis, exhaled NO, evaluation 
of ciliary ultrastructure and beat frequency, white cell count, 
immunoglobulin levels and functional antibody studies, barium 
swallow, swallowing videofluorscopy and esophageal reflux 
studies.41

The pathogenesis of postinfectious cough is not known. 
Children with persistent postinfectious cough do not have 
airway eosinophilia typical of untreated asthma, but some man-
ifest increased reactivity of the airways. These observations 
suggest that postinfectious cough has different pathophysiolog-
ical features from asthma.44 The infection causing the cough, in 
most cases, remains unidentified. The diagnosis is clinical and 
one of exclusion. It should be considered in patients with 
normal chest x-rays and pulmonary function tests who cough 
only after respiratory tract infections. Postinfectious cough gen-
erally regresses over time, but it often recurs. Its resolution may 

constriction of the bronchial smooth muscle, edema and dis-
ruption of the mucosa, and obstruction of the airway lumen.29 
Inflammation may lead to airway remodeling with proliferation 
of smooth muscle and deposition of matrix proteins. Cough-
variant asthma is associated with the same disordered physio-
logical processes and presenting signs, but overt wheezing is 
absent, and cough is the most discernible clinical sign. However, 
substantial evidence shows that awareness of symptoms by chil-
dren with asthma is poor,30 and both children and their parents 
may be more aware of cough than of other symptoms that may 
be present as well.

The diagnosis of asthma on the basis of cough alone accounts 
for the profusion of cases of cough-variant asthma that are open 
to doubt.31 In 1991, 10% of children with cough as the only 
symptom were diagnosed as having asthma; 2 years later, the 
figure had increased to 22.6%. Whereas in the past, cough may 
have been underrecognized as a sign of asthma, at present the 
opposite appears to be true.32,33 This is borne out by reports in 
which children with persistent nocturnal cough improved after 
2 weeks of placebo therapy and received only modest additional 
benefit from a course of high-dose inhaled corticosteroids.34 
Inhaled albuterol and beclomethasone in children with cough, 
but without wheezing, were no more effective than placebo in 
reducing cough frequency.35 Surprisingly, even the documenta-
tion of airway hyperreactivity did not predict a child’s response 
to these asthma medications. A study of nocturnal cough 
showed that in the absence of wheeze, shortness of breath or 
tightness of the chest, cough did not indicate hidden or atypical 
asthma in most children.36 Children under 4 years of age with 
frequent recurrent wheeze and a stringent index for the predic-
tion of asthma at school age showed significantly higher median 
fractional exhaled nitric oxide (NO) levels (11.7 [11.85]) 
(median [interquartile range]) than children with recurrent 
cough but no history of wheeze (6.5 [5.5]; P < .001) and those 
with early recurrent wheeze and a loose index for the prediction 
of asthma at school age (6.4 [6.5]; P < .001). No difference in 
FeNO levels was found between children in the latter two 
groups (P = .91).37 A prospective study of infants followed up 
to age 11 years, showed that recurrent cough present early in 
life resolved in the majority of children. Children with recurrent 
cough but without wheeze did not have airway hyperrespon-
siveness or atopy, and significantly differed from those with 
classical asthma, with or without cough.38 Brooke and col-
leagues reassessed, during the early school years, a cohort of 
children identified as having recurrent cough in the preschool 
period. Seventy of 125 (56.0%; 95% CI 47.3–64.5%) were 
symptom-free at follow-up, 46 (36.8%; 95% CI 28.7–45.5%) 
continued to have recurrent cough in the absence of colds, and 
only nine (7.2%; 95% CI 3.6–12.8%) reported recent wheezing. 
The authors concluded that long-term recurrent cough in some 
children is consistent with the diagnosis of cough-variant 
asthma, but that few progress to develop asthma characterized 
by wheeze.39

Isolated cough is rarely due to asthma and often fails to 
respond to asthma medications.40 On the other hand, patients 
with a prolonged history of cough who respond to treatment 
with asthma medications or show evidence of bronchospasm 
or hyperresponsiveness without concurrent wheezing may  
be considered to have cough-variant asthma. Patients may be 
free of bronchoconstriction at the time of their evaluation. 
Their history of respiratory disease may be difficult to assess, 
while physical findings and routine pulmonary function tests 
may disclose no evidence of airway obstruction. In such cases, 
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illness; however, macrolide antibiotics may shorten the duration 
of fever and respiratory symptoms.

Infection with mycoplasma may produce a long-term 
impairment in lung function even in asymptomatic children. 
Clinical reports, throat culture and serological studies, and 
animal models suggest a role for mycoplasma in airway hyper-
responsiveness. In nonasthmatic subjects, significant response 
to bronchodilators has been noted 1 month after infection. 
More significantly, abnormal forced expiratory volume in 1 
second (FEV1) and forced expiratory flow after 50% of the 
expired vital capacity have been noted up to as long as 3 years 
after initial infection.55

BORDETELLA PERTUSSIS (see Box 27-2)

Before widespread vaccine coverage started in the late 1940s, 
there were as many as 270,000 cases of pertussis diagnosed in 
the USA per year, with as many as 10,000 deaths, predominantly 
among infants. Pertussis reached epidemic proportions every 2 
to 5 years. Immunization with diphtheria–tetanus–pertussis 
(DTP) using whole Bordetella pertussis reduced the average inci-
dence of pertussis in the USA from 157 per 100,000 population 
in the early 1940s to fewer than one in 1973. However, the cycles 
of outbreaks continued because neither infection nor immuni-
zation produces lifelong immunity to pertussis.56

Because of concerns over the safety of the DPT vaccine, 
beginning in the early 1990s, the USA started the transition 
from DPT to diphtheria–tetanus–acellular pertussis (DTaP) for 
the immunization of children.

Pertussis is now resurgent, and many cases are occurring in 
vaccinated children and adolescents. In countries using acellu-
lar vaccines, waning immunity is at least part of the problem.57 
It appears that vaccination rates in the young population are 
satisfactory, but the same is not true for older individuals, 
including health workers.58–60 In the years 2005–2010, the inci-
dence of pertussis rose to between four and nine per 100,000.56 
A study was conducted from 2006 to 2011 to assess the risk of 
pertussis in children relative to the time elapsed after the fifth 
dose of DTaP. This period included a large outbreak in 2010. 
DTaP was being used for all five recommended doses. Year on 
year after the fifth dose of DTaP there was a 42% increase in 
odds of acquiring pertussis.61

As many as 90% of nonimmune household contacts acquire 
the disease. Infection in immunized children and older persons 
is often mild. The burden of disease assessed by rates of com-
plications and death remains greatest in the youngest patients, 
but there has been a recent resurgence of less severe pertussis 

be accelerated by the administration of inhaled corticosteroids 
or ipratropium bromide.45

ACUTE VIRAL BRONCHIOLITIS

Bronchiolitis occurs in epidemics during the winter months in 
temperate regions, and during the hottest months and the rainy 
season in tropical climates. Cough set off by microorganisms 
contributes to their spread and survival. RSV is the leading 
cause of epidemic bronchiolitis, accounting for over 40% of 
cases. Influenza, parainfluenza type 3 and adenovirus are 
responsible for many of the remaining cases. The human meta-
pneumovirus and bocavirus also play a significant role.46 The 
risk of RSV illness in the first year of life is over 60%, and it will 
have infected nearly all children by the age of 2 years.47 RSV 
lower respiratory tract infections lead to 125,000 hospital 
admissions per year in the USA. Eighty percent occur in infants 
with a peak incidence at 2 to 8 months.48 RSV accounts for 25% 
of all acute hospitalizations in children younger than 5 years 
with chronic lung disease. Between 0.5% and 3.2% of children 
with RSV infection require hospitalization, and there are 
approximately 4500 deaths per year. Environmental risk factors 
for severe RSV infection include poverty, crowding, exposure to 
tobacco smoke and malnutrition. Older children and adults 
develop antibodies to RSV, but the immunity is incomplete, and 
re-infection may occur at any age. In these older patients, infec-
tion with RSV usually takes the form of an upper respiratory 
illness, often with bronchitis.

There is a general consensus that following even mild RSV 
bronchiolitis, children are at increased risk for repeated bouts 
of respiratory symptoms during the first 3 years of life.49 Stein 
and colleagues reported a relationship between RSV infection 
and recurrent respiratory symptoms up to 6 years of age, but 
not to asthma after the of age 13 years.50 However, more recent 
evidence points to an association between severe RSV infection 
early in life and increased incidence of asthma and eczema 
later.51 Further, hospitalization for bronchiolitis in infancy is 
associated with an increased risk of asthma, and an increased 
use of asthma medication at 28 to 31 years of age.52

MYCOPLASMA PNEUMONIAE

Most Mycoplasma pneumoniae infections in infants and young 
children are asymptomatic or are associated with upper respira-
tory symptoms only.53 However, it is the most frequent cause of 
pneumonia in children between 5 and 15 years of age,54 and a 
cause of bronchiolitis in all age groups. Mycoplasma pneumoniae 
pneumonia presents with a gradual onset of malaise, fever and 
headache. Cough begins several days after the onset of the illness 
and often persists for weeks. It may be productive of white or 
blood-tinged sputum. Physical findings include crackles, rhonchi 
and bronchial breath sounds. The incidence of wheezing with the 
acute infection has been reported to be 40%. X-ray findings, 
though not diagnostic, frequently show unilateral lower lobe 
involvement. The pattern is initially reticular and interstitial. 
Later, patchy segmental consolidation is seen. Hilar adenopathy 
and pleural effusions may be present. Ten percent of the children 
develop an exanthem and 36% have elevated hepatic transami-
nases. The diagnosis can be made by measuring specific IgM 
antibody. A rise in IgG antibody takes between 1 and 2 weeks post 
infection. Cold agglutinins are positive in about 40% to 60% of 
patients; however, the results are not specific. There is little evi-
dence that treatment with antibiotics is helpful during the acute 

BOX 27-2 RISK FROM DISEASE VS RISK 
FROM DTaP

PERTUSSIS

Pneumonia: 1 in 8
Encephalitis: 1 in 20
Death: 1 in 1500

DTaP

Continuous crying, then full recovery: 1 in 1000
Convulsions or shock, then full recovery: 1 in 14,000
Acute encephalopathy: 0–10.5 in 1,000,000
Death: None proven

Source: http://www.cdc.gov/vaccines/vac-gen/6mishome.htm#risk

http://www.cdc.gov/vaccines/vac-gen/6mishome.htm#risk
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not been given. Erythromycin or clarithromycin eliminates per-
tussis from the nasopharynx in 3 to 4 days, decreasing the 
spread of the disease.66 Given within 14 days of onset, these 
antibiotics may abort pertussis. Once paroxysms of cough 
develop, antibiotics have little effect on the course of illness. An 
association between erythromycin and idiopathic hypertrophic 
pyloric stenosis has been reported in infants.67 There are no 
such reports for clarithromycin.68

In addition to maintaining high vaccination rates among 
preschool children, effort must be directed at the identification 
and treatment of pertussis cases to prevent further spread of the 
disease. Erythromycin (40–50 mg/kg per day orally in four 
divided doses, maximum 2 g/day) for 14 days is recommended 
for all close contacts irrespective of age or immunization status. 
Exposure of infants to children and adults with cough illnesses 
should be minimized.

A major public health challenge at present is to address the 
illness in adolescents and adults. A rational strategy might be a 
universal booster vaccination for adolescents and a program 
targeted at those adults most likely to have contact with infants.

CHLAMYDIA TRACHOMATIS

Infants with C. trachomatis infection present with a high-
pitched, staccato, nonproductive cough and tachypnea without 
fever that begins around 4 weeks of age and lasts for several 
weeks, even after therapy with erythromycin.69 Concomitant 
conjunctivitis is a frequent finding.

MYCOBACTERIUM TUBERCULOSIS

Pediatric pulmonary tuberculosis remains a major cause of 
morbidity and mortality worldwide.70 From 1985 to 1992, the 
number of cases of childhood tuberculosis (TB) increased; 
however, between 1992 and 1998, the numbers declined sub-
stantially in all age groups. The incidence of TB among children 
is lower than among adults, and most of the pediatric morbidity 
and mortality occur in children younger than 5 years of age. In 
the USA, the groups with the highest rates include immigrants 
from Asia, Africa and Latin America, the homeless and residents 
of correctional facilities.71

Children contract TB from adults and adolescents; disease 
transmission among youngsters is most uncommon. When the 
tuberculin skin test converts to positive, most M. tuberculosis 
infections in children are asymptomatic. The radiographs at 
that time are usually negative, and the primary infection pro-
gresses slowly. Infection with M. tuberculosis that becomes 
symptomatic usually involves the hilar and mediastinal lymph 
nodes as well as lung parenchyma. Early manifestations become 
evident 1 to 6 months after initial infection. They include fever, 
weight loss, cough, night sweats and chills. Chest x-rays may 
show lymphadenopathy of the hilar and mediastinal nodes, 
involvement of a lung segment or lobe with atelectasis or  
infiltrate, cavitary lesions and miliary disease. Tuberculous 
meningitis may be an early finding. Later extrapulmonary man-
ifestations may involve the middle ear, mastoid, bones, joints, 
skin, and kidneys.71

The recommended treatment regimen for TB disease con-
sists of an initial 2-month phase of four drugs: isoniazid, 
rifampin, pyrazinamide and ethambutol, followed by a 4-month 
continuation phase of isoniazid and rifampin. Ethambutol  
is generally not used for young children whose visual acuity 

in adolescents and adults. These groups constitute a major 
source of disease transmission to younger children. Increased 
exposure to pertussis in the community, delay in identification 
and treatment, and high contact rates among children attending 
school or daycare contribute to the spread of the disease. It is 
important to note that pediatric healthcare workers are at par-
ticular risk for pertussis exposure, infection and subsequent 
disease transmission to susceptible patients.62 In 2011, Tdap 
vaccination coverage among health workers was only 26.9%.58

The widespread use of whole-cell pertussis vaccine in com-
bination with diphtheria and tetanus toxoids (DTP), starting in 
the USA in the late 1940s, led to a historic low point of 1010 
cases of pertussis in 1976. However, since the early 1980s, cases 
of pertussis have increased with cyclical peaks every 3 to 4 years. 
In 1996, the US Centers for Disease Control and Prevention 
reported 7796 cases of pertussis, almost half of whom were aged 
10 years or older. In the same year, acellular pertussis vaccines 
were licensed and recommended for routine immunization of 
infants.3 The effectiveness of the complete vaccination series 
is 80% (95% CI 66–88%). Receiving fewer than three doses 
constitutes a significant risk factor (relative risk 5.1; 95%  
CI 3–8.6%).63

In the unvaccinated child, infection with Bordetella pertussis 
leads to a catarrhal phase lasting 1 to 2 weeks with rhinitis, 
conjunctivitis, low-grade fever and cough. B. pertussis infection 
causes infiltration of airway mucosa by lymphocytes and poly-
morphonuclear leukocytes, necrosis of the midzonal layers of 
the mucosa and injury to the ciliated epithelium of the respira-
tory tract. A stage of tracheobronchitis, lasting 1 to 6 weeks, 
ensues with episodes of paroxysmal cough that increase in 
number and severity. Repetitive forceful coughs during a single 
expiration are followed by an abrupt inspiration that produces 
the characteristic whoop. Many children experience post-tussive 
emesis. Fever is absent or minimal. Convalescence takes weeks 
to months. Pertussis is more severe in the first year of life. A 
clinical case is defined as an acute cough illness lasting a 
minimum of 14 days in a person with at least one pertussis-
associated symptom (i.e. paroxysmal cough, post-tussive vomit-
ing or inspiratory whoop) or 14 days of cough during an 
established outbreak. A confirmed case is a cough illness of any 
duration in a person from whom B. pertussis has been isolated, 
or that meets the clinical definition and is confirmed by poly-
merase chain reaction or an epidemiological connection to a 
laboratory-confirmed case.3 Although B. pertussis infection 
should be suspected in children with paroxysmal cough, other 
organisms, most notably adenovirus, parainfluenza viruses, 
RSV and mycoplasma, have been implicated.40

There is growing evidence that B. pertussis is an important 
cause of persistent cough in adolescents and adults. Pertussis 
has been implicated in 16% of cases of chronic cough of adults 
in Denmark. Susceptibility to infection with B. pertussis recurs 
several years after vaccination. Moreover, cases of laboratory 
proven reinfection have been reported.64 B. pertussis should be 
considered in patients with symptoms of typical or atypical 
whooping cough, irrespective of their vaccination status or past 
history of the disease.64 By demonstrating B. pertussis in an 
adult, one can reassure him/her that the symptoms will subside 
without the need for extensive evaluation and treatment, and 
recommend measures to protect others, especially unvaccinated 
infants.65 Droplet precautions are recommended for 5 days 
after initiation of effective therapy or until 3 weeks after the 
onset of paroxysms if appropriate antimicrobial therapy has  
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arteriosum or persistent ductus arteriosus, double aortic arch, 
anomalous innominate or left carotid artery. These abnormali-
ties are generally referred to as vascular rings. Typical symptoms 
include inspiratory stridor, expiratory wheezing and a barking 
cough. Respiratory distress may be present, especially during 
feeding or when infection intervenes. Feeding difficulties may 
be present in the first few weeks of life. There may be recurrent 
pneumonia and atelectasis.

The presence of vascular rings must be considered in any 
infant with stridor. The chest x-ray may show a right or an 
indeterminate aortic arch. Tracheal compression by an anoma-
lous innominate artery causes a curvilinear indentation of the 
anterior trachea. While barium esophagrams may show charac-
teristic indentations from various anomalies of the aortic arch, 
magnetic resonance imaging (MRI) with its multiplanar images 
has become the imaging procedure of choice at many institu-
tions. Laryngotracheobronchoscopy is useful in excluding 
upper airway obstruction. Tracheal compression viewed endo-
scopically may be recognizable as a pulsatile, extrinsic mass. 
Vascular rings may be life-threatening, but with prompt recog-
nition and surgical treatment, they are usually completely 
correctable.11,72

MEDIASTINAL MASSES

Mediastinal masses may be present at birth. Children under 2 
years are likely to present with respiratory symptoms including 
dyspnea, cough, stridor and chest pain. Additional signs and 
symptoms may include cyanosis, atelectasis, superior vena cava 
syndrome, Horner’s syndrome, dysphagia, spinal cord compres-
sion, intercostal nerve neuralgia, and cervical lymphadenopa-
thy. These masses may be categorized as congenital or neoplastic. 
Most neoplastic tumors are malignant, and prompt diagnosis 
and treatment are required. In a large number of older children, 
the masses are asymptomatic and are recognized co-incidentally 
on chest x-rays. The asymptomatic masses are often benign. 
Chest x-rays provide information about location, size and pres-
ence or absence of calcifications. The barium swallow may be 
helpful in defining the anatomy. CT and MRI provide the most 
useful information for further diagnosis and treatment. Other 
helpful tests include percutaneous biopsy, bone marrow aspira-
tion, urinary catecholamines and skeletal survey. Monoclonal 
antibodies have been used for diagnosis, assessment of response 
to therapy and monitoring for relapse.72

BRONCHIAL STENOSIS

Bronchial stenosis is a fixed narrowing of the bronchus, usually 
not associated with other congenital malformations, although 
co-existing segmental bronchomalacia, most commonly of the 
left main bronchus, has been reported. In the past, tuberculosis 
was a common cause of bronchial stenosis. It can occur at any 
level along the bronchial tree, although it most commonly 
involves a main bronchus, just distal to the carina. The degree 
of stenosis is variable. Wheezing, both inspiratory and expira-
tory, is a typical presenting symptom. It may be associated with 
cough, dyspnea and stridor. Chest x-rays reveal recurrent atel-
ectasis that may become secondarily infected. Hyperinflation is 
usually noted on the x-rays of patients with stenosis of the main 
bronchus. In patients with segmental bronchomalacia, the 
involved lung is usually hyperlucent. If the orifices of the upper 
lobes or right middle lobe are involved, there may be 

cannot be monitored. Streptomycin may be substituted  
for ethambutol, but must be given by injection. Ethambutol  
(or streptomycin) can be discontinued when drug suscepti-
bility results show the infecting organism to be fully 
drug-susceptible.71

Children from Asia or Africa where tuberculosis is endemic 
may have cough, often with hemoptysis, and without fever, as 
a result of an infestation with a fluke of the genus Paragonimus 
acquired by eating undercooked freshwater crab or crawfish.

Cough Associated with Allergic 
Rhinitis, Rhinosinusitis and/or 
Postnasal Drip
Allergic rhinitis and rhinosinusitis (both described elsewhere in 
this text) are associated with cough that results from postnasal 
drip and irritation of the larynx. Chronic sinusitis may be an 
early manifestation of immunodeficiency or ciliary dysfunc-
tion. Irwin and colleagues identified postnasal drip as the most 
common cause of chronic cough among their patients.5 The 
diagnosis can be established by history. Mucoperiosteal changes 
on x-ray or sinus computed tomography (CT) of an atopic child 
in the absence of opacification or air-fluid levels and acute 
symptoms do not constitute an indication for treatment with 
antibiotics or sinus surgery. A most effective treatment is once 
or twice daily nasal irrigation with normal saline buffered by 
bicarbonate, followed by the instillation of a nasal corticoste-
roid spray.

Cough Associated with  
Compression Syndromes
TRACHEOBRONCHOMALACIA

Tracheo- or broncho-malacia is characterized by flaccidity or 
congenital absence of the cartilaginous rings supporting the 
trachea and/or the bronchi. Although most infants are asymp-
tomatic, some present with cough, often described as brassy, 
paroxysmal dyspnea, wheezing and stridor.40 Chest x-rays fre-
quently show recurrent ‘pneumonia’ that results from the col-
lapse of segments of the airway during expiration. Increased 
secretions associated with respiratory infections precipitate 
symptoms. The caliber of the airways on chest x-ray varies from 
normal to markedly reduced depending on the phase of respira-
tion. The appearance of pneumonia is most often caused by 
atelectasis, but secondary infection of the collapsed lung may 
occur. Prolongation of the expiratory phase and suprasternal 
and intercostal retractions are common. The diagnosis is estab-
lished by observation of the collapse of tracheal or bronchial 
walls on fluoroscopy or bronchoscopy. Intrinsic airway stenosis 
or extrinsic compression exaggerates the manifestation of tra-
cheomalacia. These complications must be considered during 
endoscopy. If associated bronchospasm is present, it must be 
treated aggressively. Although the symptoms usually subside by 
12 to 18 months of age, some infants may require a trial of 
continuous positive airway pressure or mechanical ventilation.

VASCULAR RINGS

The trachea can become partially obstructed by a vascular 
abnormality involving a right aortic arch with left ligamentum 
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Gastroesophageal Reflux  
(see Figure 27-3)

GER is a common cause of chronic cough in individuals 
of all ages and of apnea in infants, even without co-existing 
aspiration. Its most likely mode of action is through vagal 
stimulation, although aspiration must be considered. GER 
has been documented in about half of adults with chronic 
cough, and it commonly occurs in children.75 The respiratory 
manifestations of GER – cough, wheezing, sore throat, 
hoarseness, throat clearing, choking and throat irritation – 
often persist in the absence of more familiar symptoms such 
as heartburn and regurgitation.76 Proton pump inhibitors or 
H2 blockers effectively reduce the respiratory complications 
of GER. However, higher than standard doses may be neces-
sary and therapy may need to be continued for several 
months before a therapeutic effect is achieved. Laparoscopic 
fundoplication has been performed safely, even in high-risk 
children.77

Foreign Body
A foreign body may lodge in the hypopharynx, larynx, trachea, 
bronchus or esophagus. Aspiration of a foreign body into the 
airway typically causes stridor. It is a pediatric emergency 
requiring immediate management by a specialist, even though 
unsuspected bronchial foreign bodies may be present for a long 
time and lead to chronic bronchitis and bronchiectasis. Unrec-
ognized esophageal foreign bodies resulting in tracheal com-
pression have caused recurrent wheezing or cough without 
dysphagia for as long as a year. Cough, wheezing or dyspnea 
may date from the time of aspiration or may begin later, after 
edema and inflammation have set in and reflex bronchospasm 
has resulted. The majority of aspirated foreign bodies are foods 
such as peanuts or sunflower seeds, but a remarkable variety  
of objects has been removed at bronchoscopy. It is of note  
that peanuts release oils that irritate the bronchial mucosa, 
causing inflammation and edema. Other organic solids, such as 
beans, peas, corn or seeds, can absorb water and increase con-
siderably in size.

In one third of patients with foreign body aspiration, the 
actual event goes unobserved by caregivers.78 The diagnosis may 
be suspected on the basis of history and physical findings. Clas-
sical signs are wheezing, cough and decreased breath sounds. 
Use of a differential stethoscope may be helpful in detecting 
localized airway obstruction. The diagnosis is established by 
radiographic findings and ultimately by bronchoscopy. Chest 
x-rays show atelectasis in cases of complete obstruction of a 
bronchus. In cases of partial obstruction, the foreign body may 
act as a valve that allows air entry but impedes exhalation from 
a portion of a lung. Comparison of inspiratory and expiratory 
radiographs shows a hyperinflated obstructed portion in com-
parison to the unaffected lung following expiration. On decu-
bitus radiographs and fluoroscopy, the dependent lung should 
show less inflation unless obstructive hyperinflation from the 
valve-like mechanism is present. Bronchoscopy provides deci-
sive evidence for diagnosis and treatment. Rigid bronchoscopy 
is preferred because it allows for the removal of the foreign body 
at the time of diagnosis. Treatment with bronchodilators, pos-
tural drainage and chest physical therapy as an alternative to 
bronchoscopic removal of the foreign body is no longer 
recommended.

an associated collapse. Recurrent consolidation or persistent 
collapse is a common radiological finding of stenosis of a lobar 
bronchus. Diagnosis is accomplished by endoscopy. Treatment 
varies with the severity of obstruction. In some cases, the 
administration of bronchodilators and chest physical therapy is 
sufficient; more severe cases may require positive pressure ven-
tilation or surgery to remove the stenotic segment. Lobar resec-
tion may be necessary to control persistent infection.73

TRACHEAL STENOSIS

Signs and symptoms of congenital tracheal stenosis include 
persistent cough and respiratory distress in the newborn period. 
Patients may have expiratory stridor and wheezing. History of 
feeding difficulties is common. Chest x-rays and fluoroscopy 
may reveal a missing segment of the trachea. Radiographs of the 
neck that are highly penetrated may show tracheal narrowing. 
In congenital tracheal stenosis there is intrinsic narrowing of the 
tracheal lumen caused by complete cartilaginous rings. The size 
of the lumen can be assessed by CT or MRI. The definitive diag-
nosis is made by endoscopy. The differential diagnosis includes 
extrinsic compression of the trachea by vascular rings or medi-
astinal masses. Tracheotomy may be necessary to maintain a 
patent airway. Endoscopic procedures can be used to treat thin 
tracheal webs and unilateral lesions. Conservative management 
of patients with mild symptoms should be attempted. Dilation 
of tracheal stenosis may provide a temporary solution until 
definitive surgical repair can be accomplished. Surgical treat-
ment is associated with significant morbidity and mortality.73

Cough Associated with  
Aspiration Syndromes
Aspiration pneumonia is a common disorder frequently mis-
taken for nonspecific respiratory infection, while aspiration 
bronchitis is often mistaken for asthma. In infants, these condi-
tions are most commonly associated with the inhalation of milk 
as a result of one of three disorders: impairment of sucking or 
swallowing likely to be neurogenic in origin, GER or tracheo-
esophageal fistula. These are conditions that must not be 
overlooked.

The initial step in diagnosis is to observe the child, while 
nursing, for difficulty with sucking or swallowing or for associ-
ated cough or choking. Gross structural abnormalities of the 
mouth, jaw or palate can be noted. Placing a finger in the baby’s 
mouth can assess the act of sucking. X-rays of children with 
aspiration bronchitis typically show perihilar thickening and 
increased bronchovascular markings, while those of children 
with aspiration pneumonia show patchy areas of uniform 
opacity that may have a segmental or lobar distribution. In 
infants, the posterior parts of the upper and lower lobes are 
most commonly involved, with the right side predominating. 
Fluoroscopy is used to evaluate the anatomy of the upper airway 
and esophagus and the swallowing function. Esophageal  
pH probe or impedance probe monitoring establishes the pres-
ence of reflux.74 Bronchoscopy and microscopic examination 
for lipid-laden macrophages substantiate the diagnosis of 
aspiration.

Tracheoesophageal fistulas require prompt surgical repair. 
The management of a child with a swallowing disorder requires 
the assistance of a clinic that specializes in this problem.
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In the author’s experience, the most successful treatment of 
VCD is that derived from breathing exercises used for hyper-
functional voice disorders to decrease the laryngeal muscle tone. 
These techniques are likely to desensitize the cough path-
ways.79,81 In some extreme cases, hypnosis, biofeedback and psy-
chotherapy have been used successfully. An approach reserved 
for acute attacks is the administration of a mixture of helium 
and oxygen. More aggressive therapies under study for patients 
with intractable, recurrent symptoms include injection of botu-
linum toxin directly into one vocal cord or sectioning of the 
laryngeal nerve.79,81

Psychogenic Cough
Although it has been suggested that psychogenic cough typi-
cally ceases at night and has a barking or honking character, in 
actual fact, there are no distinguishing clinical features, and the 
diagnosis should be considered only after other possibilities 
have been excluded.45 In some cases, a complete evaluation may 
require an assessment of the psychosocial factors that influence 
the origin, progression, persistence and/or exacerbation of 
chronic cough. Some children derive secondary gain in the form 
of greater attention or emotional support from their parents. In 
others, trauma such as physical abuse or school phobia may 
cause a conversion syndrome. A psychological evaluation may 
be necessary to focus on specific detrimental effects of the 
cough, a disruptive process that may affect negatively a broad 
spectrum of social and interpersonal experiences. This may 
range from distress at school to exclusion from play, social func-
tions or participation in sports. As in other chronic medical 
conditions, emotional responses to the symptom may need to 
be addressed. Depression and frustration are the most common 
adjustment reactions, but negative responses may range over 
the entire affective spectrum.

Patients with psychogenic cough often believe that they have 
a serious chest problem. The diagnosis has been made in 3% to 
10% of children with cough of unknown etiology that persists 
for more than 1 month. In 17 published reports, 149 of 153 
patients were under 18 years of age. While wholly psychogenic 
cough is rare, children and/or parents may exaggerate some or 
all aspects of the cough. Occasionally it is difficult to reconcile 
the parents’ or child’s accounts with clinical findings. The 
parents may demand inappropriate treatment and may instill 
in the child the belief that he/she is physically disabled. When 
clinical findings differ from the history, confirmation of the 
cough by the use of a recording device and/or admission to the 
hospital for observation may be invaluable. The circumstances 
call for sympathy and understanding, and the doctor’s respon-
sibility to the child must take precedence over the doctor-parent 
relationship.

Habit cough, a diagnosis of exclusion, results from the lower-
ing of the threshold for sensory signals in chronic nonproduc-
tive cough that may become self-perpetuating and persist even 
after the initial inciting reason is no longer present.

Evaluation
Information about the history of onset, character of the cough 
(harsh, dry, productive, paroxysmal), triggers, time of occur-
rence and accompanying symptoms or sensations may offer 
clues about its etiology. A detailed health history must be 
obtained with attention to the neonatal period; feeding 

Cystic Fibrosis
Cystic fibrosis is diagnosed with increasing frequency during 
neonatal screening. The presenting symptoms of this disease  
are cough, poor weight gain and abnormal stools. The earliest 
symptom is usually a loose cough. Most patients experience 
recurrent lower respiratory infection before 12 months of age, 
but the age of onset is variable. Purulent bronchitis may be 
associated with wheezing and cough, and the diagnosis of 
asthma is often made in error. Purulent chronic cough in chil-
dren must always be regarded as a pathological finding.40

Allergic Bronchopulmonary 
Aspergillosis
Timely diagnosis of allergic bronchopulmonary aspergillosis 
(ABPA) is important because untreated ABPA results in pro-
gressive, irreversible lung damage. ABPA is a disease differenti-
ated by recurrent infiltrates on chest x-ray, markedly elevated 
serum immunoglobulin E (IgE), eosinophilia and underlying 
asthma. Clinically it is characterized by afebrile episodes of 
cough, sputum production, dyspnea and wheezing.

Hypersensitivity Lung Disease
Hypersensitivity pneumonitis or extrinsic allergic alveolitis is a 
syndrome that results from sensitization to inhaled organic 
dusts, which in children are most often avian antigens. Bird 
fancier’s disease has been reported to occur in families. During 
acute attacks, patients suffer from both respiratory and systemic 
symptoms, including cough, dyspnea, temperature as high as 
40°C, chills and myalgia.

Vocal Cord Dysfunction
Vocal cord dysfunction (VCD) is a condition characterized by 
a paradoxical adduction of the vocal cords on inspiration that 
causes shortness of breath, cough and stridor.79 VCD in children 
commonly occurs during exertion and must be differentiated 
from exercise-induced bronchospasm (EIB). VCD has been 
documented in adolescents, usually female athletes.80 Among 
these patients, perfectionism, depression and anxiety are 
common.

The chest x-rays in uncomplicated VCD are normal. Spirom-
etry shows blunting or truncation of the inspiratory portion of 
the flow-volume curve. Because of the episodic nature of VCD, 
the flow rate patterns may vary, and during asymptomatic 
periods, normal flow-volume curves are likely to be found. It is 
possible to replicate symptoms and spirometric findings of 
VCD by exercise or inhalation challenge, but negative results do 
not rule out the diagnosis. Observation of the vocal cords of a 
patient experiencing either spontaneous or induced symptoms 
by flexible fiberoptic rhinolaryngoscopy documents the pres-
ence of VCD.79 The examination can be videotaped or photo-
graphed for the medical records. Complications are rare and 
discomfort is minimal. In VCD, the vocal cords adduct anteri-
orly from the vocal process, and the posterior glottic chink 
remains open. The adduction occurs during inspiration or in 
both the inspiratory and expiratory phases. The adduction of 
vocal cords with an open glottic chink in a symptomatic patient 
unequivocally establishes the diagnosis of VCD.
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problems were more prevalent in homes with reported molds 
or dampness with adjusted OR ranging from 1.32 (95% CI 
1.06–1.39) for bronchitis to 1.89 (95% CI 1.58–2.26) for cough.85 
There is an association between coal fires and nocturnal cough.86

Treatment
The goal of clinical evaluation of chronic cough is to identify 
its causes and to prescribe specific remedies such as modifica-
tion of the child’s environment and treatment of postnasal drip 
or GER. Antiasthma drugs are not reliably effective in patients 
with chronic dry cough, nevertheless a 2- to 4-week course of 
a potent inhaled corticosteroid should be administered to chil-
dren with prolonged cough without wheeze who have not 
already received such therapy, especially if they have obstructive 
pulmonary function tests or positive bronchial challenge results. 
Inhaled corticosteroids should be discontinued in children who 
have received an adequate trial and are continuing to cough, 
and whose pulmonary function tests are normal. Failure to 
improve after 4 weeks of inhaled corticosteroids and/or normal 
pulmonary function tests calls for consideration of alternative 
diagnoses and for proceeding with the clinical evaluation 
described above. New treatment should be directed at all condi-
tions identified as potentially responsible for the patient’s cough 
and should include breathing exercises.79

Health information available on the Internet relating to 
treatment of cough is generally unreliable. A review of websites 
identified more incorrect than correct information, and only 
one of 19 received a high score.87 Parents may hold unrealistic 
expectations and may demand needless medications. In such 
cases, it is best to acknowledge the child’s discomfort, to give a 
realistic time course for resolution of symptoms and to promote 
active management with non-pharmacological treatments. 
Patient education fulfills an important role in the management 
of chronic cough. The patient and family who understand how 
individual mechanisms contribute to the cough and where each 
type of treatment fits, carry out their regimen with greater 
adherence and reduced anxiety. They cope more effectively with 
the symptoms, especially during periods of exacerbation. On 
rare occasions, it may be necessary to enlist the help of a psy-
chotherapist to help the family accept the diagnosis and to 
adhere to therapy.

Over-the-counter pediatric cough and cold medications are 
widely marketed and used despite lack of evidence of efficacy 
and numerous recent reports challenging their safety. Serious 
adverse effects have been associated with accidental overdose, 
inadvertent misuse and drug-drug or drug-host interactions in 
children given standard doses.88 An estimated 7091 children 
under 12 years are treated annually in the USA in emergency 
departments for adverse drug events attributable to cough and 
cold medications. Most visits (64%) are for children aged 2 to 
5 years. Unsupervised ingestions account for 66% of estimated 
emergency department visits.89 Data obtained from 4267 chil-
dren enrolled from 1999 to 2006 in the Slone Survey, a random 
digit-dial telephone survey of medication use by the US popula-
tion, disclosed that in a given week, 10.1% of US children use 
a cough and cold medication. Exposure is highest to deconges-
tants (6.3%; mostly pseudoephedrine) and first-generation 
antihistamines (6.3%; the most common were chlorphenira-
mine, diphenhydramine and brompheniramine), followed by 
antitussives (4.1%; mostly dextromethorphan) and expecto-
rants (1.5%; almost exclusively guaifenesin). Multiple-ingredient 

problems; congenital malformations affecting the heart, great 
vessels, nasopharynx and upper respiratory tract, and gastroin-
testinal tract; respiratory infections; signs and symptoms of 
chronic illness; respiratory symptoms including those relating 
to the upper airway, such as postnasal drip or irritation, and 
lower respiratory tract, such as wheezing, dyspnea and exercise 
tolerance; heartburn; nocturnal symptoms; and environmental 
exposures, including cigarette smoke, at home, at school, at 
daycare, and at the homes of close playmates. The social history 
provides information about family or school problems that may 
contribute to psychogenic cough.

The physical examination focuses on the head and neck and 
the respiratory and cardiovascular systems. Signs of allergic 
rhinitis, stridor, tachypnea, hyperinflation, wheezes, crackles, 
rhonchi (with special attention paid to unilateral or asymmetric 
findings), heart murmurs, gallops and congestive heart failure 
are sought.

Eosinophils on the nasal smear suggest allergic rhinitis and 
neutrophils infectious sinusitis. Eosinophils in the sputum 
suggest asthma. Pulmonary function testing should be under-
taken in any child capable of performing the necessary maneu-
vers. Generally, useful data include a complete blood count  
with differential, serum IgE, allergy skin tests, an examination 
of the vocal cords, chest and sinus x-rays and/or CT, bronchial 
challenge, and esophageal pH or impedance monitoring.82 
Exhaled NO may help to identify toddlers with recurrent cough 
who will go on to develop asthma. Other laboratory tests based 
on clinical findings comprise specific studies recommended for 
the conditions discussed above. They include sputum culture, 
immunoglobulins, purified protein derivative (PPD), sweat test 
and ciliary biopsy. Bronchoscopy is rarely indicated. For 
dynamic evaluation of compression syndromes, flexible bron-
choscopy provides the best detail, but if a foreign body aspira-
tion is likely, rigid bronchoscopy should be used. Cough with 
hemoptysis is an indication for a chest x-ray, chest CT and 
bronchoscopy.

Environment
It is important to obtain an environmental history of children 
with chronic cough because it may be possible to improve their 
surroundings. Environmental history for chronic cough should 
include exposure to cigarette smoke in all children, to aeroal-
lergens, especially indoors, in older children, and dietary history 
in infants and toddlers. In utero exposure to mainstream smoke 
from the mother and even to environmental tobacco smoke 
changes fetal lung development and causes airflow obstruction 
and airway hyperresponsiveness. Children exposed to environ-
mental tobacco smoke postnatally have more symptoms of 
cough, wheeze, respiratory illnesses, decreases in lung function 
and increases in airway responsiveness.83 A survey of respiratory 
symptoms in children aged 12 to 14 years was conducted 
throughout Great Britain as part of the International Study of 
Asthma and Allergies in Childhood (ISAAC). The response rate 
was 79.3%, and 25,393 children in 93 schools participated.84 
Cough and phlegm were associated with active and passive 
smoking. Gas cooking was significantly associated with dry 
night cough. The prevalence of cough and phlegm tended to be 
higher in metropolitan areas; the opposite applied to asthma. 
Exposure to any passive smoking raised the odds ratio (OR) for 
night cough (OR = 1.8), snoring (OR = 1.4) and respiratory 
infections during the first 2 years of life (OR = 1.3). Respiratory 
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products accounted for 64.2% of all cough and cold medica-
tions used. Exposure to antitussives, decongestants and first-
generation antihistamines was highest among 2- to 5-year olds 
(7.0%, 9.9% and 10.1%, respectively) followed by children 
younger than 2 years (5.9%, 9.4% and 7.6%, respectively).90 
During 2004 to 2005, an estimated 1519 children under 2 years 
of age were treated in US emergency departments for adverse 
events associated with cough and cold medications. A review by 
the Food and Drug Administration (FDA) covering several 
decades identified 123 deaths related to the use of such products 
in children under 6 years of age.88,91 The infants ranged in age 
from 17 days to 10 months. Postmortem testing showed  
evidence of recent administration of pseudoephedrine, antihis-
tamine, dextromethorphan and/or other cold-medication 
ingredients.92 On a positive note, pseudoephedrine use by chil-
dren appears to be declining since the institution of the 2005 
Combat Methamphetamine Epidemic Act.90 In the Slone survey 
conducted from 1999 to 2006, use in 2006 (2.9%) was signifi-
cantly lower than in 1999–2005 (5.2%).

BOX 27-3 KEY FEATURES

EVALUATION OF CHRONIC COUGH

• Cough is a common manifestation of disease in childhood.
• Cough is an important defense mechanism.
• Cough functions as a complex neurological reflex.
• Cough may be classified as acute (lasting <3 weeks), subacute 

(lasting 3–8 weeks) or chronic (lasting >8 weeks).
• Persistent bacterial bronchitis (PBB) is characterized by a 

chronic wet productive cough, with bacteria such as Strepto-
coccus pneumoniae, Haemophilus influenzae and Moraxella 
catarrhalis persisting in the airways and an associated neutro-
philia. Spirometry and chest x-rays are typically normal. The 
cough typically responds to a course of antibiotics (e.g. 
amoxicillin-clavulanate for 2–4 weeks).42

• The cause of chronic cough can be determined in most patients; 
specific therapy based on a systematic evaluation is usually 
successful.

• A chest radiograph should be obtained in children with chronic 
cough to rule out lower respiratory tract and cardiac 
pathology.

• Postnasal drip, acting alone or with other conditions, is the 
most common cause of chronic cough.

• Asthma is very often associated with chronic cough, but few 
children with chronic cough develop asthma.

• Cough-variant asthma is suggested by (1) airway obstruction 
and reversibility, (2) airway hyperresponsiveness and/or (3) clini-
cal improvement after treatment with asthma medications.

• Gastroesophageal reflux may cause or intensify chronic cough 
through a vagal reflex or as a result of aspiration of stomach 
contents.

• Postinfectious cough resolves over time; the use of oral or 
inhaled corticosteroids or ipratropium bromide may shorten its 
duration.

• Congenital anomalies and aspiration are relatively uncommon 
causes of chronic cough in children.

• Bronchiectasis is a rare cause of chronic cough in children.
• Psychogenic cough and habit cough are diagnoses of 

exclusion.

KEY REFERENCES

Conclusions
Our goals are not merely to find effective therapies for chronic 
cough, but also to identify and eliminate factors that predispose 
children to this aggravating problem. In the meantime we must 
strive to limit harm, such as children’s exposure to tobacco 
smoke and families’ reliance on over-the-counter medications. 
In addition to pertussis, outbreaks of H. influenzae, mumps and 
measles have been linked in the USA to vaccine avoidance. We 
should continue to reassure parents and to encourage them to 
vaccinate not only their children but also themselves. Every 
healthcare visit should be viewed as an opportunity to review 
the patient’s immunization history and to ensure that everyone 
is fully vaccinated.

The key features of chronic cough are summarized in Box 27-3.

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

http://www.expertconsult.inkling.com
http://www.expertconsult.inkling.com
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KEY POINTS

• Asthma is a complex syndrome that includes many 
disease phenotypes and endotypes.

• Allergic asthma and Type 2 asthma represent the most 
common phenotype with lung eosinophilia. Both ILC2 
and Th2 cells, as well as type 2 cytokine-producing 
natural killer (NK) T cells, may contribute to this form.

• In addition to Th1 and Th2 cells, other T cell subsets 
contribute to the development of allergic asthma at dif-
ferent stages including Th1, Th17, Th9, Th22 and differ-
ent populations of TREG cells.

• The innate immune system participates in the initiation 
and maintenance of both allergic and nonallergic 
asthma. Activated NKT cells in the lung produce  
proinflammatory cytokines contributing to bronchial 
hyperreactivity.

• Epithelial cell activation essentially contributes to the 
inflammatory burden.

• Remodeling in asthma includes basement membrane 
thickening, myofibroblast differentiation, smooth muscle 
hyperplasia, epithelial activation and angiogenesis, and 
is controlled by the immune system.

• Immune tolerance with the induction of T and B regula-
tory cells is effective in treatment and prevention in 
mouse models and represents the major mechanism of 
action of allergen-specific immunotherapy (AIT) for the 
treatment of allergic rhinitis and asthma in humans.

Asthma is a very common chronic disorder of the airways char-
acterized by variable and recurring symptoms, airflow obstruc-
tion, bronchial hyperresponsiveness (BHR) and underlying 
inflammation.1–3 It is a complex syndrome that develops after 
environmental exposures such as innocuous allergens, infec-
tious agents and air pollutants in genetically susceptible indi-
viduals with differences in severity, co-morbidities, natural 
history and treatment response.4 The asthma syndrome encom-
passes several disease subtypes defined by distinct pathophysi-
ologic mechanisms, called endotypes.3 Some examples of these 
asthma endotypes include aspirin-sensitive asthma (ASA), 
allergic bronchopulmonary mycosis (ABPM), allergic asthma, 
asthma predictive indices (API), late-onset asthma in adulthood 
and cross-country skier’s asthma. Among them, allergic asthma 
is one of the best characterized. Recent advances have signifi-
cantly contributed to our knowledge of the mechanisms under-
lying this endotype. It is characterized by an inflammatory 
immune response with high levels of T helper cell type 2 (Th2) 

lymphocytes, type 2 innate lymphoid cells, eosinophils and 
basophils together with activation of the tissue cells, particularly 
epithelium and smooth muscle cells, that leads to mucus pro-
duction, mucosal edema, reversible airway obstruction, BHR 
and airway remodeling. Allergic asthma is associated with spe-
cific IgE sensitization to indoor and outdoor allergens,5,6 and 
sometimes with elevated total serum IgE levels,7 which repre-
sent major risk factors for the development of asthma and 
persistent wheezing in children.8

Mechanisms of the Allergic 
Inflammatory Response
The immune response in allergic asthma consists of two main 
phases: (1) sensitization and memory and (2) the effector phase, 
which can be further subdivided into the immediate-phase 
response (IPR) and the late-phase response (LPR).9 During the 
sensitization phase of asthma the differentiation and clonal 
expansion of allergen-specific CD4+ Th2 cells producing IL-4 
and IL-13 are essential to induce class switch to the ε immuno-
globulin heavy chain in B cells and the production of allergen-
specific IgE antibodies (Abs). Allergen-specific IgE binds to the 
high-affinity FcεRI on the surface of mast cells and basophils, 
thus leading to the patient’s sensitization (Figure 28-1). A 
memory pool of allergen-specific T and B cells is also generated. 
The IPR, which is also called the type I hypersensitivity response, 
occurs after new encounters with the causative allergen, which 
induces cross-linking of the IgE-FcεRI complexes on sensitized 
effector cells, leading to the release of anaphylactogenic media-
tors responsible for the classical symptoms of IPR, which induce 
increased vascular permeability, extravasation of fluid into the 
tissues and smooth muscle contraction (Figure 28-2). If contact 
with the allergen persists, the LPR occurs 6 to 12 hours later. 
Activated allergen-specific Th2 cells produce IL-4, IL-5, IL-9 
and IL-13, which play a key role in the maintenance of allergen-
specific IgE levels, eosinophilia, recruitment of inflammatory 
cells to inflamed tissues, production of mucus and decreased 
threshold of contraction of smooth muscles, leading to increased 
inflammation associated with BHR, a cardinal feature of asthma 
(Figure 28-2).10,11 Recently, other cytokines including thymic 
stromal lymphopoietin (TSLP), IL-25, IL-31 and IL-33 pro-
duced in epithelial cells have been shown to participate in the 
Th2 response and inflammation.12–14

Th2 CELLS AND Th2 CYTOKINES

CD4+ Th2 cells are present in lung biopsy specimens and bron-
choalveolar lavage (BAL) fluid from patients with allergic 
asthma and play a prominent role in the initiation and 
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production and BHR and has a role in remodeling.26,27 IL-5 
levels and eosinophils are increased in BAL and in biopsies of 
asthmatics and they correlate with severity of the disease.28 
Eosinophils produce cysteinyl leukotrienes and may enhance 
the production of IL-13,29 which can directly induce BHR. IL-
5-deficient mice are resistant to induction of experimental 
asthma.30 The treatment of asthma with anti-IL-5 antibodies 
(mepolizumab, reslizumab) reduced blood eosinophilia and 
sputum eosinophils, but few or no effects on asthma symptoms 
were observed in the initial clinical trials.31–33 Recent studies 
reported significant reductions in exacerbation rates in refrac-
tory eosinophilic asthma34 and steroid-dependent asthma with 
sputum eosinophilia.35

IL-13 is another Th2 cytokine that has been shown to play a 
critical role in asthma.16 IL-13 shares with IL-4 one receptor 
chain, IL-4Rα. IL-13 does not promote Th2 differentiation, 
because T cells do not express the IL-13 receptor. IL-13 is also 
able to activate eosinophils and mast cells, recruits eosinophils 
and prolongs their survival.36 It up-regulates the levels of CD23 
and MHC II on B-cells and induces the expression of different 
adhesion molecules on monocytes. IL-13 also plays an impor-
tant role in tissue remodeling and fibrosis, and TGF-β has been 
linked to these effects.37,38 The role of IL-13 in asthma is sup-
ported by epidemiologic data showing that IL-13 polymor-
phisms lead to a higher frequency of asthma exacerbations in 
childhood and elevated total IgE and blood eosinophilia.39 
IL-13 knockout mice fail to mount a profound goblet cell 
hyperplasia without affecting IL-4- and IL-5-producing cells, 

development of the disease. Although several cell types produce 
Th2 cytokines, including mast cells, basophils, natural killer T 
(NKT) cells and the recently identified type 2 innate lymphoid 
cells (ILC2), Th2 lymphocytes are still considered fundamental 
in allergic asthma. Initially, mouse models demonstrated that 
depletion of CD4+ T cells prevents the development of asthma.

IL-4 plays a major role in the development of protective 
immune responses to helminths and other extracellular para-
sites,15 but it also has a central role in the regulation of allergic 
asthma, being the major stimulus for the differentiation of 
antigen-stimulated naïve T cells into Th2 cells.16–18 IL-4 is also 
essential for human and mouse B cell switch to IgE and IgG4 
or IgG1, respectively, and increases the expression of class II 
MHC molecules, CD23 and IL-4R in B cells. IL-4 increases the 
production of cysteinyl leukotrienes from IgE-primed mast 
cells,19 and together with TNF-α the expression of vascular cell 
adhesion molecule-1 (VCAM-1) on vascular endothelial cells. 
IL-4- and IL-4Rα-deficient mice have severely compromised 
Th2 differentiation and their serum levels of IgG1 and IgE are 
strongly reduced.20

IL-5 is another central Th2 cytokine, which is simultane-
ously produced with IL-4 under the control of the transcription 
factor GATA-3 with a central role in allergic asthma.21 IL-5, 
together with IL-3 and granulocyte-macrophage colony-
stimulating factor (GM-CSF), leads to growth, activation, dif-
ferentiation, survival and mobilization of eosinophils to the 
lungs as a key feature of asthma.22–25 Eotaxin-2, an eosinophil 
chemokine, seems to be crucial for IL-5-induced IL-13 

Figure 28-1  Schematic representation of the sensitization phase in asthma. Allergen-specific CD4+ Th2 cells producing IL-4 and IL-13 are gener-
ated in a process depending on dendritic cells (DCs). Epithelial cell-derived thymic stromal lymphopoietin (TSLP), IL-25 and IL-33 may play a role 
in this Th2 response. Th2 cells contribute to the IgE class switching on B cells.  IgE binds to FcεRI on mast cells and basophils, the effector cells, 
thus leading to the allergic sensitization of patients. 
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STAT-6 then translocates to the nucleus and binds to STAT-6 
transcriptional elements or interacts with additional Th2-
associated transcription factors such as GATA-3, which is selec-
tively expressed in Th2 cells and is critical for Th2 cytokine 
expression.46 Increased expression of both STAT-6 and GATA-3 
has been observed in bronchial mucosa of asthmatic patients.47,48

THE Th1/Th2 PARADIGM

After the discovery of Th1 and Th2 cells in 1986,49 it was sug-
gested that a Th2 response underlies the development of allergic 
diseases, and that Th1 responses are predominant in infections 
and autoimmunity (Figure 28-3). Following these initial find-
ings, the general dogma was that a switch toward a Th1 response 
would be required for successful treatment of allergies by AIT 
and a switch toward a Th2 response would be beneficial for 
treatment of autoimmunity. Th1 cells secrete IFN-γ, particu-
larly induced by IL-12, which is secreted from dendritic cells 
(DCs). Th2 cells secrete IL-4, IL-5 and IL-13 induced by IL-4. 
Th1 cells were thought to balance Th2 responses and protect 
against allergic diseases, as has been shown in models of infec-
tion with intracellular bacteria. In humans, infants with higher 
levels of IFN-γ in their cord blood were demonstrated to be less 
likely to develop atopy.50 Furthermore, expression of T-bet, the 
master switch transcription factor for Th1 development and 
IFN-γ production, is decreased in the airways of patients with 
asthma.51 Moreover, patients with allergic asthma display low 

mast cell cytokine production and IgE levels.40,41 Specific over-
expression of IL-13 in the lung leads to typical features of 
asthma.42 Although all these findings indicate that IL-13 is a 
critical cytokine required for the development of asthma, an 
IL-4 mutant protein blocking the binding of both IL-4 and 
IL-13 to IL-4Rα was able to reduce the severity of the LPR, but 
not BHR in clinical trials.43 This suggests that other factors, in 
addition to IL-13/IL-4, function to induce BHR in patients with 
asthma.

THE DEVELOPMENT OF THE Th2 RESPONSE

There are two types of IL-4 binding receptors: the type I and 
type II IL-4R.44 Both types have the IL-4Rα chain in common. 
Type I IL-4R binds IL-4 exclusively and consists of IL-4Rα 
(CD124) and the common gamma chain γc (CD132), which is 
also a receptor for IL-2, IL-7, IL-9, IL-15 and IL-21. Type II 
IL-4R binds IL-4 and also IL-13 and consists of the IL-4Rα 
chain and the IL-13Rα1 chain.45 Whereas the signals of the type 
II IL-4R are mediated by signal transduction and activator of 
transcription (STAT3), the signals of the type I IL-4R are trans-
duced by STAT6. Binding of IL-4 to the IL-4 receptor complex 
promotes intracellular signaling cascades involving several Jaks 
members that culminate with the phosphorylation and activa-
tion of STAT6 that enhance Th2 cell differentiation. The binding 
of IL-13 to its receptors, which consist of IL-13Rαl and IL-13Rα2 
and the IL-4Rα chain, also results in phosphorylation of STAT-6. 

Figure 28-2  Schematic representation of the effector phases, the immediate-phase response (IPR) and the late-phase response (LPR), in asthma. 
In the LPR, the contribution of Th2 cells and other cell subsets including Th1, Th17, Th9, Th22, NKT cells and ILC2 is shown. Type 2 immunity of 
Th2 cells and ILC2 play a major role by producing the Th2 type effector cytokines such as IL-4, IL-5, IL-9 and IL-13. IL-4 and IL-13 are important in 
IgE production, whereas IL-5 has effects on eosinophil survival, Th1 cells and IFN-γ affect epithelial apoptosis and shedding, Th17 cells impact on 
neutrophilic inflammation, and IL-9 on mucus production. 
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Th1- and Th17-mediated autoimmune diseases such as type 1 
diabetes, inflammatory bowel disease and multiple sclerosis has 
significantly increased, as has that of atopic diseases, in western-
ized cultures over the past decades. This might be partially 
explained by environmental changes that have occurred in west-
ernized cultures that could have altered the function of a spe-
cific T cell population with suppressive capacity – regulatory T 
cells (TREG; see below) – thus enhancing the development of not 
only Th2- but also Th1- and Th17-mediated diseases.

Other observations that cannot be explained by the Th2 
paradigm of asthma are: (1) low levels of Th2 cells in the airways 
of patients with severe asthma and with steroid-resistant 
asthma; (2) that viral infection, exercise and air pollution are 
common nonallergic factors that normally induce symptoms of 
asthma; (3) that only around 30% to 40% of patients with 
allergic rhinitis develop asthma; (4) therapies targeting Th2 
factors in clinical trials have not always been as effective as 
predicted.5,60 Therefore, other innate and adaptive inflamma-
tory pathways must be considered beyond the Th1/Th2 para-
digm to explain the development of asthma.

NEW T CELL SUBSETS

Regulatory T Cells and Immune Tolerance
TREG cells comprise a group of different T cell subsets with sup-
pressive capacity that are essential for the induction of immune 

levels of the Th1-driven cytokine IL-12,52 as well as lower 
expression of IL-12R.53

Beyond the Th2 Paradigm  
in Allergies and Asthma
The Th2 paradigm of asthma explains many features of asthma, 
but there are many other observations that cannot be explained 
exclusively by this paradigm. For example, non-Th2 factors 
such as IFN-γ, neutrophils and IL-17 are present in the airways 
of many patients with asthma, particularly patients with severe 
asthma and corticosteroid-resistant asthma, suggesting that 
IFN-γ and IL-17 are proinflammatory cytokines. Depending on 
the stage of inflammation they contribute to ongoing allergic 
asthma and Th1 and Th17 are not necessarily polarized as cells 
that oppose Th2 cells (Figure 28-2). It was demonstrated that 
Th1 cells contribute to exacerbation of the LPR by inducing 
apoptosis of the airway epithelium in atopic patients,54,55 and 
that neutralization of IL-17 and Th17-related functions in an 
experimental asthma model reduces neutrophilia, while increas-
ing eosinophil infiltration in the lung.56 In addition, two novel 
Th cell subsets have been identified according to their cytokine 
signature, Th9 and Th22 cells (Figure 28-2). However, their 
exact contribution to the initiation and continuation of allergic 
asthma needs to be further explored.57–59 The prevalence of 

Figure 28-3  Th1, Th2 and TREG cells. After the discovery of Th1 and Th2 cell subsets in 1986, it was thought that Th1 cells play a role in infections 
and autoimmunity and Th2 cells in allergic disease. Both subsets were thought to have reciprocal roles in counter-regulating the other. Although 
there is reciprocal regulation between individual Th cell subsets, TREG cells play a major role in immune tolerance in allergy, autoimmunity, organ 
transplantation, cancer, pregnancy and chronic infections. 
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enhances IL-10 production related to the tolerance mechanism. 
Nonallergic beekeepers have an approximately 1,000 times 
higher allergen-specific IgG4 versus allergen-specific IgE ratio 
compared to bee venom allergic individuals.76 Another toler-
ance model with cat allergen also showed elevated levels of 
allergen-specific IgG4 levels after exposure to high-dose cat 
allergen.77 This also represents immune tolerance to the Th2 
type immune response to specific allergen. Together these out-
comes may infer that pets in the house may induce tolerance 
and decrease the risk of asthma.

Interestingly, it has recently been shown that functional 
allergen-specific TREG cells are generated in human tonsils by 
mechanisms partially depending on plasmacytoid dendritic 
cells (pDCs) and that triggering of TLR4 or TLR8 and proin-
flammatory cytokines, such as IL-1β and IL-6, breaks allergen-
specific T cell tolerance in human tonsils and peripheral 
blood.78,79 Considering that the relatively large lingual tonsil is 
not removed by tonsillectomy and remains intact for life, these 
data suggest that the tonsils are the organs where immune toler-
ance induction during successful sublingual immunotherapy 
(SLIT) may take place, thus representing a potential novel target 
for future therapeutic interventions.

Th17 Cells
A new T cell lineage secreting large quantities of IL-17A, also 
known as IL-17, was identified and called Th17 cells.32,33 Th17 
cells are essential for the elimination of extracellular patho-
gens80,81 and they might also play a role in the development of 
psoriasis, Crohn’s disease and rheumatoid arthritis.82 They 
produce proinflammatory cytokines such as IL-17A, IL-17F, 
IL-22 or IL-26 after activation.83–85 The main cytokines involved 
in Th17 development and expansion include TGF-β, IL-6, 
IL-1β, IL-21 and IL-23.84,86 The retinoic acid receptor-related 
orphan receptor γt/C2 (RORγt/RORC2), in mice and humans 
respectively, is the master transcription factor involved in Th17 
cell development.87 Several studies in mouse models and human 
data suggest that Th17 cells play a pathogenic role in the 

tolerance (Figure 28-4).61 TREG cells can be broadly divided into 
two main groups: (1) the thymus-derived naturally occurring 
CD4+CD25+ forkhead box protein 3 (FOXP3)+ TREG cells, also 
called natural TREG (nTREG) cells, and (2) the inducible TREG 
(iTREG) cells. nTREG cells constitutively express high levels of the 
alpha chain of the IL-2 receptor (CD25) and the suppressor 
costimulatory molecules CTLA4 and PD1.62,63 The expression 
levels of GITR, CD103 and CD122 on nTREG cells correlate with 
their suppressive activity.64 In mice, FOXP3, the master tran-
scription factor for TREG cell generation, is specifically expressed 
by nTREG cells,65,66 but in humans it might be also expressed in 
activated T cells.67 Mutations in FOXP3 lead to the immune 
dysregulation polyendocrinopathy enteropathy X-linked syn-
drome (IPEX) or the X-linked autoimmune and allergic dys-
regulation syndrome (XLAAD), diseases characterized by severe 
autoimmune and allergic phenotypes.68,69 Similar phenotypes 
are reported for scurfy mice due to FOXP3 mutations and 
impaired capacity to generate functional TREG cells.70 iTREG cells 
generated in the periphery after antigenic stimulation are char-
acterized by high levels of IL-10 production and play a key role 
in the maintenance of healthy immune response to allergens.71,72 
iTREG cells suppress effector T cell responses by mechanisms that 
depend on IL-10 and also TGF-β, and produce perforin and 
granzymes to kill antigen-presenting cells.72 In humans, Type 1 
iTREG (Tr1) cells inhibited the proliferation and cytokine 
responses of naïve as well as established Th1 and Th2 cells, 
including allergen-specific Th2 cell lines.73 Healthy and allergic 
individuals display three different allergen-specific T cell sub-
types as Th1, Th2 and Tr1 in different ratios.74,75 The imbalance 
between Th2 and Tr1 cells, depending on the dominant subset, 
may induce allergy development or recovery. Immune tolerance 
to venom allergens is an appropriate model for high-dose toler-
ance to allergens in humans. During the exposure to venom 
allergen, venom-specific IL-10-secreting Tr1 cells are clonally 
differentiated from allergen-specific Th1 and Th2 cells.71 Inter-
estingly, histamine receptor 2, which is also up-regulated on 
specific Th2 cells, suppresses allergen-stimulated T cells and 

Figure 28-4  Antigen presentation by dendritic cells to naïve T cells and other factors (innate immune response substances, vitamins, cytokines in 
the environment) induce the T cells to produce interleukins and differentiate into Th1, Th2, Th9, Th17 or Th22 cells. These T cell subsets can promote 
different types of  inflammatory responses based on their respective cytokine profiles, responses to chemokines and interactions with other cells. 
TREG cells directly or indirectly suppress all other effector T cell subsets. 
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Innate Inflammatory Mechanisms  
in Asthma
Compelling experimental evidence has demonstrated that 
asthma does not exclusively depend on Th2 adaptive immune 
responses, and it is increasingly seen as a disease that has a 
strong innate immune component. Today, it is accepted that the 
classical Th2 cytokine signature of allergic asthma might not 
simply reflect an adaptive Th2 cellular response.5 Different 
innate immune system cells in the lung such as epithelial cells, 
DCs, other airway cells, neutrophils, eosinophils, NK cells and 
NKT cells as well as ILC2 also significantly contribute to the 
initiation and maintenance of allergic asthma.60 In contrast to 
the adaptive immune system, the response mounted by the 
innate inflammatory system does not involve memory and is 
less sensitive to corticosteroids,107 which could explain the 
apparent resistance to steroid treatments in many forms of 
asthma and severe asthma. The innate immune system cells 
express a wide range of pattern recognition receptors (PRRs) 
that allow them to recognize molecular patterns released from 
pathogens (pathogen-associated molecular patterns, PAMPs)  
or from damaged tissues (damage-associated molecular pat-
terns, DAMPs).108,109 Innate immune system cells respond to 
environmental insults such as cigarette smoke that may directly 
damage respiratory tissues, activating damage PRRs, or to respi-
ratory viruses activating Toll-like receptor (TLR)3, TLR7 or 
TLR8, which leads to inflammation, and synergize to signifi-
cantly exacerbate lung inflammation.109,110 In the same way, 
other PRRs including C-type lectin receptors, scavenger  
receptors or nucleotide-binding oligomerization domain 
(NOD)-like receptors (NLRs) could also contribute to enhance 
inflammation after exposure to protease-containing allergens, 
pathogens or pollution.64 Lung epithelial cells do not only 
represent a structural barrier, they also contribute to mount 
proper immune responses by secreting different types of  
mediators such as chemokines (RANTES/CCL5, eotaxin/CCL11 
and MCP-1/CCL2), growth factors (platelet-derived growth 
factor, fibroblast growth factor and endothelins), nitric  
oxide that increases airway inflammation,111 as well as cytokines 
such as IL-25, IL-33 and TSLP (see below) that may activate 
innate cells, including mast cells, basophils and NKT cells or 
ILC2.5

IL-25, also known as IL-17E, is a member of the IL-17 cyto-
kine family produced by Th2 polarized T cells112 and in vitro 
cultured mast cells113 and epithelial cells.114,115 Recent data 
suggest a crucial role for IL-25 in asthma by favoring the pro-
duction of Th2 cytokines, enhancing IgE synthesis, inducing 
mucus production and epithelial hypertrophy or augmenting 
the numbers of eosinophils in blood.116 IL-25 mediates its 
effects through the induction of Th2 cytokine production (IL-4, 
IL-5 and IL-13) in non-B/non-T (NBNT) c-kit+FcεRI− cells in 
mesenteric lymph nodes, in a subset of natural killer T (NKT) 
cells117 and in ILC2.118 Eosinophils and basophils from atopic 
individuals have also been described as sources of IL-25. The 
latter may maintain reactivity of Th2 central memory cells that 
express the IL-25R upon stimulation by the innate immune 
system.14 In mouse models, IL-25 expressed in the lungs of 
sensitized mice upon antigen inhalation is sufficient to induce 
allergic diseases of the airways and administration of anti-IL-25 
monoclonal antibodies (mAbs) reduced IL-5 and IL-13 produc-
tion, eosinophilic infiltration, goblet hyperplasia and BHR.119 

development of allergic diseases.64,88 Th17 cells contribute to 
neutrophilic inflammation in acute airway inflammation 
models.56,89 IL-17 is demonstrated to be the main cytokine 
driving the granulocyte influx observed in the lungs of allergic 
asthma models.90,91 In humans, it was shown that Th17 cells 
contribute to allergic airway disease by inducing airway smooth 
muscle cell migration.92 Genetic polymorphism studies demon-
strated an association of IL-17 and asthma.93

Th9 and Th22 Cells
Recent findings showed that TGF-β alone converts Th2 cells 
into selective producers of IL-9 (Th9), and that in combination 
with IL-4 it is able to promote the generation of Th9 cells.47,48 
IL-9 significantly contributes to the development of allergic 
asthma by directly acting on T cells, B cells, mast cells, eosino-
phils, neutrophils and epithelial cells and promoting eosino-
philic inflammation, BHR, elevated IgE levels and increased 
mucus secretion (Figure 28-2).94–98 The expression of IL-9 and 
IL-9 receptor is increased in bronchial tissue of atopic asthmatic 
subjects.99 Supporting this role, mice selectively overexpressing 
IL-9 in the lung developed many features that resembled human 
asthma.94,95

Th22 cells represent a novel Th cell subset characterized by 
particularly high production of IL-22, which might be also pro-
duced by other T cells such as Th0 and Th17 cells.85,100–102 The 
exact role of IL-22 in asthma is not fully understood yet and 
further research is required. It was reported that Th22 cells 
together with Th17 cells contribute to enhance migration of 
airway smooth muscle cells, thus increasing the accumulation 
of such cells in asthma (Figure 28-2).82,92 As previously dis-
cussed, Th17 cells induce BHR in steroid-resistant asthma, but 
whether this effect might also be partially due to IL-22 remains 
elusive.16,103 IL-22 could also inhibit allergic airway inflamma-
tion in the effector phase by altering the function of DCs and 
inhibiting IL-25 production from lung epithelial cells.104

B Regulatory Cells and Allergen Tolerance
Very recent findings demonstrated that IL-10-secreting B regu-
latory (Br1) cells might also play an essential role in the genera-
tion of a healthy immune response to allergens.105 Human 
IL-10-secreting Br1 cells are able to suppress antigen-specific 
CD4+ T cell proliferation. In addition, the major bee venom 
allergen phospholipase A (PLA)-specific B cells from nonal-
lergic beekeepers showed increased expression of IL-10 and 
IgG4 and the frequency of IL-10-secreting PLA-specific B cells 
increased in allergic patients receiving allergen-specific immu-
notherapy. These data provide novel information on IL-10- 
secreting Br1 cells in allergic inflammation in humans.

In a recent study analyzing the role of IL-10 in particular, 
solely IL-10-overexpressing human B cells acquired a promi-
nent immunoregulatory profile comprising up-regulation of 
suppressor cytokine signaling-3 (SOCS3), glycoprotein A rep-
etitions predominant (GARP), CD25 and PD-L1.106 Concur-
rently, their secretion profile was characterized by a significant 
reduction in proinflammatory cytokines (TNF-α, IL-8 and 
MIP-1α) and augmented production of antiinflammatory 
IL-1RA and vascular endothelial growth factor (VEGF). IL-10-
overexpressing B cells secreted less IgE, and potently suppressed 
proinflammatory cytokines in peripheral blood mononuclear 
cells, maturation of monocyte-derived dendritic cells (promot-
ing a tolerogenic phenotype) and antigen-specific proliferation 
in vitro.
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essential for the prevention of allergic sensitization and asthma 
development.139

MAST CELLS AND NEUTROPHILS

Mast cells play a key role in both the IPR and LPR effector 
phases of allergic asthma.140 Sensitized mast cells are activated 
in an IgE-dependent manner after new encounters with the 
offending allergens contributing to the IPR. Mast cells contrib-
ute to the development of BHR in asthmatic individuals, who 
show significantly higher numbers of activated mast cells com-
pared to healthy individuals.141 During the LPR, eosinophils, 
basophils, neutrophils and activated T cells massively infiltrate 
the exposed areas and trigger potent inflammatory responses 
which, depending also on the IPR, contribute to the generation 
of BHR and the chronic symptoms of asthma. IL-17-mediated 
neutrophil infiltration is a very important feature of severe 
asthma that has been correlated with disease severity.142

BASOPHILS

In addition to the classical role of basophils during the IPR, several 
studies have demonstrated that they also express class II MHC 
molecules and are able to prime naïve CD4+ T cells into Th2 
cells.143,144 They produce large quantities of IL-4, IL-13 and TSLP145 
and it was shown that they could also play a role in the sensitiza-
tion phase of allergic asthma by enhancing adaptive immunity 
and Th2 responses.143,144 A recent study demonstrated that inflam-
matory DCs were necessary and sufficient for induction of Th2 
immunity and features of asthma, whereas basophils were not 
required, thus suggesting a model whereby DCs initiate and baso-
phils amplify Th2 immunity to house dust mite allergen.146

NATURAL KILLER T CELLS

Due to their unique expression of the invariant T cell receptor 
(TCR) and their capacity to rapidly produce cytokines after 
activation, the natural killer T (NKT) cells are considered as a 
cell subset belonging to the innate immune system with the 
capacity to amplify adaptive immune responses. NKT cells 
might be involved in the development of BHR, and different 
subsets of NKT cells were described in different models of 
asthma. For the development of BHR in a model of allergic 
asthma, NKT cells producing IL-4 and IL-13 were required 
(Figure 28-2).147 In an asthma model induced with ozone to 
mimic air pollution, NKT cells producing IL-17 were required 
to induce neutrophil infiltration in the airways,148 however, in a 
model of virus-induced BHR, CD4− NKT cells were required.149 
In both cases, Th2 cells and adaptive immunity were necessary 
for NKT cells to promote BHR, which might help to explain 
some forms of nonallergic asthma. The frequency of NKT cells 
in the lungs of asthma patients appears to be highly variable 
and related to asthma severity and symptom control.150

NATURAL KILLER CELLS

NK cells encompass different subsets of lymphocytes that do 
not express CD3, CD4 or CD8. They are essential for killing 
tumor and virus-infected cells as well as in controlling certain 
microbial infections. Subsets of NK cells (CD56bright CD16dull) 
are able to produce high levels of cytokines including IFN-γ, 
tumor necrosis factor (TNF)-α, TGF-β, IL-5, IL-10 and IL-22 

This indicates that IL-25 is a potent inducer of Th2 type immu-
nity in the lung by its effects on several different cell types.

IL-33 is a cytokine that plays a significant role in the regula-
tion of mucosal immune responses of the airways.120 It is mainly 
produced by bronchial epithelial cells, but also by fibroblasts 
and smooth muscle cells. The receptor for IL-33 is ST2, which 
is mainly expressed on Th2 cells, mast cells, some NKT cells and 
mucosal ILC2.118,121 IL-33 levels are increased in the serum of 
allergic patients suffering from anaphylaxis and different studies 
demonstrated that IL-33 potently activates human eosinophils 
and mediates direct degranulation of mast cells in the absence 
of allergen.122,123 In mice, IL-33 is able to generate airway inflam-
mation through a process depending on IL-5-producing T cells 
but not IL-4.124 Administration of neutralizing antibodies or 
transfer of soluble ST2 impairs Th2 type inflammation in 
asthma in mice.125,126 Administration of exogenous IL-33 leads 
to lymphocyte-independent airway hyperreactivity and goblet 
cell hyperplasia in mice.120

Thymic stromal lymphopoietin (TSLP) is another cytokine 
mainly produced by human lung and skin epithelial cells that 
acts on DCs, increasing the expression of different costimula-
tory molecules, including OX40-L, which in turn promotes the 
generation of IL-4-, IL-5- and IL-13-producing T cells and 
inhibiting IL-10 and IFN-γ.127 In addition, TSLP-activated DCs 
induce the production of Th2-attracting chemokines and 
activation-regulated chemokine (TARC) and monocyte-derived 
chemokine (MDC). The expression of TSLP is significantly 
increased in the asthmatic airways and in the skin of atopic 
dermatitis patients, respectively, and correlates with disease 
severity.128,129 These data demonstrate that TSLP is also a Th2-
promoting cytokine that significantly contributes to the patho-
genesis of human asthma.

ANTIGEN-PRESENTING CELLS

Antigen-presenting cells (APCs) are able to capture environ-
mental allergens in the airways, skin or mucosa, migrate to the 
nearest lymph nodes and present the processed antigenic pep-
tides to T cells. The most potent stimulators of naïve T cells are 
DCs lining the mucous membranes of the airways.71 In contrast, 
alveolar macrophages, which are abundant in the lung, phago-
cytize antigens, but they are not able to up-regulate the expres-
sion of CD80 or CD86 costimulatory molecules and actively 
tolerize CD4+ T cells. In humans, circulating DCs can be broadly 
divided into two groups: (1) myeloid dendritic cells (mDCs), 
and (2) plasmacytoid dendritic cells (pDCs).130 mDCs can be 
further divided into type 1 mDCs expressing BDCA1 and type 
2 mDCs expressing BDCA3.131 Both mDCs and pDCs express 
a different repertoire of TLRs and display a diverse cytokine 
signature after microbial stimulation.132 mDCs induce naïve 
CD4+ T cells to produce large quantities of IFN-γ but few Th2 
cytokines, whereas pDCs were initially described as inducer 
CD4+ T cells to produce Th2 cytokines but not IFN-γ. For a long 
time, it was believed that only immature or partially mature 
DCs generate functional TREG cells133 and that mature DCs 
induce specific effector Th cells after encountering different 
stimuli in specific environments.134,135 Recent findings indicate 
that fully mature pDCs are also able to induce functional TREG 
cells64,136 in humans, thus indicating that pDCs constitute a 
unique DC subset exhibiting intrinsic tolerogenic capac-
ity.78,137,138 In mice, depletion and adoptive transfer of pulmo-
nary pDCs in experiments demonstrated this DC subset to be 
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contact, forming a truly epithelial-mesenchymal unit that coor-
dinates the initiation of proper responses to injury in the lung. 
This unit coordinates growth and the response to damage after 
injury from the environment, potential alterations of which are 
related to the development of asthma.162 For this important role, 
they use cytokines and growth factors such as TGF-β, epithelial 
growth factor (EGF) and VEGF. One of the main features asso-
ciated with persistent asthma is structural remodeling due to 
the conversion of mesenchymal cells into myofibroblasts, pro-
ducing large amounts of interstitial collagens and leading to 
fibrosis and thickening of the subepithelial basement mem-
brane (lamina reticularis).163 TGF-β produced by resident tissue 
induces the synthesis of collagen I and inhibits collagenase pro-
duction in an autocrine manner, thus contributing particularly 
to airway remodeling and fibrosis in the pathogenesis of 
asthma.164,165 TGF-β also plays an important role in the control 
of airway inflammation and restoration of healthy immune 
responses to allergens.164 Other alterations observed in the 
airway include thickening of the bronchial wall, mucus hyper-
secretion, hyperplasia and hypertrophy of the smooth muscle 
layer, and neovascularization.5 Genetic polymorphisms in 
asthma susceptibility have been described for several genes 
including ADAM33 and filaggrin (FLG) genes.163,166

The Role of Cell Trafficking and 
Migration in Pulmonary Inflammation
The homing of the inflammatory cells to the lung is a key aspect 
in the development of asthma and lung inflammation. Cell 
trafficking to the lung in asthma is a very complex and redun-
dant process that involves different cytokines, chemokines, 
adhesion molecules and matrix metalloproteinases (MMPs).

During allergic inflammation, several cells in the lung rapidly 
produce the chemokines MCP-1/CCL2, MCP-2/CCL8 and 
eotaxin/CCL11, and basophils expressing the chemokine recep-
tors CCR2, 3 and 4 are the first cells to be recruited. Patients 
with allergic asthma have significantly higher expression levels 
of CCR3 and eotaxin/CCL11.167 The chemokines MCP-3/CCL7, 
MCP-4/CCL13 and VCAM-1 and MadCAM-1 also direct the 
recruitment of eosinophils expressing CCR3, CXCR4 and  
α4β1/VLA-4 and α4β7/LPAM-1 integrins into the lung.168 
Once inflammatory cells are recruited to the lung, migration 
into the tissues requires firm adhesion. Extravasation/diapedesis 
is a complex process that is also regulated by different integrins, 
chemokines and cytokines through the regulation of the expres-
sion of proteinases such as MMPs and matrix-degrading 
enzymes that allow the leukocytes to penetrate through the 
basement membrane and into the tissue stroma. In a mouse 
model of asthma, the expression of MMP2 and MMP9 is sig-
nificantly increased in BAL fluid after allergen challenge.169 Sup-
porting these data, inhibition of MMP2 with TIMP-2 impaired 
the egression of eosinophils from the lungs into the airway 
lumen and the MMP2-deficient mouse model died of asphyxia 
after allergen challenge due to severe airway inflammation.170

Epithelial Cell Activation and Barrier 
Function in Asthma
The epithelial barrier function of bronchial epithelial cells in 
the asthmatic lung, sinus epithelial cells in the sinus tissue of 

after stimulation. NK cells contribute to exacerbate airway 
inflammation and increase Th2 cytokines and eosinophilia as 
demonstrated after depletion experiments in a mouse model.151 
In contrast, TLR9-L-activated NK cells produced high levels of 
IFN-γ, suggesting a protective role in the development of 
asthma.152 Activated NK cells also produced IL-22, which in 
turn favored the production of antimicrobial peptides and 
enhanced epithelial cell integrity.82 In addition, a tiny NK cell 
subset that secretes mainly Th2 cytokines but not IFN-γ has 
been shown to contribute to IgE production in humans.153

γδ CELLS

T cells expressing γδ T cell receptors (γδ T cells) are normally 
found in high numbers in mucosal tissues, where the contact 
with allergenic proteins occurs. Although their main function 
seems to be associated with the generation of immune responses 
against bacterial antigens, they were also shown to play an 
important role in allergic sensitization.154 After allergen chal-
lenge, a population of γδ T cells producing Th2-type cytokines 
was described.155 In humans, the role of γδ T cells in asthma is 
controversial; some studies report increased γδ T cell numbers 
in BAL fluid from patients with asthma,156 whereas others show 
decreased numbers of peripheral blood γδ cells.157

CD8+ T CELLS

CD8+ T cells can be classified as type 1 (producing IFN-γ) or 
type 2 (producing IL-4 and IL-5). Exogenous allergens are 
cross-presented to allergen-specific CD8+ cells through class I 
pathways, but the precise role of CD8+ cells in asthma is not 
clear and may depend on the relative numbers of both types in 
the lungs and blood of asthmatic individuals. It was initially 
suggested that type 2 CD8+ cells may contribute to asthma 
pathogenesis.158 Type 1 CD8+ cells were shown also to enhance 
asthma symptoms,159 but they could also display a protective 
role by eliminating allergen-specific Th2 cells.

TYPE 2 INNATE LYMPHOID CELLS (ILC2)

Type 2 innate lymphoid cells (ILC2) were initially described in 
the gut but they are also abundant in lungs and mucosa. They 
have been shown to produce large quantities of Th2 cytokines 
after activation with IL-25 and IL-33, playing an important role 
in virus-induced BHR and allergic asthma.5,118 ILC2s require the 
transcription factors RORα and GATA3 for their development 
and mainly produce IL-5, IL-9 and IL-13 after activation. Dif-
ferent studies demonstrated that ILC2s play an important role 
in BHR induction after influenza virus infection through a 
process depending on IL-33 produced by activated alveolar 
macrophages.118,160 In addition, other studies have demonstrated 
in mice a role for ILC2 in the pathophysiology of asthma and 
allergic inflammation.118,161 These data could help to explain 
virus-induced and allergen-induced BHR and asthma through 
a common pathway to generate Th2 responses.

Airway Remodeling in Asthma
Asthmatic airways are characterized by structural airway 
changes known as airway remodeling, including smooth muscle 
hypertrophy, goblet cell hyperplasia, subepithelial fibrosis and 
angiogenesis. Epithelial and mesenchymal cells are in close 
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bronchiolitis associated with the subsequent development of 
recurrent wheezing.179 In addition, allergic asthma increases the 
risk of RSV infection of the lower respiratory tract and hospi-
talization, and early wheezing is also a strong risk factor for 
subsequent RSV hospitalization.180 RSV infection impairs the 
capacity of epithelial cells to induce TREG cells that are able to 
suppress undesired adaptive immune responses in the respira-
tory mucosa, and consequently effector T cells are activated 
leading to airway inflammation.181 RSV is also able to promote 
airway remodeling, which in turn increases the susceptibility of 
the lung epithelium to initiate allergic responses to inhaled 
allergens.182 Treatment of children hospitalized with RSV bron-
chiolitis with the antiviral ribavirin decreased the risk of sub-
sequent allergic sensitization and development of asthma.183 In 
the same way, treatment with palivizumab, a monoclonal anti-
body preventing RSV infection, of premature infants also 
reduced subsequent recurrent wheezing.184

The Hygiene Hypothesis
As a consequence of excessive hygiene, the production of IL-10 
and TGF-β by epithelial cells, DCs and B cells in the mucosa is 
impaired, inhibiting TREG cell activity and increasing Th1 and 
Th2 cell responses, which accounts for the observed increase in 
prevalence not only of Th2-mediated allergic diseases but also 
of Th1-mediated autoimmune disorders.185,186 Different micro-
organisms may promote tolerogenic local environments at the 
mucosal surfaces, diminishing inflammation. A dearth of such 
specific microorganisms due to the lifestyle of westernized soci-
eties might contribute to altered homeostasis and lead to 
inflammation of the mucosal surfaces. These changes impair 
the functional features of antigen-specific TREG cells to suppress 
effector T cell response against normally innocuous antigens, 
thus enhancing Th2 and Th1 pathologic immune responses and 
leading to allergic and autoimmune diseases.64

ROLE OF BACTERIAL ENDOTOXINS

In contrast to respiratory viral infection, recent studies indicate 
that early gastrointestinal exposure to Gram-positive commen-
sal bacteria, Bifidobacterium and Lactobacillus strains, and their 
derived products, promotes the maturation of the immune 
system and may protect against the development of asthma.64,187,188 
The exact mechanisms involved in such effects are starting to 
be deciphered in detail and the activation of TLRs on innate 
immune system cells such as DCs seems to be of great impor-
tance. Different epidemiologic studies on farm environments 
showed that bacterial lipopolysaccharide exposure and subse-
quent activation of TLR4-signaling constitute a key mechanism 
to inhibit the development of Th2-biased immune responses, 
explaining the observed protective effects against asthma devel-
opment in such situations.189 The contribution of other TLRs 
and PRRs to such effects is an exciting area of research that 
needs to be further explored.164,190

Asthma Treatment and Induction  
of Immune Tolerance for  
Protective Immunity?
Most available treatments for asthma are effective at controlling 
symptoms; only conventional immunotherapy attempts to 

chronic rhinosinusitis patients as well as keratinocytes in the 
skin of atopic dermatitis patients have been demonstrated to be 
defective.171–174 These recent studies suggest that tissue integrity 
is disturbed in patients so that allergens, bacterial toxins and 
other particles are able to penetrate the epidermis and the lung 
epithelium, where they may activate the immune system and 
lead to severe chronic inflammation in both diseases. Epithelial 
tight junctions (TJs) are responsible for the regulation of para-
cellular flux and epithelial impermeability. TJs consist of differ-
ent transmembrane and scaffold adapter proteins and form the 
most apical intercellular junction essential for barrier function 
between epithelial cells.175 In addition, they prevent foreign par-
ticles, such as allergens, from entering into the subepithelial 
layers. In contrast, opening of TJs can lead to drainage of 
inflammatory cells toward the lumen, supporting the resolution 
of pathologic processes. Consequently, they can be considered 
as gatekeepers that could contribute both to aggravation of 
inflammation-related tissue damage or resolution of inflamma-
tion via drainage. It has been shown that TJs are disrupted in 
airways of patients with asthma as assessed by biopsies, as well 
as in air-liquid interface epithelial cell cultures from the asth-
matic bronchi.172

THE ROLE OF RESPIRATORY VIRUSES  
IN ASTHMA DEVELOPMENT  
AND EXACERBATIONS

A large number of epidemiologic studies have shown that asthma 
exacerbations with acute airway obstruction and wheezing are 
associated with infections triggered by specific respiratory 
viruses such as rhinoviruses and, to a lesser extent, respiratory 
syncytial virus.1,176 The persistence of respiratory viruses, virus 
load and virus co-infections have been related to more severe 
respiratory illnesses. In addition, high rates of respiratory bacte-
rial infections have been associated with asthma exacerbations, 
indicating that in general respiratory infections may exacerbate 
rather than prevent the development of asthma. Other studies 
reported the opposite effect, suggesting that infections might 
contribute, with different mechanisms during sensitization and 
effector phases preventing the development of asthma or enhanc-
ing symptoms of already existing asthma.

Rhinovirus
Rhinovirus, the common cold virus, is the most frequent type 
of viral infection associated with asthma exacerbations. The 
detailed underlying immunologic mechanisms are not com-
pletely known, but infection of epithelial and bronchial  
endothelial cells with rhinovirus generates a plethora of proin-
flammatory mediators that contribute to the worsening of 
asthma episodes.1,2 At the T cell level, human rhinovirus infec-
tions might contribute to the generation of Th2 cells and inhibit 
Th1 or IL-10-producing TREG cells.177 Additionally, virus-specific 
CD8+ cells producing type 2 cytokines may develop during viral 
infections.178 Rhinovirus infections in atopic asthmatic patients 
lead to more severe and prolonged lower respiratory tract 
symptoms compared to nonatopic subjects. Clinical trials 
showed that this might be due to impaired innate and adaptive 
immune responses in the airways of asthmatic patients.

Respiratory Syncytial Virus
Respiratory syncytial virus (RSV) is the most common viral 
infection during the first 3 years of life, leading to acute viral 
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selected and validated with the intention of selecting the patients 
who will benefit most from this immune-modifying treatment. 
Thus, AIT could provide a complete cure for a larger number 
of allergic patients and novel preventive approaches need to be 
developed.

Different strategies have been employed to improve the effi-
cacy and safety and reduce treatment time of AIT. For example, 
coupling of allergens with CpG oligonucleotide motifs (TLR-9 
ligand) was shown to inhibit BHR and eosinophil infiltration 
in a model of asthma and to reduce symptoms in patients with 
allergic rhinitis.193 Different therapeutic strategies have been 
tested or are currently under development including alternative 
routes of administration such as sublingual (SLIT) or oral 
(OIT) routes.191 Novel approaches attempt to generate func-
tional allergen-specific TREG cells by manipulating DC function 
through the administration of different agents, using allergen 
peptides or by the administration of probiotics such as Lacto-
bacillus or Bifidobacterium.108,191 Novel findings demonstrated 
that the use of biologic agents might also represent an alterna-
tive strategy for the treatment of asthma. For example, omali-
zumab (human anti-IgE mAb) was shown to be effective in the 
treatment of moderate-to-severe asthma.194 Other mAbs block-
ing the function of key Th2 cytokines such as dupilumab (tar-
geting the α subunit of the IL-4-receptor), lebrikizumab 
(targeting IL-13) or benralizumab (targeting IL-5 receptor α) 
have been also tested with promising results.108

modify the course of the disease. Inhaled corticosteroids are still 
the mainstay for the treatment of asthma, but limited adherence 
is a major drawback to the success of such therapy. Allergen-
specific immunotherapy (AIT) consists of the administration 
of increasing doses of the causative allergen to induce a state of 
immune tolerance.191 Conventional subcutaneous immuno-
therapy (SCIT) has been shown to be efficient in controlling 
established disease. However it carries the problems of severe 
side-effects and long duration, leading to low patient adher-
ence.192 Numerous studies in the last two decades have provided 
a plausible explanation for multiple mechanisms of AIT induc-
ing both rapid desensitization and long-term allergen-specific 
immune tolerance, and suppression of allergic inflammation in 
the affected tissues. During AIT, peripheral tolerance is induced 
by the generation of allergen-specific regulatory T cells, which 
suppress proliferative and cytokine responses against the aller-
gen of interest. T regulatory cells directly or indirectly suppress 
effector cells of allergic inflammation, such as mast cells, baso-
phils and eosinophils. TREG cells and particularly IL-10 also have 
an influence on B cells, inhibiting IgE production and inducing 
the production of blocking type IgG4 antibodies against venom 
allergens. They also inhibit infiltration of inflammatory cells 
into tissues, control tissue remodeling and promote tolerogenic 
DCs (Figure 28-5). These findings together with the new bio-
technological approaches create a platform for the development 
of advanced vaccines. Moreover, reliable biomarkers could be 

Figure 28-5  Different mechanisms employed by TREG cells  to suppress allergic  reactions. TREG cells directly  inhibit Th1, Th2 and Th17 cells and 
effector cells. They also promote tolerogenic DCs, the induction of IgG4 and inhibition of IgE, inhibition of T cell migration to tissues and tissue 
remodeling. 
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increased prevalence of Th2-biased allergic asthma. The genera-
tion of functional allergen-specific TREG cells is a key event in 
the generation of healthy immune responses to allergens. Com-
pelling experimental evidence demonstrated that TREG cells in 
cooperation with other cell types such as BREG cells or DCs 
producing high levels of IL-10 and/or TGF-β play an essential 
role in the initiation and maintenance of immune tolerance  
to allergens. Although initial therapies were based on relieving 
airway obstruction in asthma, current therapy focuses on 
reducing airway inflammation and neutralizing the effects of 
mast cell mediators. Better understanding of the molecular  
and cellular events implicated in the pathogenesis of the  
allergic diseases will contribute significantly to the development 
of better prevention strategies and alternative therapeutic 
options, including the use of immunotherapy combined with 
biologics.

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

Conclusions
Our knowledge of the mechanisms operating in allergic  
asthma has increased markedly over the past years, which has 
significantly contributed to improvements in the diagnosis, 
management and treatment of the disease (Figure 28-6).  
Critical mediators involved in the Th2-biased asthmatic 
immune response and airway remodeling have been identified. 
Better understanding of the contribution of the innate immune 
system to the development of asthma, including the recently 
discovered ILC2, demonstrated that the Th2 cytokine signature 
might not simply reflect an adaptive Th2 cellular response  
but the integration of a much more complex network of cells 
and molecules. Rhinovirus and RSV infections have been asso-
ciated with asthma exacerbations and, in the same way, asthma 
has frequently been related to increased susceptibility to infec-
tion with rhinoviruses and RSV as well as with changes in the 
microbiota not only in the airways but also in the intestinal 
tract. The hygiene hypothesis postulated that lack of microbial 
exposure and loss of commensal bacteria could explain the 

Figure 28-6  Asthmatic  inflammation  (effector  phase).  Epithelial  cell  activation  with  production  of  proinflammatory  cytokines  and  chemokines 
induces inflammation and contributes to a Th2 response with TNF-α, IL-13, TSLP, IL-25, IL-31 and IL-33. Migration of inflammatory cells to asthmatic 
tissues  is  regulated  by  chemokines.  Th2  and  eosinophil  migration  are  induced  by  eotaxin,  monocyte-derived  chemokine  (MDC)  and  activation-
regulated chemokine  (TARC). Epithelial apoptosis and shedding  is observed, mainly mediated by  IFN-γ and TNF-α. The adaptive Th2  response 
includes the production of IL-4, IL-5, IL-9 and IL-13. Innate lymphoid cells, particularly ILC2, also secrete IL-5 and IL-13. Tissue eosinophilia is regu-
lated by IL-5, IL-25 and IL-33. Local and systemic IgE production is observed in bronchial mucosa. Cross-linking of IgE receptor FcεRI on the surface 
of mast cells and basophils and their degranulation take place upon allergen challenge. 
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KEY POINTS

• Guideline development is increasingly driven by pub-
lished data (i.e. evidence based).

• Guidelines increasingly focus on asthma control rather 
than severity.

• Asthma control defines current ‘impairment’ and pro-
vides an indication of ‘future risk’ for an exacerbation.

• For the young child with asthma there are limited pub-
lished data to help direct recommendations for assess-
ment and management strategies.

• Implementation of guidelines is a major challenge which 
national or global guideline strategies and local cham-
pions can help to direct.

Guideline Development
By the late 1980s, it was apparent that an epidemic of asthma 
had begun, particularly among children.1 This was emphasized 
by the dramatically increased mortality rates for asthma in New 
Zealand,2 which became the impetus for Australia and New 
Zealand to establish the first guidelines for the management of 
asthma in 1989.3 Shortly thereafter, consensus reports by expert 
panels on asthma assessment and management from Canada4 
and from Britain5 were published as guidelines. This was fol-
lowed shortly by the National Asthma Education and Preven-
tion Program (NAEPP) Expert Panel Report from the USA in 
1991.6 These early guidelines were based on expert opinion and 
provided consensus approaches to the diagnosis and manage-
ment of asthma.

The first international consensus report was coordinated by 
the National Heart Lung and Blood Institute (NHLBI) and 
published by the National Institutes of Health (NIH) in 1992.7 
Subsequently, the NHLBI, in cooperation with the World Health 
Organization, launched the Global Initiative for Asthma (GINA) 
in 1993. The first GINA report was published by the NIH in 
1995 as a ‘Global Strategy for Asthma Management and Preven-
tion.’8 This was the first publication that aimed to provide a 
global approach to asthma and especially focussed on develop-
ing countries. As with previous guidelines, this was representa-
tive of expert opinion and consensus among those experts as to 
the best approach to asthma management.

Each of the initial guidelines primarily focussed on asthma 
in adults. Exemplary of the problems with developing a consen-
sus around asthma in childhood was the situation at the initial 
Canadian Consensus Conference in 1989. At that workshop, 
pediatricians met as a separate subgroup to discuss the 

recommendations which were evolving within the expert group 
as a whole. Given the relative lack of research in children  
with asthma and a wide range of expert opinion on optimal 
approaches to treatment, the pediatricians were unable to 
develop any consensus focusing on the management of asthma 
in the pediatric population. However, over the next few years, 
pediatric-focussed guidelines began to emerge from national 
guideline committees with one of the earliest being from the 
British Thoracic Society9 in the mid-1990s. From that docu-
ment, it became clear that separate categories and approaches 
to the diagnosis and management of asthma would be essential 
for school-aged children and for preschool children if the very 
best recommendations were to be developed. This was one of 
the first guidelines to bring focus to the issue of pediatric 
asthma, especially to recognition of the fact that there were few 
data upon which to build any recommended interventions for 
management of asthma in the young child.

Evidence-Based Medicine
The development of the initial asthma guidelines was driven by 
expert opinion and these were consensus based. However, by 
the early 1990s it was recognized that it would be important to 
define the quality of data and to begin to focus on evidence-
based recommendations. Unfortunately, as evidenced by the 
very carefully structured British Thoracic Society guidelines, 
when an attempt was undertaken to rigorously define the 
quality of evidence for management of asthma in children,  
the best available evidence for pediatric asthma remained at the 
lowest level of quality (i.e. expert opinion generating a consen-
sus).9 The levels of evidence used in a number of guidelines, 
including the GINA strategy and the NAEPP guidelines, are 
shown in Table 29-1. This approach still underpins current 
GINA and NAEPP recommendations, including those recom-
mendations for children.

Although the initial pediatric guideline recommendations 
reflected expert opinion, an important outcome was the recog-
nition that there was a substantial lack of data to help guide 
recommendations for the management of children with asthma. 
As a result, a key component of the first Canadian Pediatric 
Asthma Guidelines10 published in 2005 was a section entitled 
‘Implications for Research.’ This important component of a 
number of national guidelines was a stimulus toward promot-
ing research in children and recognizes in particular that the 
development of the majority of cases of asthma begins in the 
preschool years11 (Figure 29-1).

Increasing research in childhood asthma was important in 
facilitating development of the National Heart Lung and Blood 
Institute National Education Prevention Program Expert Panel 
Report 3: Guidelines for the diagnosis and management of 
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organizations which are pertinent to their specific population 
characteristics, available healthcare resources and local or 
national environments.

Guidelines are commonly developed by a panel of experts 
where the intent is to produce recommendations based on the 
best evidence available. Increasingly, there are pressures to 
produce recommendations based on the quality of a body of 
evidence assessed independently by a multidisciplinary team. 
Increasing adherence and focus to better define the quality of 
evidence remains a problem where there is a lack of substantive 
data. This is most apparent in the assessment and management 
of asthma in children during the preschool years. We require 
substantially more research in this area, both more structured 
randomized controlled trials and improved observational 
studies. Until such data are more abundant, guideline recom-
mendations for the young child will continue to rest on expert 
panels with the appropriate clinical experience to provide the 
best possible recommendations for consideration in the devel-
opment of local and national guidelines.

Asthma Severity and Control
Initially, most asthma guidelines focussed on defining levels of 
asthma severity. However, conceptually to guidelines develop-
ers, and of particular importance to patients with asthma and 
their families, asthma control is a far more important focus. As 
the focus in guideline development shifted to assessment of 
asthma control, it became increasingly apparent that asthma 
control should be considered within two distinct domains: 
symptom control, which can be considered to represent the 
current level of ‘impairment’, and ‘future risk’ for asthma wors-
ening or exacerbation. These domains are now well recognized 
and are regularly an important component of guidelines. As 
noted in the previous edition of this textbook, ‘Impairment is 
the assessment of the frequency and intensity of symptoms as 
well as the functional limitations that the patient is experiencing 
now or in the past because of his or her asthma. Risk is the 
estimate of the likelihood of an asthma exacerbation, progres-
sive loss of pulmonary function over time caused by asthma, or 
an adverse event from medication or even death. The assess-
ment of severity and control provide guidance on the direction 
taken, stepping up or stepping down medications.’14

asthma published in 2007.12 In that report, there was a strong 
focus on asthma in the preschool years (children 0–4 years of 
age) and in school-age children (5–11 years of age). Although 
there has been more research relating to asthma and the young 
child over the past decade, data to substantially update guide-
lines for children with asthma during the preschool years 
remain limited. In 2008, GINA approached the issue of asthma 
in the young child and established a panel of pediatric asthma 
experts to focus on the issues of concern in these young, pre-
school children. In 2009, GINA published the ‘Global Strategy 
for Asthma Management and Prevention in Children 5 Years 
and Younger’ with an emphasis on challenges in the diagnosis 
and management of asthma in these preschool children.13 Rec-
ommendations in the report were based on the best evidence 
available. However, because of the relative paucity of random-
ized or even observational clinical trials in this population, 
many recommendations remained at level D, i.e. panel consen-
sus judgment. The expert opinion approach based on available 
data and consensus opinion published by GINA provides a 
strategy for the development of guidelines by local and national 

Figure 29-1  Annual  incident  rates  per  100,000  person-years  by  sex 
and range for definite + probable asthma cases among Rochester resi-
dents  1964–1983.  (Data from Yunginger JW, Reed CE, O’Connell EJ, 
Melton LJ 3rd, O’Fallon WM, Silverstein MD. A community-based study 
of the epidemiology of asthma. Incidence rates, 1964–1983. Am Rev 
Respir Dis 1992;146(4):888–94.)
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Evidence Level Sources of Evidence Definition

A Randomized controlled trials 
(RCTs) and meta-analyses

Rich body of data

Evidence is from end-points of well-designed RCTs or meta-analyses that provide a 
consistent pattern of findings in the population for which the recommendation is made

Category A requires substantial numbers of studies involving substantial numbers of 
participants

B RCTs and meta-analyses
Limited body of data

Evidence is from end-points of intervention studies that include only a limited number of 
patients, post hoc or subgroup analysis of RCTs or meta-analysis of such RCTs

In general, Category B pertains when few randomized trials exist, they are small in size, 
they were undertaken in a population that differs from the target population of the 
recommendation, or the results are somewhat inconsistent

C Non-randomized trials
Observational studies

Evidence is from outcomes of uncontrolled or non-randomized trials or from 
observational studies

D Panel consensus judgment This category is used only in cases where the provision of some guidance was deemed 
valuable, but the clinical literature addressing the subject was insufficient to justify 
placement in one of the other categories

The Panel Consensus is based on clinical experience or knowledge that does not meet 
the criteria listed above

TABLE 
29-1 
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TABLE 
29-2 GINA Assessment of Asthma Control in Children 5 Years and Younger

One example of asthma control parameters is the GINA 2014 
assessment of asthma control for children 5 years and younger 
(Table 29-2).15 For older children, the additional measurement 
of forced expiratory volume in 1 second (FEV1) contributes to 
a better understanding of the risk factors for future asthma 
control. Whenever possible, pulmonary function should be a 
routine component of asthma assessments.

Management of Asthma for Children
Asthma therapy must take into consideration the level of asthma 
symptom control (i.e. impairment) and future risk. In school-
age children, this tends to be rather more straightforward than 
in the preschool child with recurrent wheezing episodes and a 
less certain asthma diagnosis. Although ‘not all that wheezes is 
asthma’, much of what wheezes or has severe, paroxysmal cough 
is treated as asthma. While there is increasing recognition of the 
heterogeneity of asthma phenotypes at all ages, management of 
wheezing syndromes in early life is a particular problem. Many 
children with asthma during the preschool years have only 
infrequent episodes of viral-induced wheezing and few, if any, 
interval symptoms. However, even if infrequent, these wheezing 
episodes can be quite severe. Thus, symptom frequency and 
severity are not equally matched. The optimal management of 
these children remains a concern to many healthcare profes-
sionals. In addition, in many countries, there are limited 
‘approved’ medications for use in this population. This is a 
problem in a population most in need of research but difficult 
to study in large part because of the lack of objective outcome 

parameters. As a result, ‘expert opinion’ and general consensus 
remain the core of most recommendations. Further, this is a 
population in which long-term adverse effects of most interven-
tions remain poorly studied.

For school-age children, the approach to management 
remains similar to that for the adolescent and adult popula-
tions. Figure 29-2 from the most recent GINA Global Strategy 
for Asthma Management and Prevention, revised 2014, pro-
vides treatment recommendations for the preschool child with 
asthma.15 It is representative of a ‘typical’ approach to manage-
ment of asthma in the young child based on the available data 
(often extrapolated from studies in older children) as inter-
preted by ‘asthma experts’.

Regardless of the pharmacological approach to the manage-
ment of asthma, all guidelines continue to support the impor-
tance of education for children and their families.

Have Guidelines Benefitted Children 
and Their Families?
Although the appraisal of guidelines, research and evaluation 
(AGREE) process defines the quality of asthma guidelines to be 
‘low’, asthma guidelines do continue to improve.16 A recent 
editorial questioned whether practice guidelines are of any 
benefit to patients.17 After all, benefits to children and their 
families should be the primary objective for framing pediatric 
guideline development. The author of that editorial suggested 
that ‘Published guidelines are therefore not an adequate 
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material also supports the likelihood of publication to enable 
these primary dissemination approaches.’18 These ‘weighty’ 
documents are frequently translated into shortened summary 
publications and often one- or two-page pocket guides are 
developed which can be particularly helpful to trainees and 
primary care physicians.

While dissemination is generally considered to be straight-
forward, implementation of guidelines has been a major 
concern, particularly at the local level. There have been a 

substitute for actual successful clinical experience by specialists 
during residency.17 Although this is not a simple issue, it may 
be particularly important for young children, and the concerns 
raised in that editorial must be addressed. Development of 
guidelines is typically followed by widespread dissemination of 
a document, usually with substantial documentation as to the 
quality of recommendations. As previously noted, ‘Of necessity 
to establish the quality, or weight, of the recommendations, the 
documents must present data and… the quality and depth of 

Figure 29-2  Stepwise approach to long-term management of asthma in children aged 5 years and younger. 
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substantive impact with decreasing trends in hospitalization 
and mortality from asthma after institution of a national asthma 
program.21

The quality of asthma guidelines has improved over time.16 
It is increasingly clear that guidelines are important in order to 
provide the best available data combined with advice based on 
expert opinion. However, to be of benefit to patients and their 
families, adaptation and implementation of guidelines must be 
undertaken at national and, possibly even better, at local levels, 
and supported by local champions with appropriate stakeholder 
involvement.22

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

number of studies aimed at improving adherence to asthma 
guidelines. A recent systematic review demonstrated that use of 
decision support tools with feedback on audit and support from 
a clinical pharmacy were the most likely approaches to improve 
provider adherence to asthma guidelines.19 However, even with 
complicated and expensive interventions, only a limited number 
of studies have been associated with an improvement in health-
care status.19 A recent review asked ‘Have expert guidelines 
made a difference in asthma outcomes?’20 That review, which 
considered both controlled and observational trials, was unable 
to demonstrate substantive impact on health outcomes and 
noted that we need to ‘better understand the gaps between 
guidelines recommendations and translation to clinical prac-
tice… to improve asthma outcomes.’20 Nevertheless, there are 
studies, such as one from Costa Rica, that demonstrate 
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KEY POINTS

• Asthma pathology has defining physiologic correlates, 
including airflow limitation, heightened airway respon-
siveness to stimuli and improved airflow in response to 
bronchodilators.

• Spirometry is the most common quantitative test used 
to measure airflow obstruction.

• Serial tests of lung function are valuable in following the 
course of asthma.

• Decreases in airflow plus hyperinflation (i.e. air trapping) 
are seen in acute asthma.

• During exacerbations, signs and symptoms of asthma 
often resolve before lung function returns to normal.

• Hypoxemia is common in asthma exacerbations while 
hypercapnia is a sign of more severe airflow limitation.

Asthma	 is	 characterized	 by	 intermittent	 airway	 obstruction,	
which	 commonly	 manifests	 as	 shortness	 of	 breath,	 cough,	
wheezing	and	chest	tightness.	However,	even	moderate	degrees	
of	 airflow	 obstruction	 may	 not	 be	 symptomatic	 or	 clinically	
apparent.	When	present,	the	degree	of	airflow	limitation	varies	
greatly,	from	mild	and	self-limited	to	life-threatening.	Between	
these	extremes	are	gradations	of	obstruction	that	can	be	quanti-
fied.	Testing	airflow,	along	with	the	change	in	response	to	thera-
pies	 or	 challenges	 (e.g.	 exercise,	 mannitol,	 methacholine),	 is	
useful	when	assessing	and	managing	patients	with	asthma.	This	
chapter	 deals	 with	 functional	 assessments	 of	 asthma	 in	 the	
pediatric	patient,	emphasizing	tests	that	reflect	airway	and	lung	
function.	 The	 primary	 focus	 is	 on	 studies	 that	 can	 be	 easily	
performed	 in	 an	 office	 or	 clinic	 setting,	 but	 tests	 that	 require	
more	sophisticated	equipment	usually	unavailable	in	these	loca-
tions	 are	 also	 noted.	 Furthermore,	 because	 asthma	 often	 first	
presents	in	preschool	children,	tests	of	lung	function	that	may	
be	performed	in	the	youngest	patients	are	mentioned.	Equip-
ment	necessary	to	measure	pulmonary	function	in	these	young	
children	typically	exists	only	in	centers	with	expertise	in	pedi-
atric	pulmonary	medicine.	However,	knowledge	of	airway	func-
tion	 close	 to	 the	 onset	 of	 disease	 is	 an	 important	 subject	 of	
ongoing	 investigations	 into	 the	 pathogenesis	 of	 the	 disorder,	
and	newer	techniques	may	be	more	amenable	to	widespread	use	
in	outpatient	clinics.

A	 decline	 in	 airway	 function	 as	 measured	 by	 pulmonary	
function	tests	often	reflects	a	change	in	airway	structure;	there-
fore,	this	chapter	begins	with	an	overview	of	the	pathology	of	
asthma.	 Greater	 detail	 on	 this	 subject	 can	 be	 found	 in	 other	
chapters.	Appreciating	the	correlation	between	airway	structure	
and	function	is	important	to	clinical	management.	For	example,	
understanding	 the	pathologic	findings	 in	 severe	asthma	helps	

one	to	recognize	components	contributing	to	obstruction	that	
are	 poorly	 responsive	 to	 acute	 treatment	 and	 take	 time	 to	
resolve.	This	will	be	reflected	 in	 tests	of	airway	 function	soon	
after	a	patient	 is	 ill.	Similarly,	 tests	 that	define	airway	respon-
siveness	may	also	correlate	with	 lung	pathology	 in	subjects	 in	
whom	the	disease	is	clinically	quiescent.

This	chapter	will	also	review	how	tests	of	lung	function	can	
help	identify	diseases	that	may	mimic	asthma	and	will	consider	
the	 ways	 in	 which	 pulmonary	 function	 tests	 may	 help	 guide	
therapy	in	both	acute	and	chronic	conditions.	Studies	involving	
infants,	 children	 and	 adolescents	 are	 cited	 whenever	 possible.	
Investigations	into	structural	and	functional	assessments	of	the	
disease	in	adults	are	cited	when	they	provide	additional	insight	
into	the	process.

The Pathology of Asthma
Fatal	 asthma	 is	 typified	by	marked	airway	 inflammation	with	
mucus	and	cellular	debris,	epithelial	desquamation,	subepithe-
lial	collagen	deposition	and	airway	wall	thickening	resulting	in	
luminal	obstruction.1–3	Several	factors	contribute	to	airway	wall	
thickening,	 including	 smooth	 muscle	 hypertrophy,	 edema,	
goblet	cell	hyperplasia	and	tissue	infiltration	by	inflammatory	
cells.	 These	 features	 have	 been	 noted	 at	 autopsy,	 not	 only	 in	
adults	 but	 also	 in	 pediatric	 patients	 of	 varying	 ages.4	 Similar	
pathologic	 findings	 can	 be	 seen	 in	 biopsies	 from	 severe	 but	
nonfatal	asthma.5

With	the	more	recent	use	of	bronchoalveolar	 lavage	(BAL)	
and	endobronchial	biopsies	to	address	asthma	pathogenesis,	it	
is	 apparent	 that	 airway	 inflammation	 is	 a	 hallmark	 of	 even	
clinically	mild	asthma.6,7	Common	features	include	infiltration	
of	airways	by	eosinophils,	activation	of	T	cells	within	airways,	
increase	in	mast	cell	numbers	and	desquamation	of	airway	epi-
thelium.8	 These	 studies	 have	 been	 performed	 primarily	 in	
adults,	with	a	loose	correlation	found	between	indices	of	inflam-
mation	 and	 the	 level	 of	 airway	 responsiveness	 to	 provocative	
agents	 such	as	histamine	and	methacholine.	Less	 information	
is	available	from	pediatric	patients,	but	work	using	BAL	in	older	
children	and	adolescents	 suggests	 that	pathologic	findings	are	
similar	to	the	abnormalities	described	in	adults.9,10	For	example,	
Ferguson	and	colleagues10	reported	an	association	between	the	
level	of	airway	responsiveness	to	histamine	and	both	eosinophil	
numbers	 and	 mast	 cell	 tryptase	 within	 BAL	 fluid	 of	 6-	 to	
16-year-old	children.	A	more	 recent	 study	 found	 that,	 among	
preschool	 children	 with	 wheezing,	 increased	 airway	 smooth	
muscle	 present	 in	 endobronchial	 biopsy	 was	 associated	 with	
having	asthma	at	school	age.11

The Physiology of Asthma
Asthma	 is	 defined	 by	 physiologic	 abnormalities.	 As	 noted	
earlier,	these	abnormalities	include	variable	airflow	limitation,	
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rather	 than	 percent	 predicted	 of	 normal.	 A	 Z-score	 of	−1.64	
represents	the	5th	percentile	and	has	been	proposed	as	a	lower	
limit	of	normal	for	spirometry.	Ninety-five	percent	of	healthy	
subjects	 will	 fall	 within	±	 2	 Z-scores.	 Interpretation	 by	 lower	
limit	of	normal	using	Z-score	is	independent	of	age,	height,	sex	
and	ethnic	group,	and	may	more	clearly	 show	how	abnormal	
(i.e.	far	from	the	median)	an	individual’s	lung	function	is	at	the	
time	of	testing.	Similar	prevalence	rates	for	impaired	FEV1/FVC	
ratio	and	FEV1	have	been	reported	when	transitioning	from	the	
familiar	Hankinson	and	Wang	equations	to	the	GLI-2012.21–23

Definitive Characteristics of Asthma
A. AIRFLOW LIMITATION

The	usual	method	of	measuring	the	degree	of	airflow	limitation	
is	to	assess	lung	function	during	a	maximal	forced	exhalation.24	
The	subject	exhales	forcibly	from	total	lung	capacity	(TLC)	to	
residual	volume	(RV)	into	either	a	spirometer	or	through	a	flow	
meter	by	which	flow	 is	 integrated	 to	give	volume.	The	results	
are	usually	expressed	as	either	a	time-based	recording	of	expired	
volume	(spirogram)	or	a	plot	of	instantaneous	airflow	against	
lung	volume	(maximal	expiratory	flow-volume	[MEFV]	curve).	
The	 tests	 of	 lung	 function	 derived	 from	 a	 spirogram	 are	 the	
forced	vital	capacity	(FVC;	TLC	minus	RV),	the	forced	expira-
tory	volume	during	the	first	second	of	exhalation	(FEV1),	and	
the	forced	expiratory	flow	from	25%	to	75%	of	the	FVC	(FEF25–

75).	From	the	flow-volume	curve,	the	maximal	expiratory	flow	
rate	 (MEFR)	 achieved	 approximates	 the	 peak	 expiratory	 flow	
rate	(PEFR)	obtained	from	a	flow	meter.	Flow	rates	at	and	below	
50%	of	the	vital	capacity	(VC)	are	also	obtained	as	part	of	this	
maneuver.	 Because	 airflow	 is	 related	 to	 lung	 volume,	 plethys-
mography	 combined	 with	 the	 MEFV	 maneuver	 plotted	 as	 a	
flow-volume	curve	or	loop	allows	assessment	of	the	relationship	
between	 airflow	 and	 absolute	 lung	 volumes	 (Figure	 30-1).		
Measurement	of	flow	rates	in	this	manner	may	be	informative	
when	an	isovolumetric	shift	occurs	(discussed	later).	The	effect	
of	 lung	 volume	 on	 airflow	 also	 highlights	 the	 importance	 of	
subject	effort	and	technique.

In	 subjects	 with	 airflow	 obstruction	 due	 to	 asthma,	 the	
expected	 pattern	 of	 altered	 flow	 rates	 during	 an	 exacerbation	
can	 be	 predicted	 based	 on	 airway	 pathology	 and	 obstructive	
physiology.	 On	 spirometry,	 both	 the	 FEV1	 and	 FEF25–75	 are	
diminished,	although	the	former	is	more	preserved	as	a	percent	
of	predicted	than	the	latter.	Since	the	FVC	is	usually	relatively	
preserved,	the	FEV1/FVC	ratio	is	reduced.	On	the	MEFV	curve,	
the	expiratory	portion	of	 the	 loop	typically	becomes	concave,	
or	‘scooped	out’	(see	Figure	30-1)	due	to	a	greater	impairment	
in	flows	at	low	lung	volumes.	These	flows	are	the	first	to	decrease	
and	the	last	to	return	to	normal.	The	MEFR,	like	its	counterpart,	
the	FEV1,	is	more	preserved	during	acute	attacks	and	is	quicker	
to	normalize.

In	a	minority	of	cases,	the	spirogram	or	MEFV	curve	alone	
will	not	reflect	significant	airway	obstruction.	However,	if	sub-
jects	 are	 studied	 with	 both	 an	 MEFV	 maneuver	 and	 plethys-
mography	to	assess	lung	volumes,	they	will	have	a	displacement	
of	 the	 flow-volume	 curve	 to	 a	 higher	 lung	 volume	 without	 a	
change	in	the	configuration	of	the	curve	itself.	Thus,	if	flow	is	
measured	as	a	percent	of	the	VC,	no	change	in	flow	is	appreci-
ated.	However,	when	the	same	curve	is	plotted	as	a	function	of	
the	 absolute	 lung	 volumes	 present	 before	 and	 after	 onset	 of	
symptoms,	substantial	changes	in	flow	become	apparent	at	the	

increased	responsiveness	of	airways	 to	provocation	(i.e.	bron-
choconstriction)	and	improved	airflow	in	response	to	broncho-
dilators	 (reversibility).	 Given	 these	 features	 and	 the	 common	
discrepancy	 between	 lung	 function	 and	 patient	 symptoms,	
asthma	is	a	disease	that	 is	best	quantified	by	objective	testing.	
Several	measures	of	lung	mechanics	have	been	used	to	describe	
asthma	 during	 both	 symptomatic	 and	 asymptomatic	 phases		
of	 the	 disease.12	 These	 measures	 include	 lung	 volumes,	 the	
pressure-volume	characteristics	of	the	lung,	resistance	to	airflow	
and	flow	rates.	A	discussion	of	each	of	these	measures	in	child-
hood	 asthma	 is	 presented,	 emphasizing	 flow	 rates	 and	 lung	
volumes	as	these	are	most	commonly	used	by	practicing	physi-
cians	treating	children.13	Airway	hyperresponsiveness,	a	funda-
mental	feature	of	this	disease,	is	also	discussed.14,15

SPIROMETRY

Spirometry	is	the	most	common	technique	used	to	assess	pul-
monary	 function.	 It	 is	 helpful	 to	 understand	 several	 key	 ele-
ments	of	 spirometric	assessment	before	discussing	 the	role	of	
this	test	in	patient	care.	First,	values	obtained	by	spirometry	are	
reported	 as	 absolute	 volume	 and,	 more	 importantly,	 in	 refer-
ence	 to	 that	predicted	 for	normal	 lung	 function	based	on	 the	
age,	sex,	height	and	race	or	ethnicity	of	the	patient.	Therefore,	
it	is	critical	that	these	demographic	factors	are	correctly	noted	
and	used.	If	spirometry	test	results	are	unexpectedly	higher	or	
lower	 than	 suggested	 by	 the	 history	 and	 examination,	 one	 is	
wise	to	double-check	the	accuracy	of	these	demographic	data.	
Second,	 the	 quality	 of	 both	 patient	 technique	 and	 effort	 will	
greatly	affect	 spirometry	data.	Studies	 suggest	 that	many	 tests	
performed	 in	 routine	 outpatient	 clinics	 are	 of	 suboptimal	
quality	but	that	limited	staff	training	can	significantly	improve	
this.16,17	 Most	 children	 can	 learn	 to	 perform	 spirometry	 tests	
with	reasonable	quality	by	the	age	of	5	to	7	years.	Third,	those	
interpreting	spirometry	tests	should	be	properly	trained.	Physi-
cians	 should	 be	 familiar	 with	 useful	 quality	 criteria	 that	 have	
been	 published	 by	 the	 American	 Thoracic	 Society/European	
Respiratory	 Society	 (ATS/ERS),18	 including	 forced	 expiratory	
time,	 repeatability	 and	 back	 extrapolated	 volume.	 However,	
data	suggest	that	the	clinical	utility	of	spirometry	data	in	chil-
dren	 may	 depend	 more	 on	 the	 experience	 of	 the	 interpreter	
than	on	rigid	numerical	test	parameters.19	In	other	words,	pedi-
atric	spirometry	test	results	that	do	not	meet	published	numeri-
cal	 quality	 standards	 are	 often	 still	 useful	 –	 especially	 when	
considered	in	the	context	of	an	individual	patient.

Providers	 should	 also	 be	 aware	 of	 important	 efforts	 to	
improve	spirometry	interpretation.	A	notable	international	col-
laboration	has	recently	produced	the	largest	reference	data	set	
for	 spirometry	 to	 date.	 The	 Global	 Lung	 Function	 Initiative	
(GLI)	reference	equations	include	over	74,000	spirometric	mea-
surements	from	healthy,	nonsmoking	males	and	females	aged	3	
to	95	years,	provided	by	over	70	organizations	worldwide.20	This	
includes	spirometric	 indices	 from	five	ethnic	groups	and	over	
30,000	 healthy	 young	 people	 between	 2.5	 and	 18	 years	 old.	
Using	modern	statistical	techniques,	these	data	have	been	used	
to	 generate	 the	 Quanjer	 GLI-2012	 prediction	 equations,	
endorsed	 by	 all	 major	 respiratory	 societies	 and	 incorporated		
by	 manufacturers	 into	 many	 lung	 function	 devices.	 Ongoing	
efforts	 will	 contribute	 even	 greater	 representation	 of	 ethnic	
backgrounds	 into	 this	reference	data	set,	providing	more	reli-
able	normal	values	across	age	and	demographic	characteristics.	
Also,	many	providers	have	moved	to	reporting	data	as	Z-scores	
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feature	 of	 nocturnal	 asthma.	 Patients	 with	 such	 variability	
should	be	 regarded	as	having	more	 severe	asthma	and	 inade-
quate	disease	control.	Additionally,	given	that	excessive	diurnal	
variations	 in	 lung	 function	 during	 recovery	 from	 status	 asth-
maticus	have	been	associated	with	an	increased	risk	of	sudden	
death,29	this	vulnerable	period	of	time	may	warrant	close	moni-
toring	both	in	the	hospital	and	home	environment.	Therefore,	
in	 more	 severe	 patients	 or	 those	 with	 limited	 recognition	 of	
signs	and	symptoms	of	exacerbation,	monitoring	the	PEFR	as	
part	of	their	daily	routine	may	allow	for	earlier	recognition	of	
loss	of	control	with	more	timely	intervention.	Finally,	it	should	
be	 noted	 that	 the	 PEFR	 maneuver	 is	 technique-	 and	 effort-
dependent	with	most	home	meters.	This	should	be	considered	
in	 younger	 patients	 and	 those	 who	 may	 have	 secondary	 gain	
with	asthma-related	illness.

B. HEIGHTENED AIRWAY RESPONSIVENESS

Airway	 responsiveness	 is	 commonly	 defined	 as	 the	 ease	 with	
which	 airways	 narrow	 in	 response	 to	 various	 nonallergic	 and	
nonsensitizing	stimuli,	including	inhaled	pharmacologic	agents	
(e.g.	 histamine,	 methacholine,	 mannitol)	 as	 well	 as	 natural	
physical	stimuli	(e.g.	exercise,	exposure	to	cold	air).	Heightened	
airway	 responsiveness	 to	 several	 stimuli	 causing	 bronchocon-
striction	and	reduced	airflow	is	a	hallmark	of	asthma.14,15	Even	
when	conventional	assessments	of	lung	function	are	normal	in	
children	with	chronic	stable	asthma,	 the	airways	often	exhibit	
this	heightened	responsiveness.	The	most	common	method	of	
quantifying	 airway	 responsiveness	 is	 to	 assess	 lung	 function	
(usually	FEV1)	before	and	after	inhaling	increasing	concentra-
tions	 of	 methacholine.	 The	 test	 is	 concluded	 when	 a	 defined	
decrease	in	lung	function	has	been	achieved;	for	the	FEV1,	this	
is	 usually	 a	 20%	 decrease	 from	 baseline	 values.	 The	 more	
responsive	 the	 airways,	 the	 less	 methacholine	 is	 needed	 to	
decrease	lung	function.	Exercise	often	increases	FEV1	in	healthy	
patients,	 therefore	a	decrease	of	as	 little	as	10%	from	baseline	
may	reflect	exercise-induced	bronchoconstriction.

The	level	of	airway	responsiveness	to	pharmacologic	agents	
has	been	noted	to	correlate	roughly	with	the	severity	of	disease	
in	both	adults	and	children.14,30,31	Thus	asthmatic	subjects	who	
are	 the	 most	 responsive	 are	 generally	 the	 most	 symptomatic	
(wheeze,	cough,	chest	tightness)	and	require	more	medications	
to	control	their	disease.	Although	there	can	be	great	variability	
in	responsiveness	within	groups	of	patients	classified	by	disease	
severity,32	the	concept	that	the	level	of	responsiveness	correlates	
with	disease	severity	is	important	when	considering	factors	that	
lead	to	loss	of	asthma	control.	In	this	respect,	the	level	of	airway	
responsiveness	 is	 not	 static	 in	 either	 normal	 individuals	 or		
asthmatic	subjects	but	may	increase	or	decrease	in	response	to	
various	stimuli.	When	responsiveness	increases,	control	of	the	
disease	 is	 often	 lost	 in	 that	 this	 is	 when	 asthmatic	 subjects	
develop	signs	and	symptoms	of	their	disease.	In	general,	stimuli	
that	increase	responsiveness	are	found	in	our	environment	and	
induce	or	exacerbate	airway	inflammation.	For	children,	these	
stimuli	commonly	include	various	viral	respiratory	infections,	
air	pollutants	(including	cigarette	smoke)	and	allergens.33

A	 viral	 respiratory	 infection	 is	 a	 common	 antecedent	 to	
acute	 episodes	 of	 asthma	 in	 children.34	 This	 has	 been	 docu-
mented	 for	 several	 respiratory	 viruses,	 including	 respiratory	
syncytial	 virus35	 and	 rhinovirus.36	 In	 terms	 of	 air	 pollutants,	
both	nitrogen	dioxide37	and	ozone38	have	been	shown	to	enhance	
airway	 responsiveness.	 Cigarette	 smoke	 is	 arguably	 the	 most	

same	lung	volume,	that	is,	at	an	isovolume.	This	represents	an	
isovolumetric	shift	to	a	higher	lung	volume.	The	factors	respon-
sible	for	isovolumetric	shifts	are	poorly	defined	but	may	include	
closure	of	some	airways	with	loss	of	the	contribution	of	these	
more	obstructed	units	to	the	flow-volume	pattern.

In	acute	asthma,	loss	of	symptoms	and	signs	of	asthma	does	
not	 mean	 that	 lung	 function	 has	 returned	 to	 normal.	 Classic	
studies	by	McFadden	and	colleagues25	demonstrated	that	when	
patients	with	 severe,	 acute	 asthma	became	asymptomatic,	 the	
overall	mechanical	function	of	their	lungs	in	terms	of	the	FEV1	
was	still	only	40%	to	50%	of	predicted	normal	values.	Thus	loss	
of	clinical	signs	of	airway	obstruction	does	not	necessarily	mean	
there	has	been	physiologic	recovery.	This	highlights	the	impor-
tant	role	of	measuring	lung	function	when	managing	patients	
with	asthma,	especially	 those	prone	to	severe	airflow	obstruc-
tion	or	 those	who	have	difficulty	appreciating	decline	 in	 lung	
function.

The	use	of	peak	flow	meters	within	the	home	is	an	inexpen-
sive	method	of	monitoring	a	flow	rate	to	assess	asthma	stabil-
ity.26	Although	there	are	 limitations,	 in	 that	 the	PEFR	may	be	
normal	while	other	 spirometric	 indices	are	abnormal,27	home	
monitoring	 of	 lung	 function	 can	 contribute	 to	 the	 care	 of	
selected	 patients.	 In	 this	 respect,	 significant	 changes	 in	 PEFR	
may	be	manifest	before	symptoms	are	evident,	particularly	 in	
patients	with	limited	recognition	of	early	disease	exacerbation.	
These	 devices	 may	 also	 be	 especially	 helpful	 in	 defining	 the	
presence	and	severity	of	nocturnal	asthma.28	The	diurnal	varia-
tion	of	PEFR	(i.e.	the	difference	between	morning	and	evening	
measurements)	 is	normally	 less	 than	10%.	A	PEFR	variability	
of	 greater	 than	 15%	 to	 20%	 has	 been	 used	 as	 one	 defining	

Figure 30-1  Maximal inspiratory and expiratory curves that together 
constitute a flow-volume loop are shown in a patient with asthma when 
the disease  is under control  (left loop)  and when control  is  lost  (right 
loop).  Flow  is  shown  on  the  y-axis,  whereas  absolute  lung  volume  is 
displayed on  the x-axis. The point of maximal  inspiration  (TLC)  is  the 
point of zero flow on the left side of the loops while the point of maximal 
expiration  (RV)  is  the point of zero flow at the right side of the  loops. 
When asthma control is lost, hyperinflation is noted, with an increase in 
RV. In addition, expiratory flow rates decrease, as demonstrated in the 
maximal expiratory portion of the curve, which becomes concave. With 
milder  instability, as  shown  in  this example,  the  inspiratory portion of 
the loop is fairly well preserved. With more severe obstruction, inspira-
tory  flows  will  be  more  compromised.  (From Wenzel SE, Larsen GL. 
Assessment of lung function: pulmonary function testing. In: Bierman 
CW, Pearlman DS, Shapiro GS, Busse WW, editors. Allergy, asthma, and 
immunology from infancy to adulthood. 3rd ed. Philadelphia: WB  
Saunders; 1996.)
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McFadden	and	Lyons.46	These	authors	studied	a	large	popula-
tion	 (101	 subjects)	 who,	 because	 of	 age	 (14	 to	 45	 years)	 and	
medical	history,	were	unlikely	to	have	their	asthma	complicated	
by	 bronchitis	 and	 emphysema.	 This	 study	 and	 others	 (cited	
later)	provide	an	important	description	of	the	expected	abnor-
malities	 in	gas	exchange	as	a	function	of	the	degree	of	airway	
obstruction.

Oxygen Tension
McFadden	and	Lyons46	found	that	the	characteristic	blood	gas	
pattern	 in	 patients	 who	 were	 experiencing	 acute	 asthma	 was	
hypoxemia	 associated	 with	 respiratory	 alkalosis.	 The	 hypox-
emia	was	the	most	consistent	abnormality	found	in	their	study.	
A	near	linear	correlation	was	found	between	values	of	FEV1	and	
arterial	oxygen	tension	(Figure	30-2,	top).	Patients	with	an	FEV1	
of	50%	to	85%	of	their	predicted	normal	values	were	arbitrarily	
classified	as	having	mild	airway	obstruction;	those	with	values	
of	26%	to	50%,	moderate	obstruction;	and	those	with	values	of	
less	than	25%,	severe	obstruction.	The	mean	values	of	arterial	
oxygen	tension	(in	mm	Hg	as	measured	at	sea	level)	ranked	by	
disease	severity	were	82.8,	71.3	and	63.1,	respectively.	Thus	there	
was	almost	a	20-mm	Hg	difference	in	arterial	oxygen	tensions	
between	the	mild	and	severe	groups.	Just	as	 important,	 it	was	
also	noted	that	some	degree	of	hypoxemia	was	encountered	at	
all	levels	of	airway	obstruction.	In	terms	of	studies	in	children,	
Weng	 and	 colleagues47	 noted	 similar	 findings	 in	 asthmatic	
subjects	 who	 were	 14	 months	 to	 14	 years	 old.	 The	 study		
found	 that	 all	 symptomatic	 asthma	 patients	 were	 hypoxemic,	

serious	environmental	air	pollutant	in	terms	of	the	respiratory	
health	of	children	and	has	been	implicated	in	the	onset	as	well	
as	the	perpetuation	of	the	disease.39–41	In	addition,	exposure	of	
atopic	 individuals	 to	 relevant	 allergens	 can	 lead	 to	 significant	
increases	 in	 airway	 responsiveness	 that	 persist	 for	 days	 to	
months.42,43	These	classes	of	disease	precipitants	are	often	con-
sidered	separately,	but	they	assuredly	have	combined	effects	in	
an	 asthmatic	 subject’s	 airways	 which	 contribute	 to	 disease	
instability.36

Just	 as	 airway	 responsiveness	 will	 increase	 in	 response	 to	
certain	 stimuli	 that	 lead	 to	 airway	 inflammation,	 the	 level	 of	
responsiveness	 will	 also	 decrease	 if	 measures	 are	 taken	 to	
decrease	inflammation	within	airways.33	These	measures	include	
use	 of	 medications	 with	 anti-inflammatory	 properties	 (e.g.	
inhaled	 corticosteroids),	 long-acting	 bronchodilators	 and	 the	
avoidance	of	relevant	allergens	(atopic	asthmatic	subjects)	and	
cigarette	smoke.15

C. IMPROVED AIRFLOW IN RESPONSE TO 
BRONCHODILATORS

Increased	 pulmonary	 function,	 often	 measured	 by	 FEV1	 or	
FEV25–75	and	in	response	to	short-acting	bronchodilators	such	
as	inhaled	β-agonists,	is	another	defining	feature	of	asthma.	An	
increase	 in	 FEV1	 by	 12%	 predicted	 or	 more	 is	 often	 used	 to	
define	 a	 significant	 response	 to	 bronchodilator	 medication.	
Greater	improvement	in	FEF25–75	is	typically	required	(e.g.	25%	
predicted)	and	this	more	variable	parameter	is	not	used	by	all	
centers	to	determine	response	to	bronchodilators.	When	testing	
response	to	other	forms	of	inhaled	bronchodilators	it	is	impor-
tant	 to	 understand	 the	 pharmacokinetics	 and	 predicted	 time	
needed	for	a	medication	to	take	effect.

LUNG VOLUMES

During	an	exacerbation	of	asthma,	all	of	the	various	capacities	
and	 volumes	 of	 gas	 contained	 in	 the	 lung	 may	 be	 altered	 to	
some	 extent.	 The	 RV,	 functional	 residual	 capacity	 (FRC)	 and	
TLC	are	usually	increased	(RV	>	FRC	>	TLC),	whereas	the	VC	
and	 its	 subdivisions	 are	 decreased	 (see	 Figure	 30-1).	 These	
alterations	have	been	described	during	natural	exacerbation	of	
asthma	in	adults44	and	children.45	Although	laboratory	induced	
changes	in	lung	volumes	(exercise,	histamine	challenge)	may	be	
immediately	normalized	with	inhalation	of	a	bronchodilator,	it	
may	take	weeks	after	an	episode	of	severe,	acute	asthma	for	the	
RV	to	return	to	a	normal	range.12	The	mechanisms	responsible	
for	the	increases	in	RV,	FRC	(hyperinflation)	and	TLC	(overdis-
tension)	 are	 not	 completely	 understood.	 However,	 several	
factors	 have	 been	 identified	 that	 may	 contribute,	 including	 a	
generalized	decrease	in	the	elastic	properties	of	the	lung,	a	ball-
valve	 phenomenon	 caused	 by	 swollen	 and	 mucus-plugged	
airways,	 and	 tonic	activity	 in	 the	 intercostal	muscles	and	dia-
phragm	during	episodes	of	obstruction.12

ARTERIAL BLOOD GASES

The	primary	function	of	the	lung	is	to	provide	for	gas	exchange	
such	 that	oxygen	 is	 taken	up	and	delivered	 to	 the	body	while	
carbon	 dioxide	 is	 eliminated.	 This	 function	 may	 be	 altered	
when	control	of	asthma	is	lost.	Several	studies	of	acute	asthma	
have	 correlated	 arterial	 blood	 gases	 with	 the	 level	 of	 airway	
obstruction.	 One	 of	 the	 classic	 descriptions	 is	 the	 work	 of	

Figure 30-2  The  relationship between arterial oxygen  (mm Hg) and 
degree of airway obstruction (FEV1 as a percent of predicted) (top) and 
the  relationship  between  arterial  carbon  dioxide  (mm Hg)  and  FEV1 
(bottom). Although the level of hypoxemia correlates with the level of 
airway  obstruction,  an  elevation  in  carbon  dioxide  levels  is  seen  only 
when the FEV1 is markedly compromised. (Data from McFadden ER Jr, 
Lyons HA. N Engl J Med 1968;278:1027–32.)
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young	 subjects	 is	 that	 many	 are	 unable	 to	 cooperate	 in	 the	
performance	of	conventional	respiratory	maneuvers.	There	has	
been	progress	in	addressing	spirometric	lung	function	in	healthy	
preschool	 children,52	 but	 limits	 remain	 related	 to	 the	 age	 and	
developmental	 level	 of	 the	 child.	 Thus	 assessments	 in	 the	
youngest	 subjects	 must	 be	 done	 while	 they	 are	 sedated	 and	
asleep.	In	this	respect,	methods	exist	for	assessing	lung	function	
in	infants	using	spirometric	techniques	in	which	the	patient	is	
passive	and	forced	exhaled	flows	are	generated	from	near	TLC	
to	RV	through	rapid	compression	of	 the	chest.53	When	this	 is	
accomplished,	 functional	 measures	 may	 be	 obtained	 that	 are	
similar	 to	 those	 in	 older	 children	 and	 adults.	 Although	 it	 is	
beyond	the	scope	of	this	chapter	to	discuss	in	detail	the	methods	
that	are	used	for	these	studies,	it	is	important	to	point	out	that	
insight	 into	 normal	 maturation	 of	 airway	 function	 has	 been	
gained	by	this	and	similar	approaches.	For	example,	the	highest	
flow	 rates	 corrected	 for	 lung	 size	 are	 found	 in	 newborns	 and	
healthy	premature	infants,	with	size-corrected	flows	decreasing	
to	values	found	in	older	children	and	adults	by	the	end	of	the	
first	year	of	life.54	In	addition,	normal	infants	bronchoconstrict	
when	exposed	to	low	concentrations	of	bronchoreactive	agents	
such	as	methacholine55	and	histamine56	as	well	as	to	the	physical	
stimulus	of	cold,	dry	air.57	Goldstein	and	colleagues58	also	found	
that	the	response	in	infants	to	the	inhaled	bronchodilator	alb-
uterol	as	assessed	by	forced	expiratory	flows	was	greatest	in	the	
youngest	 subjects.	 Montgomery	 and	 Tepper59	 demonstrated	
that	 normal	 infants	 and	 young	 children	 have	 a	 decrease	 in	
airway	 responsiveness	 to	 methacholine	 as	 they	 become	 older.	
Taken	together,	these	studies	suggest	that	an	insult	to	an	airway	
at	 a	 young	 age	 may	 interfere	 with	 this	 normal	 age-related	
decrease	in	responsiveness.

The	onset	of	asthma	is	commonly	during	the	early	years	of	
life.	This	has	been	noted	in	several	studies,	including	work	from	
Europe60	as	well	as	the	USA.61,62	Investigations	of	asthma	often	
try	to	focus	on	disease	pathogenesis	closer	to	the	time	of	onset.	
One	practical	consequence	of	this	is	that	younger	subjects	must	
be	assessed,	given	that	the	onset	of	disease	is	often	in	preschool	
children.	In	terms	of	quantitative	assessments	that	help	catego-
rize	 disease	 severity	 as	 well	 as	 the	 effects	 of	 any	 intervention,	
measurements	of	lung	function	become	essential.	Groups	have	
conducted	 longitudinal	 studies	 beginning	 in	 infancy	 and	 fol-
lowed	 into	 childhood	 to	 phenotype	 young	 children	 based	 on	
the	onset	and	persistence	of	wheeze,	and	atopy.63,64	These	and	
other	similar	studies	help	improve	our	understanding	of	asthma	
development	 but	 current	 prediction	 algorithms	 to	 identify	
asthma	in	individual	school	age	children	have	modest	diagnos-
tic	 value.65	 Conventional	 methods	 to	 assess	 lung	 function	 in	
infants	 and	 preschool	 children	 are	 technically	 and	 logistically	
challenging	 when	 considering	 multicenter	 studies	 involving	
large	 numbers	 of	 subjects.66	 These	 measures	 are	 similarly	
impractical	in	the	day-to-day	care	of	young	asthmatic	subjects	
within	many	clinical	settings.	However,	newer	techniques	offer	
promise	when	the	assessment	must	be	done	in	a	time-effective	
manner	in	subjects	with	limited	developmental	ability	to	coop-
erate	and	concentrate	on	a	particular	task.

Forced	oscillation	 is	one	of	 several	more	recent	 techniques	
that	have	been	used	to	obtain	lung	function	measures	in	young	
subjects.54,67,68	 This	 method	 involves	 the	 application	 of	 sine	
waves	to	the	airway	opening	via	a	mouthpiece	while	the	child	
breathes	 normally	 (tidal	 breathing).	 Several	 variables	 can	 be	
assessed,	including	resistance,	reactance	and	resonant	frequency	
of	 the	 respiratory	 system.	Although	 use	 of	 this	 technique	 has	

with	 the	 level	 of	 hypoxemia	 correlating	 with	 the	 degree	 of	
airflow	obstruction.

Several	 mechanisms	 are	 likely	 to	 contribute	 to	 the	 hypox-
emia	just	described.	The	primary	mechanism	is	thought	to	be	
an	 alteration	 in	 ventilation-perfusion	 ratios.46,47	 For	 severely	
obstructed	 subjects,	 in	whom	atelectatic	 alveoli	 are	 still	being	
perfused,	transitory	anatomic	shunts	may	also	contribute	to	the	
hypoxemia.	 In	 the	 most	 severely	 obstructed	 subjects,	 alveolar	
hypoventilation	is	also	likely	to	be	important.

The	 normal	 response	 of	 the	 body	 to	 a	 decrease	 in	 arterial	
oxygen	is	to	increase	ventilation.	A	reduced	chemosensitivity	to	
hypoxia	 coupled	 with	 a	 blunted	 perception	 of	 dyspnea	 may	
predispose	 patients	 to	 fatal	 asthma	 attacks.	 Kikuchi	 and	 col-
leagues48	found	that	adult	patients	with	a	history	of	near-fatal	
asthma	had	respiratory	responses	to	hypoxia	that	were	signifi-
cantly	lower	than	responses	in	normal	subjects	and	in	asthmatic	
subjects	without	near-fatal	attacks.	The	lower	hypoxic	response	
was	seen	in	conjunction	with	a	blunted	perception	of	dyspnea.	
These	abnormalities	could	occur	because	of	preexisting	genetic	
factors	as	well	as	adaptation	of	the	body	to	recurrent	hypoxia.	
The	relative	importance	of	these	and	other	factors	is	unknown.	
Children	with	poor	perception	of	airway	obstruction	may	be	at	
risk	for	fatal	or	near-fatal	asthma.49

Carbon Dioxide Tension
McFadden	and	Lyons46	demonstrated	that	respiratory	alkalosis	
often	accompanies	hypoxemia	in	asthmatic	subjects	experienc-
ing	 exacerbations.	 In	 terms	 of	 carbon	 dioxide	 tensions,	 their	
study	suggested	that	most	attacks	were	associated	with	alveolar	
hyperventilation	and	that	hypercapnia	was	not	 likely	to	occur	
until	 extreme	 degrees	 of	 obstruction	 were	 reached.	 Plotting	
airway	obstruction	(percent	predicted	FEV1)	against	the	carbon	
dioxide	tension	 indicated	that	hypercapnia	was	not	seen	until	
the	FEV1	fell	to	less	than	20%	of	its	predicted	value	(see	Figure	
30-2,	bottom).	Thus	a	‘normal’	or	elevated	PaCO2	in	a	patient	
with	acute	asthma	is	cause	for	concern.

Arterial Values of pH
Arterial	pH	values	in	acute	asthma	typically	reflect	this	respira-
tory	alkalosis.	In	the	study	of	McFadden	and	Lyons,46	73	of	the	
101	 subjects	 had	 a	 respiratory	 alkalosis	 (mean	 pH	 7.46);	 21,	
normal	pH;	and	7,	respiratory	acidosis	(mean	pH	7.32).	Weng	
and	 colleagues47	 reported	 similar	 results	 in	 children.	 A	 meta-
bolic	acidosis	may	also	be	seen	in	acute	asthma.	Although	this	
is	 not	 commonly	 seen	 in	 adults,	 it	 has	 been	 noted	 in	com-
bination	 with	 a	 respiratory	 acidosis	 in	 children	 with	 severe	
asthma.47,50	This	acid-base	imbalance	is	usually	associated	with	
very	 severe	 airway	 obstruction.51	 Although	 the	 mechanisms	
responsible	for	the	metabolic	acidosis	remain	to	be	clarified,	we	
know	that	these	subjects	are	in	imminent	danger	of	respiratory	
failure.47

Functional Assessments of Asthma  
in Infants and Small Children
Assessment	 of	 lung	 function	 in	 a	 quantitative	 manner	 in	
infants	 and	 small	 children	 is	 very	 challenging.	 Noninvasive	
assessment	 of	 arterial	 oxygenation	 and	 gas	 exchange	 may	 be	
relatively	straightforward,	but	measuring	pulmonary	mechan-
ics,	 including	airflow	and	 lung	volumes,	 is	more	problematic.	
Foremost	 among	 the	 problems	 encountered	 in	 working	 with	
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and	cystic	fibrosis.	In	bronchiolitis	obliterans	the	correct	diag-
nosis	may	be	suggested	by	the	lack	of	significant	reversal	of	the	
airway	obstruction	with	therapy	that	includes	bronchodilators	
and/or	 corticosteroids,	 combined	 with	 other	 results	 such	 as	
lung	imaging.

Pediatric	 patients	 with	 interstitial	 lung	 disease	 (ILD)	 may	
also	present	with	a	history	of	dyspnea	and	poor	air	 exchange	
on	physical	examination.79,80	These	patients	classically	have	an	
FEV1	that	is	diminished,	but	the	FVC	is	also	reduced,	and	there-
fore	the	FEV1/FVC	ratio	is	normal	even	before	a	bronchodilator	
is	given.	In	addition,	lung	volumes	are	often	decreased	in	ILD.	
This	pattern	is	restrictive	in	nature	compared	with	the	obstruc-
tive	pattern	seen	in	asthma	where	total	lung	volume	is	normal	
or	may	be	increased.	The	disease	processes	that	lead	to	ILD	are	
diverse.	Because	the	causes	and	treatments,	as	well	as	the	prog-
nosis,	 are	very	different	 to	 those	of	asthma,	 it	 is	 critical	 to	be	
able	 to	 recognize	 this	pattern	on	assessment	of	 lung	 function	
and	 to	 address	 the	 potential	 causes	 that	 lead	 to	 interstitial	
disease.	A	reduced	FVC	on	spirometry	suggests	that	total	lung	
capacity	may	be	decreased	and	should	prompt	consideration	of	
lung	 volume	 testing	 (plethysmography).	 In	 children	 with	
asthma,	it	 is	also	prudent	to	consider	if	poor	technique	or	air	
trapping	may	be	present	and	contributing	to	a	low	FVC.

Vocal	cord	dysfunction	(VCD),	a	functional	disorder	of	vocal	
cords	 that	 mimics	 attacks	 of	 asthma	 and/or	 upper	 airway	
obstruction,	 has	 received	 widespread	 attention.81,82	 Paroxysms	
of	wheezing	and	dyspnea	seen	with	VCD	are	refractory	to	stan-
dard	 therapy	 for	 asthma.	 During	 symptomatic	 episodes,	 the	
maximal	 expiratory	 and	 inspiratory	 flow-volume	 loop	 may	
resemble	 a	 variable	 extrathoracic	 obstruction	 (Figure	 30-3).	
The	 diagnosis	 can	 be	 confirmed	 in	 a	 symptomatic	 subject		
by	 laryngoscopic	 examination,	 which	 demonstrates	 that	 the	
wheezing	and/or	stridor	is	associated	with	paradoxical	adduc-
tion	of	the	vocal	cords	during	inspiration	and	sometimes	during	
the	entire	respiratory	cycle.	Both	the	flow-volume	loops	and	the	
laryngoscopic	findings	are	completely	normal	when	the	subjects	
are	asymptomatic.	In	the	vast	majority	of	patients	VCD	is	sub-
conscious	 and	 may	 be	 associated	 with	 stress.	 In	 pediatric	
patients	 as	young	as	4	years,	underlying	 factors	 such	as	 stress	
related	to	athletic	or	academic	performance	may	be	found.83–85	
It	must	be	noted	 that	VCD	and	asthma	 frequently	co-exist	 in	
children.84	 Truncation	 of	 the	 inspiratory	 portion	 of	 the	 flow-
volume	 loop	 together	 with	 a	 concave	 shape	 of	 the	 expiratory	
curve	 may	 then	 be	 found.	 Treatment	 of	 VCD	 is	 primarily	
accomplished	 through	 speech	 therapy	 together	 with	 psycho-
therapy	in	selected	patients.82	Conditions	such	as	chronic	post-
nasal	drip	and	gastroesophageal	reflux	may	 irritate	 the	 larynx	
and	are	also	believed	 to	contribute	 to	VCD.86	Although	rarely	
needed,	 breathing	 a	 mixture	 of	 70%	 helium/30%	 oxygen	 can	
relieve	dyspnea	and	abort	acute	attacks.

Just	as	flow-volume	loops	may	be	helpful	in	making	a	diag-
nosis	of	VCD,	they	can	also	aid	in	the	diagnosis	of	other	types	
of	 obstructive	 lesions	 in	 the	 proximal	 airways	 (larynx	 and	
trachea)	that	may	present	with	wheezing.	For	example,	with	a	
lesion	that	is	circumferential,	preventing	either	compression	or	
dilation	of	the	airway	with	respiratory	efforts,	a	‘fixed’	pattern	
is	seen	(see	Figure	30-3)	with	truncation	of	both	the	inspiratory	
and	 expiratory	 curves.	 Subglottic	 stenosis	 and	 vascular	 rings	
that	surround	an	airway	might	present	with	such	a	pattern.	If	
a	 lesion	permits	compression	or	dilation	with	respiration,	 the	
pattern	will	depend	on	the	location	of	the	lesion	(intrathoracic	
or	extrathoracic).	With	an	extrathoracic	problem,	a	picture	like	

not	 been	 applied	 to	 large	 populations	 of	 children,	 published	
results	 demonstrate	 a	 reasonable	 agreement	 with	 more	 tradi-
tional	 measures	 of	 lung	 function.69	 This	 technique	 has	 been	
successfully	used	in	young	children	with	acute	asthma70	and	has	
also	been	used	to	quantify	the	response	to	bronchoconstrictor	
and	bronchodilator	agents69,70	in	clinically	stable	asthmatic	chil-
dren.71,72	 Use	 of	 this	 approach	 is	 also	 feasible	 when	 assessing	
lung	function	responses	to	chronic	therapy	in	very	young73	as	
well	as	older	children	with	asthma.74,75	Therefore,	forced	oscil-
lation	may	prove	useful	in	following	the	course	of	the	disease.

Another	more	recent	form	of	lung	function	assessment	that	
can	be	used	in	awake	preschool	children	is	 the	 lung	clearance	
index	(LCI).	This	is	a	measure	of	inhomogeneity	in	ventilation	
obtained	by	using	the	multiple-breath	inert	gas	washout	tech-
nique.	LCI	measurements	are	obtained	during	 tidal	breathing	
and	 have	 been	 used	 to	 detect	 airway	 disease	 in	 infants	 and	
children	 with	 cystic	 fibrosis.76,77	 How	 this	 technique	 may	 be	
useful	in	asthma	management	is	yet	to	be	established.

Uses of Assessments  
of Lung Function
The	 preceding	 paragraphs	 have	 provided	 an	 overview	 of	 the	
tests	 of	 lung	 function	 that	 are	 commonly	 used	 to	 provide	 a	
functional	assessment	of	asthma.	Reference	has	been	made	 to	
pathologic	and	physiologic	correlates	in	the	disease.	This	section	
is	provided	to	address	practical	ways	in	which	these	functional	
assessments	are	commonly	used.	In	this	respect,	we	concentrate	
on	 lung	 function	 in	 diseases	 that	 may	 masquerade	 as	 asthma	
and	therefore	must	be	considered	 in	the	differential	diagnosis	
of	 children	 with	 wheezing	 and	 other	 nonspecific	 pulmonary	
symptoms.	 We	 also	 address	 how	 these	 tests	 may	 be	 used	 to	
assess	 and	 follow	 asthma	 once	 that	 diagnosis	 has	 been	 estab-
lished.	In	terms	of	the	latter,	the	value	of	functional	assessments	
during	 both	 acute	 and	 chronic	 phases	 of	 the	 disease	 is	
considered.

FUNCTIONAL ASSESSMENTS OF DISEASES 
THAT MASQUERADE AS ASTHMA

Shortness	 of	 breath,	 cough,	 wheezing	 and	 chest	 tightness	 are	
not	 specific	 for	 asthma.	 Thus	 children	 who	 present	 in	 this	
manner	 may	 have	 other	 medical	 conditions.	 The	 differential	
diagnosis	of	wheezing	and	dyspnea	in	pediatric	subjects	is	influ-
enced	by	the	age	of	the	patient.	The	younger	the	child,	the	more	
one	has	to	consider	congenital	problems	involving	the	airways	
or	cardiopulmonary	system.	This	 is	especially	 true	 for	 infants	
and	 toddlers.	 In	 terms	 of	 older	 children	 and	 adolescents,	 the	
confounding	 conditions	 will	 be	 more	 analogous	 to	 the	 prob-
lems	seen	 in	adults.	When	considering	the	possible	causes,	an	
assessment	of	lung	function	will	often	help	arrive	at	the	correct	
diagnosis.

Children	 with	 bronchiolitis	 obliterans	 have	 experienced	
insults	to	their	lungs	(e.g.	adenovirus	infection,	Stevens-Johnson	
syndrome	with	pulmonary	involvement)	that	have	led	to	scar-
ring	within	small	airways	and	severe	airway	obstruction.78	They	
may	 present	 with	 dyspnea	 and/or	 wheezing,	 leading	 to	 the	
impression	that	they	have	asthma.	On	assessment	of	lung	func-
tion,	they	demonstrate	an	obstructive	pattern	with	evidence	of	
hyperinflation	 and	 decreased	 expiratory	 flow	 rates.	 The	 same	
pattern	is	seen	in	other	obstructive	processes,	including	asthma	
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a	better	predictor	of	the	need	for	hospitalization	than	the	pre-
treatment	value.90

Oximetry	has	become	the	most	widely	applied	and	clinically	
useful	 tool	 for	 assessing	 oxygenation	 in	 emergent	 situations.	
Oximeters	 offer	 a	 rapid	 and	 reliable	 noninvasive	 method	 of	
assessing	the	most	vital	physiologic	consequence	of	obstructed	
breathing.	 Physical	 signs	 of	 hypoxemia,	 such	 as	 irritability,	
pallor	and	cyanosis,	are	variable	and	may	not	be	present	at	mild	
to	moderate	levels	of	oxygen	desaturation.	In	children,	oximetry	
provides	 a	 gauge	 of	 the	 acuity	 of	 their	 asthma	 and	 may	 be	
helpful	in	decision	making	regarding	the	need	for	hospitaliza-
tion.	In	a	study	from	Australia,	Geelhoed	and	colleagues91	found	
that	the	initial	arterial	oxygen	saturation	was	highly	predictive	
of	 outcome	 in	 pediatric	 asthma	 patients	 in	 an	 emergency	
department.	 A	 saturation	 of	 91%	 was	 found	 to	 discriminate	
between	favorable	and	unfavorable	outcomes	as	defined	in	part	
by	the	need	for	subsequent	care	after	the	initial	visit.	In	addi-
tion,	 continuous	 measurements	 of	 oxygen	 saturation	 during	
therapy	allow	care	providers	to	quickly	address	fluctuations	in	
oxygenation	 that	may	be	 the	consequence	of	both	 the	disease	
and	the	therapy	provided	to	the	patient.	In	terms	of	the	latter,	
lung	mechanics	may	improve	after	inhalation	of	a	bronchodila-
tor	while	oxygenation	deteriorates.92	This	phenomenon	is	tran-
sient	and	has	been	attributed	in	part	to	the	vasodilatory	effect	
of	the	drugs	on	the	pulmonary	vessels,	counteracting	local	vaso-
constrictive	 factors	 in	 the	 lung	 and	 promoting	 ‘mismatch’	 in	
lung	 ventilation	 and	 perfusion.	 Providers	 may	 be	 tempted	 to	
withhold	additional	bronchodilators	when	this	occurs;	however,	
these	medications	are	necessary	to	expedite	recovery	and	sup-
plemental	oxygen	can	be	used	as	necessary	to	minimize	hypox-
emia	while	continuing	acute	treatment	for	asthma.

In	 instances	 when	 the	 episode	 is	 mild	 and	 the	 therapy	 is	
initiated	early	within	the	home	environment,	administration	of	
bronchodilator	treatment	via	metered	dose	inhaler	or	by	nebu-
lization	may	lead	to	substantial	and	prolonged	bronchodilation.	
A	good	response	is	commonly	defined	as	a	return	of	the	PEFR	
to	greater	than	80%	of	that	predicted	or	personal	best,	with	the	
response	 sustained	 for	4	hours.26	Children	who	 improve	with	
home	bronchodilator	therapy	may	then	safely	repeat	this	treat-
ment	 as	 frequently	 as	 every	 4	 hours.	 Serial	 measurements	 of	
peak	flow	before	and	after	therapy	are	useful	not	only	to	assess	
the	severity	of	acute	asthma	but	also	to	monitor	the	response	
to	treatment.	A	lack	of	response	or	an	incomplete	response	to	
inhalation	of	a	β2-adrenergic	agonist	in	a	patient	with	asthma	
should	 always	 be	 a	 concern	 and	 is	 reason	 for	 evaluation	 and	
treatment	by	a	physician.

FUNCTIONAL ASSESSMENT  
OF CHRONIC ASTHMA

As	noted	earlier,	airway	obstruction	may	be	present	in	children	
with	asthma	who	are	asymptomatic.	In	a	subset	of	subjects	who	
underappreciate	or	deny	symptoms,	the	degree	of	obstruction	
can	be	quite	remarkable.	When	this	is	encountered	on	a	child’s	
initial	evaluation,	the	significance	of	the	findings	is	difficult	to	
assess.	 Therefore	 serial	 tests	of	 lung	 function	 in	 subjects	with	
chronic	asthma	will	be	helpful	 in	several	respects.	First,	when	
several	determinations	are	made	over	time,	the	child’s	personal	
best	lung	functions	are	defined	and	serve	as	a	point	of	reference	
for	 that	 child.	 Second,	 serial	 tests	 of	 lung	 function	 will	 help	
support	the	diagnosis	of	asthma	if	fluctuations	in	PEFR	or	FEV1	
are	noted	spontaneously	or	as	a	result	of	therapy.	When	little	or	

that	noted	previously	regarding	VCD	is	seen.	With	an	intratho-
racic	 lesion,	 greater	 impairment	 of	 expiratory	 flow	 rates	 will		
be	 found.24	 One	 example	 of	 such	 an	 intrathoracic	 lesion	 is	
tracheomalacia.

FUNCTIONAL ASSESSMENT OF ACUTE ASTHMA

The	 severity	 of	 acute	 asthma	 may	 be	 gauged	 by	 findings	 on	
physical	examination,	tests	of	lung	function,	and	the	adequacy	
of	oxygenation	and	ventilation	(oximetry,	arterial	blood	gases).	
Pertinent	findings	on	physical	examination	include	use	of	 the	
accessory	muscles	of	respiration,	particularly	the	sternocleido-
mastoid	 muscle,	 which	 is	 an	 indication	 of	 significant	 airflow	
obstruction.87	 The	 presence	 of	 a	 pulsus	 paradoxus	 of	 greater	
than	20	mm	Hg	is	also	a	useful	indicator	of	severe	airflow	limi-
tation	in	children	with	acute	asthma.88,89	The	finding	of	a	‘quiet	
chest’	in	an	anxious	patient	struggling	to	breathe	is	an	ominous	
finding.

Although	it	is	critical	to	recognize	and	appreciate	the	impor-
tance	 of	 these	 physical	 findings,	 quantitative	 assessments	 are	
also	of	great	value	in	the	patient	with	acute	asthma.	In	asthmatic	
subjects	who	are	extremely	breathless,	tests	of	lung	mechanics,	
although	 highly	 desirable,	 may	 be	 difficult	 or	 impossible	 to	
obtain.	Repeated	spirometry	alone	may	 lead	to	greater	airway	
obstruction	 in	 some	 children	 with	 moderate	 to	 severe	 acute	
asthma,	precluding	this	manner	of	assessing	the	subject.	When	
tests	 can	be	performed,	assessments	 commonly	 include	PEFR	
and	FEV1.	Flow	rates	on	presentation	are	important,	but	a	lack	
of	improvement	in	lung	function	after	initial	treatment	may	be	

Figure 30-3  Flow-volume  loops  are  displayed  for  various  types  of 
obstructive lesions in the proximal airways (larynx and trachea) that may 
present with wheezing. For comparison, the normal contour of a flow-
volume loop is shown (see left side of Figure 30-1). With a  lesion that 
is  circumferential,  preventing  either  compression  or  dilation  of  the 
airway with respiratory efforts, a  ‘fixed’ pattern is seen with truncation 
of both  the  inspiratory and expiratory curves. Subglottic  stenosis and 
vascular rings that surround an airway might present with such a pattern. 
If a lesion permits compression or dilation with respiration, the pattern 
will depend on whether the lesion is intrathoracic or extrathoracic. With 
extrathoracic  lesions  (vocal  cord  dysfunction)  (middle),  the  inspiratory 
curve  is more affected. An  intrathoracic  lesion  (mass  that compresses 
only part of the airway, tracheomalacia) (right) will have more of an effect 
on expiratory flow  rates.  (From Wenzel SE, Larsen GL. Assessment of 
lung function: pulmonary function testing. In: Bierman CW, Pearlman 
DS, Shapiro GS, Busse WW, editors. Allergy, asthma, and immunology 
from infancy to adulthood. 3rd ed. Philadelphia: WB Saunders; 1996.)
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no	reversibility	of	lung	function	is	found	in	the	face	of	signifi-
cant	obstruction,	other	diseases	such	as	bronchiolitis	obliterans	
should	be	considered.	Fourth,	simple	tests	of	lung	function	may	
help	 identify	 subjects	 with	 increased	 risk	 of	 future	 asthma	
attacks	or	those	at	greater	risk	for	the	persistence	of	respiratory	
symptoms.93,94

Serial	 tests	 of	 lung	 function	 also	 help	 define	 the	 effects	 of	
various	 approaches	 to	 therapy.	 This	 was	 demonstrated	 in	 a	
long-term	 study	 that	 compared	 three	 controller	 regimens.95	
Children	aged	6	 to	14	years	with	mild	 to	moderate	persistent	
asthma	were	characterized	with	both	impulse	oscillometry	and	
spirometry	 before	 entry	 into	 a	 clinical	 trial	 and	 then	 serially	
during	48	weeks	of	 therapy	with	either	an	 inhaled	corticoste-
roid,	 a	 combination	 inhaled	 corticosteroid	 with	 a	 long-acting	
β-agonist,	or	a	leukotriene	receptor	antagonist.	The	spirometric	
parameters	FEV1,	FEV1/FVC	and	FEF25–75	all	demonstrated	sig-
nificant	 improvement	 during	 the	 first	 12	 weeks	 of	 therapy	 in	
the	 groups	 receiving	 corticosteroid	 and	 combination	 therapy.	
However,	 improvement	appeared	 to	plateau	at	 that	 time	with	
improvement	maintained	but	not	 increasing	during	 the	 latter	
part	 of	 therapy	 (12	 to	 48	 weeks).	 Conversely,	 reactance	 area	
(XA),	a	measurement	obtained	with	oscillometry	 that	 reflects	
both	reactance	and	resonant	frequency,	demonstrated	improve-
ment	 during	 the	 latter	 part	 of	 the	 study	 in	 the	 corticosteroid	
treatment	arm	of	the	trial.	These	changes	with	treatment	over	
time	are	shown	in	Figure	30-4.	Studies	such	as	this	demonstrate	
not	only	the	time	course	and	magnitude	of	effects	that	may	be	
expected	with	different	approaches	to	therapy,	but	also	suggest	
that	information	from	oscillometry	and	spirometry	may	differ	
and	be	complementary.

Conclusions
Asthma	is	characterized	by	increased	responsiveness	of	airways	
to	 various	 stimuli,	 variable	 airflow	 limitation	 and	 reversible	
airway	obstruction	(see	Key	Points).	Given	these	features,	quan-
titative	tests	of	lung	function	are	useful	tools	in	both	diagnosis	
and	 management.	 During	 acute	 episodes	 of	 asthma,	 marked	
decreases	in	flow	rates	together	with	hyperinflation	of	the	lungs	
are	seen	in	tests	of	lung	mechanics.	In	addition,	hypoxemia	is	a	
common	finding	in	subjects	with	wheezing,	whereas	hypercap-
nia	develops	as	a	late	consequence	of	severe	airflow	obstruction.	
In	many	patients,	 clinical	 signs	and	symptoms	of	obstruction	
resolve	long	before	tests	of	lung	function	normalize.	In	a	sub-
group	of	asthmatic	patients,	lung	function	will	never	completely	
normalize.	 Serial	 tests	 of	 lung	 function	 help	 define	 a	 child’s	

Figure 30-4  Changes  in FEV1  (A), FEV1/FVC  (B), FEF25–75  (C)  and XA 
(D) over time are shown for three treatment groups as both mean data 
at each measurement point  (dashed  lines) and as a  regression model 
with a change point at 12 weeks of therapy (solid lines). During the first 
12  weeks  of  therapy,  the  slopes  of  FEV1,  FEV1/FVC  and  FEF25–75  were 
significant  in  a  positive  direction  for  combination  and  fluticasone 
therapy. However,  for  these  spirometric parameters,  the pattern over 
the  last period of  therapy  (12–48 weeks) was different, with all  slopes 
close to zero (non-significant). Conversely, XA significantly improved in 
the fluticasone  treatment group during  the  latter period, as  reflected 
by the negative slope for change in XA. Pre-BD signifies measures were 
all  performed  before  bronchodilator.  (From Larsen GL, Morgan W, 
Heldt GP, Mauger DT, Boehmer SJ, Chinchilli VM, et al. J Allergy Clin 
Immunol 2009;123:860–7.)
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KEY REFERENCES

personal	best	lung	function	values,	help	support	the	diagnosis	
of	 asthma,	 give	 clues	 to	 alternate	 diagnoses	 and	 complicating	
problems,	 and	 help	 identify	 subjects	 with	 increased	 risk	 of	
future	asthma	instability.	Serial	tests	of	lung	function	also	help	
define	 the	 effects	 of	 various	 approaches	 to	 therapy.	 A	 funda-
mental	knowledge	of	the	pathophysiology	of	acute	and	chronic	
asthma	is	necessary	to	fully	interpret	functional	studies	and	to	
provide	effective	treatment	for	patients	with	this	common	yet	
potentially	life-threatening	condition.
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KEY POINTS

• Wheezing viral respiratory illnesses are the most 
common initial presentation of childhood asthma.

• Once asthma is established, viral infections, most 
notably rhinovirus (RV), are the most frequent trigger of 
severe asthma exacerbations. RV-C appears to be a 
particularly pathogenic virus in children with asthma.

• Evidence has recently emerged to suggest that bacterial 
pathogens in the lower airway may contribute to the 
expression of asthma. Ongoing studies are critical to our 
understanding of the role of the airway microbiome in 
asthma inception and exacerbation.

• Synergistic interactions between underlying allergy and 
virus infections play an important mechanistic role in 
asthma inception and exacerbation, and are an impor-
tant therapeutic target.

• Novel therapies are needed to prevent and treat virus-
induced wheezing and asthma exacerbations.

Introduction
Respiratory infections can cause wheezing illnesses in children 
of all ages and also influence the development and severity of 
asthma in several ways. First, viral wheezing episodes during 
infancy are a critical risk factor for asthma inception. Once 
asthma is established, viral upper respiratory tract infections 
(URTIs) are the most common trigger for acute exacerbations. 
Furthermore, a potential role for particular bacterial pathogens 
in the development of wheezing and asthma exacerbations has 
been identified. This chapter will review the relationships 
between infections and asthma inception and exacerbation. 
Additionally, we discuss mechanisms by which infections lead 
to lower respiratory inflammation and airway dysfunction. 
Finally, we discuss treatment strategies for virus-induced wheez-
ing and exacerbations of asthma.

Relationships Between Early Life 
Infections and Childhood Asthma
VIRUSES

Viral respiratory illnesses leading to wheezing are one of the 
most common causes of hospitalization during infancy. Using 
multiple virus detection methods, including polymerase chain 
reaction (PCR), Jartti and colleagues1 investigated the etiology of 
wheezing illness in 293 hospitalized children. Of the 76 infants 
with virus detected, 54% had respiratory syncytial virus (RSV), 

42% had picornaviruses (human rhinovirus [RV] and enterovi-
rus) and 1% had human metapneumovirus (hMPV). In older 
children, respiratory picornaviruses, most commonly RV, domi-
nated (65% of children aged 1 to 2 years and 82% of children 
aged ≥ 3 years). Outpatient wheezing illnesses are also extremely 
common in young children, and viruses have been implicated in 
67% to 90% of these episodes in different populations.2,3

Wheezing with viruses during infancy is often an early mani-
festation of asthma. Several large, long-term prospective studies 
of children have demonstrated that RSV bronchiolitis is a sig-
nificant independent risk factor for recurrent wheezing and 
asthma, at least within the first decade of life.4,5 A recent clinical 
trial comparing palivizumab (anti-RSV monoclonal antibody) 
to placebo in near preterm infants demonstrated reductions in 
recurrent wheezing during the first year of life in the children 
treated with palivizumab.6 This is the strongest level of evidence 
to date in support of a causal role for RSV in recurrent wheez-
ing. However, a longitudinal, population-based cohort study 
has demonstrated that the association between RSV lower respi-
ratory infections during early life and both frequent (more than 
three episodes) and infrequent wheezing (less than three epi-
sodes) decreases with age and becomes nonsignificant by the 
age of 13 years.4 These data suggest that although RSV infec-
tions contribute substantially to the risk of recurrent wheezing 
and asthma in early childhood, other co-factors (e.g. genetic, 
environmental, developmental) also contribute to the expres-
sion of asthma or modification of phenotypes over time. Inter-
estingly, a 2013 study identified unique immune response 
profiles during and after RSV bronchiolitis in comparison with 
bronchiolitis caused by other viruses.7

With the development of molecular diagnostics, significant 
evidence has emerged to suggest that wheezing illnesses caused 
by RV identify children at highest risk for childhood asthma.2,8 
The Childhood Origins of ASThma (COAST) birth cohort 
study confirmed prior associations between RSV wheezing in 
the first 3 years of life and childhood asthma, but demonstrated 
that RV wheezing during this time is associated with a greater, 
10-fold increased risk of childhood asthma.2 Mechanisms by 
which recurrent RV infections may lead to wheezing and airway 
remodeling, particularly in susceptible hosts, have been 
described.9 A new species of RV, RV-C, was recently discov-
ered,10,11 and has been shown to be an important cause of lower 
respiratory illnesses and wheezing in children.12–14 A longitudi-
nal analysis within the COAST study demonstrated that both 
RV-A and RV-C were more likely than RV-B to cause moderate-
to-severe respiratory illnesses in infants.15 Whether RV-C 
wheezing illnesses confer a greater risk of childhood asthma 
development is currently unknown.

Molecular diagnostics are not universally available to clini-
cians, so the question of whether season of wheezing is helpful 
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diagnostic tests for viruses that are difficult to culture: RV, 
hMPV and bocaviruses. With the advent of these more sensitive 
diagnostic tools, information linking common cold infections 
with exacerbations of asthma has come from a number of 
sources. Prospective studies of children with asthma have dem-
onstrated that up to 85% of exacerbations of wheezing or 
asthma in children are associated with viral infections.34 
Although many respiratory viruses can provoke acute asthma 
symptoms, RVs are most often detected, especially during the 
spring and fall RV seasons. In fact, the spring and fall peaks in 
hospitalizations because of asthma closely coincide with pat-
terns of RV isolation within the community.35 RV infections, 
most commonly RV-C, are frequently detected in children who 
present to emergency departments with acute wheezing and in 
children hospitalized for acute asthma.12,14,36 Influenza and RSV 
are somewhat more likely to trigger acute asthma symptoms in 
the winter but appear to account for a smaller fraction of total 
asthma flares. Other viruses that are less frequently associated 
with wheezing and exacerbations of asthma include bocavirus,37 
metapneumovirus38 and coronaviruses.39 Together, these studies 
provide evidence of a strong relationship between viral infec-
tions, particularly those associated with RV, and acute exacerba-
tions of asthma.

It is interesting that individuals with asthma do not neces-
sarily have more colds, but have greater lower respiratory  
tract symptoms associated with colds. A prospective study of 
colds in couples consisting of one asthmatic and one healthy 
individual demonstrated that colds cause greater duration  
and severity of lower respiratory symptoms in patients with 
asthma.40 These findings suggest that asthma is associated with 
fundamental differences in the lower airway manifestations  
of respiratory viral infections. In addition to provoking asthma, 
RV infections can increase lower airway obstruction in indi-
viduals with other chronic airway diseases such as chronic 
obstructive pulmonary disease41 and cystic fibrosis.42 Thus, 
common cold viruses that produce relatively mild illnesses in 
most people can cause severe pulmonary problems in suscep-
tible individuals.

The role of respiratory viruses in exacerbations is particu-
larly important in light of recent observations that severe 
asthma exacerbations may lead to progressive loss of lung func-
tion over time.43,44 As seen in other chronic lung diseases, a 
paradigm by which recurrent severe exacerbations lead to pro-
gressive loss of lung function and enhanced disease severity over 
time appears to be emerging in asthma.

Sinus Infections and Asthma
The nature of the association between asthma and sinusitis in 
children (and adults) has been the subject of debate for many 
years. Much of the difficulty in defining this relationship results 
from the uncertainties in making the clinical diagnosis of sinus-
itis, because the signs and symptoms of sinusitis in children 
overlap with many common childhood respiratory disorders, 
including the common cold, allergic rhinitis and asthma. As 
reviewed in Chapter 26, untreated sinus disease may contribute 
to unstable asthma control in some patients. Because bacterial 
infections are clearly involved in acute and chronic sinus disease, 
the mechanisms by which these microbes may promote hyper-
reactivity in the lower airway have been of great interest. These 
relationships are covered in depth elsewhere in this text and 
therefore are not further reviewed in this chapter.

in delineating risk is an important one. Bronchiolitis during 
infancy is associated with an approximately 2-fold increased 
risk of early childhood asthma; however, this risk differs  
by season of bronchiolitis. Bronchiolitis occurring during 
RV-predominant months (spring and fall) was associated with 
an estimated 25% increased risk of early childhood asthma 
compared with RSV-predominant (winter) months. However, 
the proportion of associated asthma after winter season bron-
chiolitis is greater than RV-predominant months because of 
higher rates of bronchiolitis during the RSV season.16 Season of 
birth also appears relevant: children born close to the onset  
of the winter virus season are most prone to the development 
of lower respiratory tract symptoms, and this is likely due to a 
developmental component in relationship to the timing of the 
winter virus peak.17,18

BACTERIA

It has been proposed that chronic bacterial infections or  
colonization with pathogenic bacteria could initiate chronic 
lower airway inflammation, impaired mucociliary clearance, 
increased mucus production and ultimately asthma.19,20 Organ-
isms primarily implicated in this process include Chlamydophila 
pneumoniae,21–23 Mycoplasma pneumoniae,24,25 Streptococcus pneu
moniae, Haemophilus influenzae and Moraxella catarrhalis.20 
Studies of chronic mycobacterial or Chlamydophila infection 
and asthma in children have yielded conflicting results, poten-
tially in part due to the limitations of current diagnostics. Find-
ings of diagnostic tests in the upper and lower airways are not 
always concurrent, and diagnosis of infection by serology leads 
to inaccuracies. The role of these bacteria in acute wheezing in 
young children is also unclear.

Recent publications have suggested that pathogenic bacteria 
may play a role in both acute wheezing episodes and asthma 
inception in preschool children. First, Bisgaard and colleagues 
found that neonates with S. pneumoniae, H. influenzae or M. 
catarrhalis, or with a combination of these organisms, in their 
hypopharynx are at increased risk for recurrent wheeze early in 
life and the diagnosis of asthma at the age of 5 years.20 This 
original observation was made in infants of mothers with 
asthma, but the researchers were able to replicate some of these 
findings in an unselected cohort.26 Further, these pathogens have 
been detected at higher rates in preschool children during acute 
wheezing episodes.27 Interestingly, a similar predominance of 
Proteobacteria has been identified in the airways of older chil-
dren and adults with established asthma.28,29 Furthermore, in 
both human and animal studies, environmental exposure to 
‘protective’ bacteria appears to have the capacity to prevent the 
development of wheezing and/or asthma in young children.30–33 
These studies of the role of microbial exposures and the micro-
biome in asthma inception are intriguing, and additional studies 
are a high priority to establish causality/protection and the 
specificity of these observations to asthma pathogenesis, and to 
define immunoinflammatory mechanisms contributing to these 
associations in both pediatric and adult patients.

Infections and Acute  
Exacerbations of Asthma
The relationship between viral infections and exacerbations of 
asthma has been clarified by the development of molecular 
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can increase the permeability of the epithelium,54 which may 
facilitate contact of irritants and allergens with immune cells, 
leave neural elements exposed and promote secondary infection 
with bacterial pathogens. In addition, the combination of epi-
thelial edema and sloughing together with mucus production 
can lead to airway obstruction and wheezing.

As reviewed under ‘Viruses’, there is clinical evidence that  
the RV-B species may be less virulent than other RVs. Moreover, 
there is corresponding evidence from in vitro studies that  
RV-B viruses replicate more slowly, produce less cytopathic 
effect and induce lower interferon and inflammatory responses 
compared to other RVs.55 Overall, these viruses appear to be 
attenuated.

ROLE OF ANTIVIRAL IMMUNE RESPONSES

Virus-induced immune responses are necessary to clear the 
viral infection but they can also contribute to airway dysfunc-
tion and symptoms by causing an influx of inflammatory cells 
that adversely affect lower airway physiology. Antiviral immune 
responses are initiated within the epithelial cell and amplified 
by resident and recruited leukocytes in the airway. For viruses 
such as RV that infect relatively few cells in the airway, virus-
induced inflammation may be the primary mechanism for the 
pathogenesis of respiratory symptoms and lower airway dys-
function.56 Viral respiratory infections can also induce the syn-
thesis of many of the factors that regulate airway and alveolar 
development and remodeling, including vascular endothelial 
growth factor (VEGF), nitric oxide (NO), metalloproteinases 
and fibroblast growth factor (FGF).57–60 How single or repeated 
bouts of virus-induced overexpression of these regulators of 
lung development and remodeling affect the ultimate lung 
structure and function is not known, but they could exert long-
term effects on lung function and asthma following viral infec-
tion in infancy.

Epithelial Cells
The processes associated with viral replication trigger innate 
immune responses within the epithelial cell. Virus attachment 
to cell surface receptors can initiate some immune responses. 
For example, RSV infection activates signaling pathways in 
airway epithelial cells through the innate immune system 
through Toll-like receptor (TLR)-4.61 Furthermore, the devel-
opment of oxidative stress during viral infections can activate 
epithelial cell responses. Inside the cell, viral RNA is detected by 
innate immune sensors on endosomal surfaces (TLR-3, TLR-7, 
TLR-8) and intracellular proteins, such as the dsRNA-dependent 

Mechanisms of Infection-Induced 
Wheezing Illnesses
Clinical studies and in vitro studies have provided a number of 
insights into the pathogenesis of virus-induced wheezing ill-
nesses and exacerbations of asthma (Box 31-1).

SPREAD OF INFECTION FROM THE UPPER TO 
THE LOWER AIRWAYS

Respiratory viruses such as RSV and influenza are well known 
to infect the lower airway, and both can cause bronchitis, bron-
chiolitis and pneumonia. RV has traditionally been considered 
to be an upper airway pathogen because of its association with 
common cold symptoms and the observation that it replicates 
best at 33–35°C, which approximates to temperatures in the 
upper airway. In fact, lower airway temperatures are conducive 
to RV replication down to fourth-generation bronchi and 
exceed 35°C only in the periphery of the lung.45 Moreover, some 
RV types, including RV-C isolates, replicate equally well at 33 
and 37°C.46,47 RV appears to replicate equally well in cultured 
epithelial cells derived from either upper or lower airway  
epithelium.48 Finally, RV has been detected in lower airway 
cells and secretions by several techniques after experimental 
inoculation.49–51 Titers of infectious virus in lower sputum reach 
or exceed those found in nasal secretions in some individuals.50 
In addition to evidence from experimental infection models, 
RV is frequently detected in infants and children with lower 
respiratory signs and symptoms, including children hospital-
ized for pneumonia.52,53 Collectively, these findings suggest that 
respiratory viruses, including RV, can cause wheezing illnesses 
and exacerbations of asthma mainly by infecting lower airways 
and causing or amplifying lower airway inflammation.

VIRUS-INDUCED CYTOPATHIC EFFECTS

First, viral infections damage airway epithelial cells and can 
cause airway edema and leakage of serum proteins into the 
airway. These effects, together with shedding of infected cells 
into the airway, can lead to obstruction and wheezing. In addi-
tion, viral infections stimulate mucus secretion and can also 
promote the formation of additional goblet cells (mucoid meta-
plasia) that can enhance mucus secretion that can persist even 
after the acute infection has resolved. Virus-induced injury to 
the epithelium can disrupt airway physiology through a number 
of different pathways (Box 31-2). For example, viral infections 

BOX 31-1 KEY CONCEPTS

Proposed Mechanisms of Virus-Induced Wheezing

• Viral infection spreads from the upper to the lower airway
• Virus-induced damage to airway epithelium
• Airway edema and transudation of serum proteins
• Mucus hypersecretion
• Cellular inflammation: mononuclear cells and neutrophils
• Neuroinflammation
• Enhanced airway responsiveness
• Interactions between respiratory viral infections and preexist-

ing airway inflammation
• Secondary bacterial infection

BOX 31-2 KEY CONCEPTS

Role of the Epithelium in Virus-Related Inflammation 
and Injury Pathogenesis

• Airway epithelial cells serve as hosts for viral replication
• Viral replication initiates the immune response to virus
• Interferon secretion to inhibit inflammation and injury of 

neighboring cells
• Chemokine secretion to recruit leukocytes into the airway
• Virus-induced epithelial cell damage can disrupt barrier 

function
• Viral infection induces mucus secretion and mucous 

metaplasia
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RELATIONSHIP OF CELLULAR  
ANTIVIRAL RESPONSES TO OUTCOME  
OF VIRAL INFECTIONS

Several studies have tested the hypothesis that individual  
variations in cellular immune responses and patterns of cyto-
kine production are related to the outcome of respiratory infec-
tions. In clinical studies, reduced IFN-γ responses of blood 
mononuclear cells ex vivo are associated with a significant 
increase in viral respiratory illnesses during infancy.77–79 In 
addition, several studies have found that asthma is associated 
with impaired virus-induced secretion of interferons by airway 
and peripheral blood cells.80–83 Together, these experimental 
findings suggest that individual variability in the cellular 
immune response to respiratory viruses, and interferon 
responses in particular, can influence the clinical and virologic 
outcomes of infection.

INTERACTIONS WITH BACTERIA

It is well established that viral illnesses of the middle ear, sinuses 
and lungs can promote secondary infections with bacterial 
pathogens such as S. pneumoniae, M. catarrhalis, and H. influ
enzae. As reviewed under ‘Bacteria’, colonization with these bac-
teria in early childhood is also a risk factor for acute wheezing 
episodes and asthma.20 In school-aged children, these patho-
gens are more likely to be detected in association with a viral 
infection or just after a viral infection.84 Furthermore, the risk 
of illness vs asymptomatic infection was greater in children who 
had both viruses and bacteria detected. Similarly, for children 
with asthma, moderate exacerbations were most likely to occur 
in viral infections in which S. pneumoniae or M. catarrhalis were 
also detected.84 These findings suggest that viruses and bacteria 
may work together to promote airway pathology and respira-
tory symptoms.

ENVIRONMENTAL FACTORS AND  
VIRAL ILLNESSES

Environmental factors strongly influence the probability of 
exacerbations and appear to act together with viral infections 
in an additive fashion. As discussed in the next section, allergy 
is a strong risk factor for the development of asthma after virus-
induced wheezing episodes in infancy and is also closely associ-
ated with virus-induced exacerbations of asthma in older 
children and adults with asthma. Accordingly, the combination 
of allergy and exposure to a relevant allergen contributes to 
virus-induced exacerbations of asthma.85 Similarly, exposure to 
greater levels of air pollutants such as NO2 and SO2 also enhances 
the risk of virus-induced exacerbation.86,87

Interactions Between Allergy  
and Infections
Allergic sensitization has been defined as a clear risk factor for 
the development of asthma.88 Children with ‘multiple early sen-
sitization’ to aeroallergens have been identified as a phenotype 
at particularly high risk for asthma inception and severe exac-
erbations leading to hospitalization.89 A sequential relationship 
whereby allergic sensitization precedes viral wheezing, most 
notably with RV, has been described.90 Furthermore, children 

protein kinase (PKR) and retinoic acid-inducible gene I (RIG-
I), to activate the innate antiviral immune response.62 Through 
these pathways, viral replication stimulates antiviral effector 
molecules such as RNase L, and inhibition of protein synthesis 
within infected cells. In addition, innate antiviral responses 
induce chemokines (e.g. CXCL10) that recruit inflammatory 
cells into the airway and type I (IFN-α and IFN-β) and type III 
(IFN-λ1 and IFN-λ2) interferons that have autocrine and para-
crine antiviral effects.

Leukocytes
Respiratory viruses activate monocytes, macrophages and den-
dritic cells to secrete an array of proinflammatory cytokines 
such as IL-1, IL-8, IL-10, tumor necrosis factor (TNF)-α and 
IFN-γ. In animal models, respiratory viral infections lead to a 
prominent expansion of mature dendritic cells in the lung.63 
Significantly, pulmonary dendritic cells express high levels of 
Toll-like receptors, and secrete large amounts of interferons in 
response to viral infection. Dendritic cell interferon responses 
are impaired in early life, which likely contributes to increased 
susceptibility to viral infections in infancy.64

Acute respiratory viral infections are often accompanied by 
pronounced neutrophilia of upper and lower respiratory secre-
tions, and products of neutrophil activation contribute to 
airway obstruction and lower airway symptoms. For example, 
neutrophil elastase can up-regulate goblet cell secretion of 
mucus.65 P2X7 is a cation channel expressed by leukocytes and 
airway epithelial cells that is important to pathogen control and 
neutrophilic inflammation. Attenuated P2X7 function, which is 
common in mild to moderate asthma, is associated with reduced 
recruitment of neutrophils to the airway during RV colds, and 
an increased risk of acute asthma symptoms.66

Lymphocytes are recruited into the upper and lower airways 
during the early stages of a viral respiratory infection, and it is 
presumed that these cells help to limit the extent of infection 
and to clear virus-infected epithelial cells. This is consistent 
with reports of severe viral lower respiratory infections in 
immunocompromised patients.67 B cell responses to respiratory 
viruses also serve to limit duration and severity of illness, as 
indicated by the finding of frequent and prolonged viral ill-
nesses in patients with X-linked agammaglobulinemia.68

Neuroinflammatory Mechanisms
Viral respiratory infections can induce inflammation through 
mechanisms involving neural mechanisms. These responses are 
difficult to study in humans, but studies in animal models have 
provided insights. For example, RSV infection in rodents leads 
to overproduction of nerve growth factor,69 which promotes 
airway inflammation. This observation has also been confirmed 
in studies of babies with RSV bronchiolitis.70 In a guinea pig 
model, virus infection causes dysfunction of M2 muscarinic 
receptors on parasympathetic nerves, leading to overproduc-
tion of acetylcholine and airway hyperresponsiveness. These 
responses appear to be driven by virus-induced acute phase 
cytokines such as IL-1β and TNF-α.71

Mediators
Mediators that are produced in excess during respiratory ill-
nesses include NO, leukotrienes, prostaglandins, kinins and 
oxidative metabolites,72–74 and inhibition of specific mediators 
can ameliorate some cold symptoms.75 Histamine does not 
appear to play a role in common cold pathogenesis.76
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inhalation on demand was superior to that of inhalation on a 
fixed schedule for many of the outcome measures evaluated.

The atopic background of the patient (eczema or asthma in 
a first-degree relative) may influence the response to oral cor-
ticosteroid administration. Infants aged ≤ 18 months presenting 
to a care facility for treatment of moderate-to-severe bronchi-
olitis and who had a positive history of eczema or were known 
to have a parent or a full sibling with a prior physician diagnosis 
of asthma were treated with oral dexamethasone, 1 mg/kg, then 
0.6 mg/kg for 4 more days, or matching placebo. All patients 
received albuterol nebulization delivered through a tight-fitting 
face mask with pressurized oxygen. Dexamethasone plus alb-
uterol treatment shortened time to readiness for discharge from 
the unit. However, there was no difference between the treat-
ment groups in terms of infirmary and clinic visits during the 
week following discharge.109

VIRUS-INDUCED WHEEZING IN  
PRESCHOOL CHILDREN

Therapeutic approaches for virus-induced wheezing in pre-
school children (ages 2–5 years) are challenging due to the fact 
that many children only wheeze with the ‘common cold’ and 
are totally asymptomatic in between these episodes, while 
others may have symptoms more or less on a daily basis as well. 
In addition, these episodes may range in severity from mild 
wheezing and coughing to severe respiratory distress that 
requires prompt medical intervention. Standard therapy  
for virus-induced wheezing in young children generally includes 
a stepwise addition of medications, typically commencing  
with a bronchodilator. If lower respiratory tract symptoms 
become increasingly severe or respiratory distress develops, oral 
corticosteroids are often added. Recent clinical trials in the 
management of these wheezing episodes also have included  
the use of high-dose inhaled corticosteroids (both prophylacti-
cally and/or as an acute intervention) and leukotriene receptor 
antagonists.

THE ROLE OF ORAL CORTICOSTEROIDS IN 
ACUTE EXACERBATIONS OF ASTHMA IN 
YOUNG CHILDREN

Numerous studies have been undertaken to assess the role of 
corticosteroid therapy in acute episodes of asthma in children 
and adults.110 Meta-analyses of these studies support the early 
use of systemic corticosteroids in acute exacerbations based 
upon a reduction in the admission rate for asthma and preven-
tion of relapse in the outpatient treatment of exacerbations.111,112 
As a reflection of such information, the most recent National 
Heart, Lung, and Blood Institute (NHLBI) Guidelines for the 
Diagnosis and Management of Asthma recommend the addi-
tion of corticosteroids for asthma exacerbations unresponsive 
to bronchodilators; in contrast to previous versions of these 
guidelines, doubling the dose of inhaled corticosteroids to 
prevent further progression of the airway obstruction is not 
recommended.113

Unfortunately, the applicability of these recommendations 
to young children and infants whose acute wheezing episode is 
primarily related to viral respiratory tract infections has not 
been as thoroughly examined. Moreover, in studies that have 
been conducted in this age group, the results are conflicting.114–118 
Limitations of these studies include inclusion of multiple 

who develop both risk factors in early life are at highest risk for 
subsequent asthma.2,91

There is convincing evidence to implicate respiratory allergy 
as a risk factor for wheezing with common cold infections later 
on in childhood. In studies conducted in an emergency depart-
ment, risk factors for developing acute wheezing episodes were 
determined.85,92,93 Individual risk factors for developing wheez-
ing included detection of a respiratory virus, most commonly 
RV, positive allergen-specific IgE and presence of eosinophilic 
inflammation. Notably, viral infections and allergic inflamma-
tion synergistically enhanced the risk of wheezing, and higher 
levels of allergen-specific IgE conferred the greatest risk. This 
synergism may be particularly notable for RV-C.14

There are multiple mechanisms by which viral infections are 
thought to interact with allergic inflammation in order to lead 
to airway dysfunction, wheezing and asthma exacerbations.94 
First, viral infections can damage the barrier function of the 
airway epithelium, leading to enhanced absorption of aeroal-
lergens across the airway wall and enhanced inflammation, 
while allergic inflammation may also lead to enhanced viral 
replication.95,96 Next, allergic inflammation enhances airway 
responsiveness to RV.97 There is also significant evidence that 
allergic asthmatic individuals have impaired antiviral responses 
as noted above. Furthermore, allergen exposure and high-
affinity IgE receptor cross-linking has been shown to impair 
virus-induced type I and III interferon production in peripheral 
blood cells.98,99 This may lead to both enhanced viral replication 
and also type 2 inflammation.100,101

Treatment of Infection-Induced 
Wheezing and Asthma
VIRUS-INDUCED WHEEZING IN INFANCY

Acute lower respiratory tract illnesses during the first one to two 
years of life are usually termed ‘bronchiolitis’ and are most likely 
due to infection with viral respiratory pathogens. The efficacy 
of various interventions for the treatment of the acute lower 
airway symptoms of wheezing, tachypnea, retractions and 
hypoxemia that occur as a result of these infections has been 
controversial due to variations in study design, the inability to 
rapidly and conveniently measure pulmonary physiologic vari-
ables, the confounding of results by the inclusion of children 
with a history of multiple wheezing episodes (i.e. asthmatic 
phenotypes) and the choice of outcome measures that have 
been evaluated.102 In a recent series of meta-analyses evaluating 
various therapies, the routine use of bronchodilators,103 steam 
or nebulized normal saline,104,105 anticholinergics106 and ste-
roids107 has not been shown to be of consistent benefit.

A more recent study suggests that the timing of the admin-
istration of epinephrine may influence the observed benefit. In 
an eight-center randomized, double-blind trial with a two-by-
two factorial design, investigators compared inhaled racemic 
epinephrine with inhaled saline and on-demand inhalation 
with fixed-schedule inhalation (up to every 2 hours) in infants 
(> 12 months of age) with moderate-to-severe acute bronchiol-
itis.108 Length of stay, use of oxygen supplementation, nasogas-
tric tube feeding, ventilatory support and relative improvement 
in the clinical score from baseline (preinhalation) were similar 
in the infants treated with inhaled racemic epinephrine and 
those treated with inhaled saline. However, the strategy of 
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significant reductions in oral corticosteroid-requiring exacerba-
tions (37% reduction) and less use of a prespecified step-up 
plan. Pulmonary function was also significantly better at the 
end of the treatment period in those children who had received 
ICS for the previous two years. Unfortunately, about three 
months into the observation period, there was no longer any 
significant difference in any of these outcome measures and at 
the end of the observation period (1 year later), pulmonary 
function was also no different between the two groups.127 These 
data indicate that continuous therapy with ICS in preschool 
children at high risk of developing asthma reduces lower respi-
ratory tract exacerbations that are most frequently caused by 
respiratory pathogens in this age group.

Many preschool children wheeze only with respiratory tract 
pathogens and are asymptomatic between these episodes. 
Therefore, a 1-year randomized, double-blind comparison 
among intermittent treatment with high-dose ICS, a leuko-
triene receptor antagonist (montelukast) and scheduled alb-
uterol (so-called ‘standard of care’) was conducted in preschool 
children with histories consistent with this type of respiratory 
pattern.120 Therapy was initiated by the family, based on the 
participant achieving a symptom profile threshold that the 
child had exhibited in the past that would usually foreshadow 
the development of more significant lower airway involvement. 
After 1 year of treatment, the three groups did not differ in 
proportions of episode-free days (primary outcome), oral cor-
ticosteroid use, healthcare utilization, quality of life or linear 
growth. However, during respiratory tract illnesses, both ICS 
and montelukast therapy led to modest reductions in trouble 
breathing and interference with activity scores compared to 
those children only treated with albuterol. These differences 
were significant only in those children with a positive asthma 
predictive index prior to enrollment. In a post hoc analysis, 
similar findings were obtained when the cohort was stratified 
by oral corticosteroid use (0 vs ≥ 1 course) during the year pre-
ceding participation in the trial.

The observations that both the continuous127 and intermit-
tent120 use of ICS had an effect on both the frequency and 
severity of exacerbations that were most likely related to a con-
comitant viral or bacterial respiratory tract illness provided the 
impetus for a third CARE network-initiated trial.121 This trial 
studied 278 children between the ages of 12 and 53 months who 
all had positive modified asthma predictive indices, recurrent 
wheezing episodes with a low grade of interval impairment, and 
at least one exacerbation in the previous year. Children were 
randomly assigned to receive nebulized budesonide suspen-
sions for 1 year as either an intermittent high-dose regimen 
(1.0 mg twice daily for 7 days starting at the onset of predefined 
respiratory tract illness symptoms) or a daily low-dose regimen 
(0.5 mg nightly) with corresponding placebos in both treat-
ment arms. The two regimens were similar with respect to 
exacerbation frequency (primary outcome) and other measures 
of asthma severity including the time to first exacerbation. The 
mean exposure to budesonide was 104 mg less with the inter-
mittent regimen.

Although the results of this trial indicate that, in preschool 
children with this type of pre-asthma phenotype, intermittent 
therapy versus continuous therapy would be a therapeutic con-
sideration, the lack of a placebo group in this study does not 
permit more exact interpretations of these findings. Inclusion 
of a placebo group was not permitted by the various human 
subjects committees of the clinical centers participating in this 

wheezing phenotypes,116,118 relatively small sample sizes, poor 
adherence to study medication and protocol in the outpatient 
studies,115,118 and episodes of relatively mild severity in both 
outpatient and inpatient studies.115,118 A recent randomized, 
double-blind, placebo-controlled trial compared a 5-day course 
of oral prednisolone (10 mg once a day for children 10–24 
months of age and 20 mg once a day for older children for a 
total of 5 days) with placebo in over 650 children between the 
ages of 10 months and 60 months. The primary outcome, the 
duration of hospitalization, was no different between the treat-
ment groups.116 An accompanying editorial for this published 
study challenged the clinical research community to conduct 
additional prospective trials to clearly establish the efficacy of 
oral corticosteroid treatment of these ‘asthma-like’ episodes in 
preschool children.119

To address these concerns further, the Childhood Asthma 
Research and Education (CARE) network investigated whether 
oral corticosteroids reduced symptom scores during acute lower 
respiratory tract illnesses (LRTIs) in preschool children with 
recurrent wheeze. The investigators performed post hoc and 
replication analyses in two outpatient cohorts of children120,121 
aged 1 to 5 years with episodic wheezing that had participated 
in previous CARE-conducted studies.122 Comparisons were 
made of symptom scores during LRTIs that were or were not 
treated with oral corticosteroids, adjusting for differences in 
disease and episode severity. The primary outcome was the area 
under the curve of total symptom scores among the more severe 
episodes. In both of the two cohorts studied independently, oral 
corticosteroid treatment did not reduce symptom severity 
during acute LRTIs. Moreover, subgroups of children who 
might have been more likely to experience benefit, such as those 
with asthma risk factors (positive modified asthma predictive 
index,123 personal eczema and/or family history of asthma), did 
not appear to have a greater benefit than those without such 
characteristics. The investigators emphasized, however, that 
these results were hypothesis generating and needed to be con-
firmed in randomized prospective studies.124 Taken together, 
however, these studies indicate that acute asthma-like episodes 
of airway obstruction in preschool children appear to respond 
less well to oral corticosteroid administration than do similar 
episodes in older children and adults.

THE ROLE OF INHALED CORTICOSTEROIDS IN 
THE PREVENTION AND TREATMENT OF ACUTE 
WHEEZING EXACERBATIONS

The CARE network conducted a 3-year prospective trial in pre-
school children, all of whom had a modified positive asthma 
predictive index.125 The overall goal of the study was to deter-
mine if early recognition and treatment of children who were 
at increased risk of developing childhood asthma could prevent 
the disease process from expressing itself and, further, if it could 
reduce losses of lung function that have been described during 
the first six years of life in children who develop persistent 
wheezing by age 3 years.126 Children, 2 to 4 years of age, were 
randomized to receive either fluticasone propionate 88 µg twice 
daily or matching placebo using a valved spacer with mask. 
Treatment was for 2 years followed by a 1-year observation 
period off all study medication. The primary outcome measure 
was episode-free days. During the active treatment phase, chil-
dren receiving inhaled corticosteroid (ICS) had a significantly 
increased number of episode-free days. In addition, they had 
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seasonal variation in exacerbation rates, with the summer 
months having less frequent exacerbations and no observed 
treatment effects. These data are an excellent documentation of 
the ‘honeymoon’ period from asthma symptoms that many cli-
nicians observe in their patients during the summer months, 
most likely related to reduced numbers of respiratory tract 
illnesses.

Because infections with RSV in early life have been associ-
ated with an increased risk of developing recurrent wheezing 
and later asthma, two studies have evaluated the effects of mon-
telukast treatment on the development of subsequent reactive 
airway disease symptoms. In the first ‘pilot study’,133 children 
without a diagnosis of asthma (3–36 months old), hospitalized 
with acute RSV bronchiolitis, were randomized into a double-
blind, parallel comparison of 5 mg montelukast or placebo 
given for 28 days starting within 7 days of the onset of symp-
toms. Infants on montelukast were free of any symptoms on 
22% of the days and nights compared with 4% of the days and 
nights in infants on placebo. Daytime cough was significantly 
reduced, as were exacerbations in those children on active treat-
ment. In contrast, in a follow-up study in children 3 to 24 
months of age conducted over a period of 24 weeks, montelu-
kast treatment did not alleviate post RSV-induced respiratory 
tract symptoms.135

In school-aged children, montelukast has been shown to be 
less effective compared to inhaled corticosteroid treatment in 
reducing the need for oral corticosteroid use and time to treat-
ment failure over a 1-year time period.131 Both of these 
outcomes could be considered surrogates for respiratory 
pathogen-induced asthma exacerbations or worsening of overall 
asthma control.

ANTI-INFECTION THERAPY

Therapy for infection-induced asthma could potentially  
include one or more of the following approaches: avoid-
ance, non-medicinal interventions, vaccination, antimicrobial 
drug therapy and/or immunotherapy (monoclonal antibodies 
directed against the relevant pathogens). The ubiquitous nature 
of respiratory pathogens in the environment and the social 
nature of interactions in childhood (daycare, school, older sib-
lings, etc.) make avoidance strategies unfeasible. Indeed, on 
average, children experience 2 to 8 or more ‘colds’ per year 
during their preschool years.

The cure for the common cold remains elusive; as such, a 
number of non-medicinal interventions have been tried. 
Vitamin C has long been touted for common cold treatment; 
however, a meta-analysis of common cold treatment studies 
found no significant effects on either prevention or treatment.137 
A Cochrane review of clinical studies found evidence that zinc 
lozenges reduce common cold duration but have significant 
side-effects including bad taste and nausea.138 Large-scale trials 
of Echinacea have provided no evidence of efficacy.139,140 There 
is evidence that warm drinks, as recommended for generations, 
can provide symptomatic relief from malaise and nasal symp-
toms without troublesome side-effects.141 These approaches 
obviously are aimed at symptom reduction of the common cold 
but their effects on asthma control or exacerbations have not 
been directly evaluated.

Given the close relationship between viral infections and 
wheezing illnesses in children, it would be attractive to apply 
antiviral strategies to the prevention and treatment of asthma, 

trial. This was due to the intensity of the symptom severity 
pattern present in the children prior to enrollment in the trial.

ROLE OF LEUKOTRIENES MODIFIERS IN VIRAL-
INDUCED WHEEZING

The cysteinyl leukotrienes have been identified as important 
mediators in the complex pathophysiology of asthma.128 Leu-
kotrienes are detectable in the blood, urine, nasal secretions, 
sputum and bronchoalveolar lavage fluid of patients with 
chronic asthma. In addition, leukotrienes are released during 
acute asthma episodes. As a result of the potential for these 
mediators to influence airway tone, inflammatory cascades and 
mucus secretion, antagonists for their receptors have been 
developed and extensively studied. The cysteinyl leukotriene 
receptor antagonist, montelukast, has been the most frequently 
studied in both preschool and school-aged children.120,129–136

In one of the initial clinical trials designed to primarily eval-
uate safety, patients aged 2 to 5 years were treated for over  
12 weeks with montelukast administered as a 4-mg chewable 
tablet.129 Efficacy outcomes were also evaluated secondarily. 
Compared with placebo, montelukast produced significant 
improvements in multiple parameters of asthma control includ-
ing: daytime asthma symptoms (cough, wheeze, trouble breath-
ing and activity limitation); overnight asthma symptoms 
(cough); the percentage of days with asthma symptoms; the 
percentage of days without asthma; the need for beta-agonist 
or oral corticosteroids; physician global evaluations; and 
peripheral blood eosinophils. The clinical benefit of montelu-
kast was evident within 1 day of starting therapy. Improvements 
in asthma control were consistent across age, sex, race and study 
center, and whether or not patients had a positive in vitro 
allergen-specific IgE test.

Robertson et al evaluated the intermittent use of montelu-
kast in 2- to 14-year-old children with histories of intermittent 
asthma.136 The family was instructed to begin a 7-day treatment 
with montelukast (age-appropriate dose) at the onset of asthma 
symptoms or the first sign of an upper respiratory tract illness 
that had previously been associated with the subsequent devel-
opment of lower airway asthma symptoms. Compared to 
placebo, montelukast treatment resulted in a modest reduction 
in acute healthcare resource utilization, symptoms, time off 
from school and parental time off work in children with inter-
mittent asthma.

Bisgaard et al evaluated the efficacy of 1-year daily treatment 
with montelukast in children with intermittent asthma in 
reducing exacerbations.134 The primary efficacy endpoint was 
the number of asthma exacerbation episodes defined as any 
three consecutive days with daytime symptoms (average score 
of four daily daytime symptom questions of at least 1.0 on each 
day) and at least two treatments of beta-agonist per day, or 
rescue use of oral/inhaled corticosteroids during 1 or more 
days, or a hospitalization because of asthma. Over 12 months 
of therapy, montelukast significantly reduced the rate of asthma 
exacerbations by 31.9% compared with placebo. The average 
rate of exacerbation episodes per patient was 1.60 episodes per 
year on montelukast compared with 2.34 episodes on placebo. 
Montelukast also delayed the median time to first exacerbation 
by approximately 2 months and the rate of inhaled corticoste-
roid courses compared with placebo. Unfortunately, treatment 
did not reduce the necessity for oral corticosteroid administra-
tion. One of the remarkable aspects of this trial was the marked 
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narrowly focussed intervention for type I hypersensitivity. In a 
placebo-controlled trial of guidelines-based asthma treatment 
compared to omalizumab added to standard therapy, omali-
zumab prevented the seasonal increases in exacerbations during 
the fall and spring, which are peak times for viral exacerbations 
(Figure 31-1).158 Analysis of viruses in nasal secretions during a 
subset of exacerbations confirmed that the treatment group had 
fewer viral and nonviral exacerbations. This study provides 
direct evidence that IgE-mediated inflammation contributes to 
the risk of virus-induced exacerbations of asthma. These obser-
vations indicate that interactions between allergic sensitization 
(antigen-specific IgE antibody formation) and viral respiratory 
illnesses play an important role in asthma control. Finally, it will 
be of interest to determine whether other drugs targeting spe-
cific type-2 cytokines (e.g. mepolizumab and IL-5)159 can also 
reduce the risk of virus-induced exacerbations.

Use of Antibiotics in Asthma
Asthma guidelines both in the USA (http://www.nhlbi.nih.gov/
health-pro/guidelines/current/asthma-guidelines/full-
report.htm) and internationally (http://www.ginasthma.org) 
have not recommended the use of antibiotics to treat asthma 
exacerbations because the majority of the exacerbations have 
been considered to be triggered by viral respiratory tract infec-
tions. Nonetheless, oral antibiotics are frequently prescribed  
for wheezing illnesses in preschool children (650 antibiotic 
prescriptions/1,000 wheezing children).160 Furthermore, recent 
data indicate that 28% of preschool children who make a physi-
cian visit for wheezing receive a prescription for an antibiotic 
within 2 days of the visit, and 77% receive a prescription for an 
antibiotic within 7 days. These prescriptions are dominated by 
azithromycin, the use of which increased 15-fold between 1995 
and 2001.160

As noted previously, bacteria (either alone or in combination 
with viral pathogens) have now been demonstrated to poten-
tially play a role in acute wheezing episodes and increases in 
asthma symptoms in children.27,84 These observations might be 
an explanation as to why antibiotic administration has been 
observed to provide some clinical benefit by practitioners. 
Recent findings indicate that certain antimicrobials may have 

and both RV and RSV are obvious targets. Attempts at develop-
ing an RSV vaccine have so far been unsuccessful; however, 
recent data have provided renewed encouragement.142,143 Unfor-
tunately, vaccination to prevent RV infection is even more chal-
lenging due to the large number of serotypes. As an alternative, 
several types of antiviral agents are in development, and several 
compounds with activity against RV have been tested in clinical 
trials.

Improved knowledge of RV molecular virology has led to 
several attempts to develop antiviral agents. Interferon-α has 
antiviral effects in vitro and shortens the duration and severity 
of colds, but topical application led to nasal irritation and 
bleeding.144–146 Anti-ICAM-1 and soluble ICAM-1 were devel-
oped to prevent binding of major group viruses to their 
receptor.147–149 Capsid binding agents that bind to the VP1 
pocket and inhibit viral binding and/or uncoating150–152 have 
shown modest antiviral effects and efficacy in clinical trials.153,154 
An inhibitor to the 3C protease (rupintrivir) also showed broad 
anti-HRV activity in vitro and efficacy in clinical trials.155 
Unfortunately, these antiviral approaches have not so far led to 
development of a clinically useful medication. The molecules 
tested to date have been limited by combinations of modest 
efficacy, side-effects and/or drug interactions.156

Another new approach has been to boost antiviral defenses 
in the lung with inhaled IFN-β. In a randomized study, subjects 
with persistent asthma and a history of exacerbations with colds 
were treated with either nebulized IFN-β or placebo within 24 
hours of the onset of cold symptoms.157 In the intent-to-treat 
population, there were no significant effects on the asthma 
symptoms scores (which was the primary outcome) but IFN-β 
treatment improved recovery of peak expiratory flow. Notably, 
IFN-β was well tolerated and also induced expression of innate 
antiviral effectors in the blood and sputum. In a subgroup 
analysis of study subjects with more severe asthma (British 
Thoracic Society Step 4 and 5), colds were associated with 
increased symptoms in the placebo group but not in IFN-β-
treated subjects. These exciting new findings, if confirmed, 
suggest that inhaled IFN-β used at the first sign of a cold could 
be a useful adjunct to standard therapy in patients with more 
severe asthma.

Two recent trials evaluating the efficacy of monoclonal anti-
body therapy directed specifically against RSV and the allergic 
antibody, IgE, have yielded interesting results. The first trial 
studied the anti-RSV monoclonal antibody, palivizumab, in a 
double-blind, placebo-controlled trial: 429 otherwise healthy 
preterm (33–35 weeks’ gestational age) infants were randomly 
assigned to receive either monthly palivizumab injections or 
placebo during the RSV season. The prespecified primary 
outcome was the total number of parent-reported wheezing 
days in the first year of life. Nasopharyngeal swabs were taken 
during respiratory episodes for viral analysis. Palivizumab treat-
ment resulted in a relative reduction of 61% in the total number 
of wheezing days during the first year of life (1.8% vs 4.5% in 
the placebo group). During this time, the proportion of infants 
with recurrent wheeze was 10 percentage points lower in 
patients treated with palivizumab (11% vs 21%). As discussed 
above, the data generated thus far cannot ascertain what effect 
such treatment may have on the subsequent development of 
asthma in later childhood.

The second trial evaluated the anti-IgE monoclonal anti-
body, omalizumab, which specifically targets the Fc portion of 
IgE to prevent binding to the surface of cells and is therefore a 

Figure 31-1  The figure shows the seasonality of asthma exacerbations 
in children and demonstrates that blocking  IgE responses with omali-
zumab  blunts  the  seasonal  rise  in  virus-induced  exacerbations.  (With 
permission from Busse WW, Morgan WJ, Gergen PJ, Mitchell HE, Gern 
JE, Liu AH, et al. Randomized trial of omalizumab (anti-IgE) for asthma 
in inner-city children. N Engl J Med 2011;364(11):1005–15.)
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clarithromycin for 8 weeks was beneficial in improving lung 
function, but only in those patients with positive PCR findings 
for Mycoplasma pneumoniae or C. pneumoniae.171 These initial 
intriguing results were later expanded upon by the Asthma 
Clinical Research Network who treated asthma patients that 
were not adequately controlled on inhaled corticosteroid mono-
therapy with clarithromycin or placebo for 16 weeks. They 
found that this treatment intervention did not further improve 
asthma control. Although there was an improvement in airway 
hyperresponsiveness with clarithromycin, this benefit was not 
accompanied by improvements in other secondary outcomes.172 
One additional study suggested that some benefit might be  
possible following intervention with this antimicrobial class. 
Johnston et al administered the ketolide telithromycin (a semi-
synthetic derivative of erythromycin) for 10 days to adults with 
asthma seen within the first 24 hours of acute asthma episodes. 
This intervention resulted in significant improvements in 
symptom scores and lung function over the next 7 days relative 
to placebo.173 However, there was no relationship between bac-
teriologic status and the response to telithromycin treatment, 
suggesting a mechanism of action unrelated to the antimicro-
bial properties of telithromycin.

Conclusions
Infections play a critical role in the inception and exacerbation 
of asthma. Viral infections are the most common cause of 
wheezing in infants and children. Interactions between under-
lying allergy and virus infections lead to the greatest risk of 
asthma inception and exacerbation. New data indicate that the 
airway microbiome may play a critical role in modulating the 
response to respiratory viral infections, and virus-induced 
alterations in airway microbial populations likely also contrib-
ute to illness severity. Treatment of virus-induced wheezing and 
asthma exacerbations remains challenging and novel therapies 
and approaches to the prevention of asthma and asthma exac-
erbations are needed.

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

not only antibacterial properties but antiviral and/or antiin-
flammatory properties as well.

As a class, macrolides have been demonstrated to provide 
clinical benefit in airway diseases such as cystic fibrosis161 and 
diffuse panbronchiolitis,162 possibly through mechanisms unre-
lated to antimicrobial activity. Viral infections, particularly 
those caused by RV, are associated with neutrophilic inflamma-
tion and increased IL-8 expression.163 Neutrophils are the pre-
dominant inflammatory cell at the onset of most infections,164 
including those with RV,163,165 and although many chemo-
attractants participate in summoning neutrophils to the site of 
infection, IL-8 seems to play a central role.166 Neutrophils are 
relatively insensitive to the therapeutic effects of corticoste-
roids167 but, interestingly, azithromycin has been demonstrated 
to attenuate immunoinflammatory responses and may  
reduce the ensuing destructive neutrophilic inflammation. In 
addition, recent data demonstrated that azithromycin reduces 
RV replication and increases interferon gene expression in 
human bronchial epithelial cells.168 These effects may have 
substantial clinical relevance, as recent studies have demon-
strated that primary bronchial epithelial cells from asthmatics 
have deficient ex vivo induction of IFN-β and IFN-λ after 
infection with RV,81 and the levels of IFN-λ were inversely 
related to severity of RV-induced asthma exacerbations in  
terms of decline in FEV1 and viral load. These findings are 
especially important because, in children, viral infections have 
been shown by many investigators to be a major etiologic agent 
in episodes of clinically significant lower respiratory tract 
symptoms.3,92,169

In contrast to in vitro observations indicating a potential 
useful role of these agents in treating infection-induced loss of 
asthma control or exacerbations, their efficacy in humans has 
not been consistently shown. Black et al were one of the first 
groups to demonstrate a potential beneficial effect. They studied 
the effect of roxithromycin in subjects with asthma and immu-
noglobulin G (IgG) or IgA antibodies to Chlamydophila pneu
moniae. Subjects were randomized to 6 weeks of treatment with 
roxithromycin or placebo. This intervention led to improve-
ments in asthma control but the benefit was not sustained.170 
Kraft and colleagues performed an additional study using  
a different antimicrobial. They found that treatment with 
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KEY POINTS

• The care of infants and small children with suspected 
asthma deserves special consideration because of the 
potential to modulate the disease process early on and 
alleviate the increased morbidity associated with uncon-
trolled asthma in this age group.

• After confounders and masqueraders of asthma have 
been excluded in the evaluation of children with sus-
pected asthma, recurrent wheezing in infants and young 
children still comprises a heterogeneous group of condi-
tions with different risk factors and prognoses.

• The diagnosis of asthma in infants and small children is 
often based on clinical grounds and complicated by  
the lack of clinically available tools that meet the criteria 
for the definition of asthma used in older children and 
adults such as airway inflammation, bronchial hyperre-
sponsiveness and airflow limitation.

• Difficulties in the management of asthma include limited 
effective and convenient delivery devices, complete 
dependence on the caregivers to carry out the treat-
ment regimen, and an inadequate selection of medica-
tions completely devoid of adverse effects.

• A partnership approach with emphasis on education, 
monitoring and training is key in the effective manage-
ment of chronic cough or recurrent wheezing illnesses 
in very young children.

• Clinical trials using as needed treatment interventions 
have shown favorable efficacy outcomes, aimed at pre-
venting severe exacerbations in young children with 
recurrent wheezing; however, trials aimed at primary 
prevention are still lacking.

The	prevalence	of	asthma	has	increased	even	in	the	last	decade	
but	a	better	understanding	of	 the	mechanisms	of	asthma	and	
the	availability	of	more	effective	treatment	may	be	responsible	
for	the	stabilization	of	the	steady	increase	in	asthma	morbidity	
and	mortality	noted	since	the	1980s.1	From	data	in	the	recent	
National	Surveillance	of	Asthma,2	current	asthma	was	reported	
in	 6%	 of	 children	 between	 0	 and	 4	 years	 old,	 with	 at	 least		
two	 thirds	 having	 at	 least	 one	 asthma	 attack	 in	 the	 previous		
year.	 The	 most	 important	 reason	 why	 asthma	 in	 infants	 and	
younger	 children	 deserves	 special	 consideration	 is	 the	 fact		
that	healthcare	utilization	(ambulatory,	emergency	department	
visits	and	inpatient	hospital	admissions)	for	children	under	the	

age	 of	 4	 years	 is	 greater	 than	 those	 of	 other	 age	 groups.2	 In	
addition,	younger	children	with	asthma	are	also	more	likely	to	
be	 readmitted	 to	 the	 hospital	 for	 acute	 exacerbations.3	 In	 a	
retrospective	analysis	of	49	asthmatic	children	whose	mean	age	
was	 5.2	 years	 (range	 2	 months	 to	 16	 years)	 admitted	 to	 a	
community-based	pediatric	 intensive	care	unit	over	a	10-year	
period,	as	many	as	75%	were	6	years	or	younger.4	The	public	
health	consequences	of	dealing	with	asthma	in	children	include	
the	 number	 of	 missed	 work	 days	 parents/guardians	 incur	 in	
order	to	care	for	an	acutely	ill	child.	Some	studies	have	hinted	
that	 pulmonary	 development	 in	 infancy	 can	 be	 adversely	
affected	by	asthma,	resulting	in	a	decrease	in	lung	function	of	
approximately	20%	by	adulthood.5

Relevant	 clinical	 practice	 guidelines	 developed	 in	 recent	
years	have	addressed	special	challenges	 in	the	management	of	
asthma	in	this	age	group.6,7	Many	issues	are	unique	to	this	age	
group:	identifying	very	young	children	with	recurrent	episodes	
of	 cough	 and	 wheeze	 associated	 with	 viral	 illnesses	 who	 will	
develop	persistent	asthma	later	in	life,	presence	of	confounding	
factors	or	disease	masqueraders,	who	needs	controller	therapy	
and	when	to	start	treatment,	what	medications	to	use,	how	best	
to	deliver	the	medications	and	how	to	monitor	the	response	to	
treatment.

Predicting Who is Likely to Develop 
Persistent Asthma
Recurrent	wheezing	in	infants	and	young	children	comprises	a	
heterogeneous	 group	 of	 conditions	 with	 different	 risk	 factors	
and	prognoses.	Viral	infections	(respiratory	syncytial	virus,	rhi-
novirus,	 coronavirus,	 human	 metapneumovirus,	 adenovirus,	
parainfluenza	and	adenovirus)	are	common	triggers	of	wheez-
ing	in	preschool	age	children,	even	in	those	who	will	not	develop	
persistent	asthma	later	on.	Factors	or	exposures	early	in	life	such	
as	 prematurity,	 fetal	 nutrition,	 duration	 of	 pregnancy,	 viral	
lower	respiratory	tract	infections	in	the	first	years	of	life,	ciga-
rette	smoke	exposure,	air	pollution,	postnatal	nutrition,	breast-
feeding,	 family	 size,	 maternal	 age,	 socioeconomic	 status	 and	
allergen	 exposure	 have	 been	 implicated	 to	 varying	 degrees.	
Observational	studies	have	also	demonstrated	an	increased	risk	
of	asthma	attributed	to	acetaminophen	exposure	during	prena-
tal	periods,	infancy,	childhood	and	even	adulthood.8–11	Genet-
ics,	 atopy	 and	 prematurity	 appear	 to	 be	 the	 most	 important	
host	risk	factors	in	the	development	of	asthma.

Several	types	of	‘wheezers’	in	the	young	age	group	based	on	
time	of	onset	and	outcome	(transient	or	intermittent	vs	persis-
tent)	 have	 been	 identified	 from	 longitudinal	 studies.12,13	 The	
investigators	 from	 the	 Tucson	 Children’s	 Respiratory	 Group	
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wheezing	 episodes	 per	 year	 lasting	 more	 than	 24	 hours	 upon	
which	initiation	of	controller	therapy	should	be	considered.6

These	wheezing	phenotypes	derived	from	epidemiologic	and	
longitudinal	 data	 are	 more	 helpful	 for	 prognostication	 and	
usually	have	limited	clinical	utility	when	a	medical	provider	is	
faced	with	a	child	with	recurrent	wheezing	or	chronic	cough.	
Hence,	 other	 phenotypes	 may	 have	 greater	 relevance	 when	
management	 decisions	 have	 to	 be	 made	 or	 clinical	 trials	 are	
undertaken.	 For	 example,	 a	 symptom-based	 classification,		
i.e.	 episodic	 (wheeze	 only	 in	 discrete	 time	 periods,	 mostly		
associated	 with	 upper	 respiratory	 infection)	 vs	 multi-trigger	
(symptom	also	occurs	with	activity,	laughing,	crying	or	even	at	
night	outside	of	an	acute	illness),	was	proposed	by	the	European	
Task	Force	in	2008.20	However	its	clinical	applicability	is	limited	
as	children	can	switch	between	the	 two	categories	at	different	
times,	 and	 this	 classification	 does	 not	 consider	 the	 frequency,	
seasonality	and	severity	of	the	episodes.21	A	preschool	child	may	
have	exercise-induced	wheeze	only	when	he/she	is	also	having	
an	acute	episode	or	shortly	after.	During	the	late	fall,	winter	and	
early	 spring	 in	 most	 areas	 in	 the	 northern	 hemisphere,	 pre-
school	children	who	are	in	regular	contact	with	other	children	
can	develop	back	to	back	viral	respiratory	illnesses	that	can	each	
last	 up	 to	 2	 weeks	 or	 even	 longer.	A	 child	 with	 a	 viral	 illness	
requiring	a	hospital	admission	is	in	the	same	classification	as	a	
child	 whose	 viral-induced	 wheezing	 illness	 is	 treated	 with	 a	
bronchodilator	alone.	Lastly,	it	is	not	known	if	there	is	a	unique	
immunopathologic	difference	that	can	affect	treatment	between	
the	two	phenotypes.	Therefore,	clinical	guidelines	suggest	start-
ing	 treatment	 based	 on	 frequency	 of	 symptoms,	 severity	 of	
episodes	and	presence	of	risk	factors.

Confounding Factors
The	first	practical	consideration	 in	approaching	 the	wheezing	
child	is	to	ensure	that	an	alternative	diagnosis	is	not	present.	In	
addition,	 infants	 and	 small	 children	 have	 a	 greater	 degree	 of	
bronchial	 hyperresponsiveness	 (BHR),	 which	 may	 predispose	
them	to	wheeze.22

The	differential	diagnosis	of	wheezing	in	infants	and	young	
children	 includes	 conditions	 such	 as	 foreign	 body	 aspiration,	
structural	 airway	 anomalies,	 congenital	 lobar	 emphysema,	
abnormalities	of	the	great	vessels	(e.g.	vascular	rings),	congeni-
tal	heart	disease,	cystic	fibrosis,	recurrent	aspiration,	immuno-
deficiency,	infections,	ciliary	dyskinesia	and	mediastinal	masses.	
Other	 clinical	 features,	 such	 as	 neonatal	 onset	 of	 symptoms,	
associated	 failure	 to	 thrive,	 diarrhea	 or	 vomiting,	 focal	 lung		
or	 cardiovascular	 findings,	 clubbing,	 constant	 wheezing,	 and	
hypoxemia	 outside	 of	 an	 acute	 illness,	 suggest	 an	 alternative	
diagnosis	and	require	special	investigations.	Additional	factors	
in	addition	to	age	at	onset	of	symptoms	that	should	be	taken	
into	 consideration	 include	 triggers	 for	 the	 respiratory	 symp-
toms	and	aggravating	conditions	such	as	nighttime	occurrences,	
environmental	exposure,	physical	exertion,	feeding,	positioning	
and	infections.	Clearly,	making	the	correct	diagnosis	is	essential	
because	 the	 treatment	 for	 these	 conditions	 can	 vary	 substan-
tially.	For	example,	in	children	with	significant	gastroesophageal	
reflux,	 improvement	 in	 asthma	 symptoms	 with	 concomitant	
reduction	in	asthma	medication	use	occurred	after	a	prokinetic	
agent	was	instituted.23	A	practical	approach	that	can	be	consid-
ered	for	a	young	child	in	whom	asthma	is	strongly	suspected	is	
an	empiric	trial	of	asthma	controller	therapy	while	other	evalu-
ations	are	still	being	pursued	(Figure	32-1).

enrolled	over	1,000	newborns	served	by	a	large	health	mainte-
nance	organization	 to	evaluate	 factors	 involved	 in	early-onset	
wheezing	 in	 relationship	 to	 persistent	 wheezing	 at	 6	 years	 of	
life.13	 About	 half	 of	 the	 children	 had	 at	 least	 one	 episode	 of	
wheezing	by	6	years	of	age.	Nearly	one	third	of	the	cohort	had	
at	least	one	episode	of	wheezing	by	3	years	of	age.	Only	40%	of	
children	 who	 wheezed	 early	 had	 persistent	 wheezing	 at	 age	 6	
years.	Of	the	total	group,	20%	had	at	least	one	episode	of	wheez-
ing	associated	with	a	respiratory	tract	infection	during	the	first	
3	 years	 of	 life	 but	 had	 no	 wheezing	 at	 6	 years	 (‘transient	
wheezers’),	14%	did	not	wheeze	during	the	first	3	years	of	life	
but	had	wheezing	at	6	 years	 (‘late-onset	wheezers’),	 and	 15%	
had	wheezing	at	age	3	and	6	years	(‘persistent	wheezers’).	The	
‘transient	wheezers’	were	more	likely	to	have	diminished	airway	
function	and	a	history	of	maternal	smoking	and	were	less	likely	
to	be	atopic.	The	‘late-onset	wheezers’	had	a	similar	percentage	
of	atopic	children	to	‘persistent	wheezers’	and	were	likely	to	have	
mothers	with	asthma.	Hence,	there	seems	to	be	a	similar	genetic	
predisposition	 for	 the	 asthma	 phenotype	 characterizing	 both	
‘persistent’	 and	 ‘late-onset	 wheezers’.	 Essentially	 all	 of	 the	
current	natural	history	studies	have	found	that	allergic	disease	
and	evidence	of	pro-allergic	immune	development	are	signifi-
cant	risk	factors	for	persistent	asthma.

An	 asthma	 predictive	 index	 (API)	 using	 a	 combination	 of	
clinical	 and	 easily	 obtainable	 laboratory	 data	 to	 help	 identify	
children	 age	 ≤3	 years	 with	 a	 history	 of	 wheezing	 at	 risk	 of	
developing	persistent	 asthma	was	developed	 from	 the	Tucson	
cohort.14	Information	on	parental	asthma	diagnosis	and	prena-
tal	maternal	smoking	status	was	obtained	at	enrollment,	while	
the	 child’s	 history	 of	 asthma	 and	 wheezing	 and	 physician-
diagnosed	allergic	rhinitis	or	eczema,	along	with	measurements	
of	blood	eosinophil	count,	were	obtained	at	the	follow-up	visits.	
Two	 indices	 were	 used	 to	 classify	 the	 children.	 The	 stringent	
index	required	recurrent	wheezing	in	the	first	3	years	plus	one	
major	 (parental	 history	 of	 asthma	 or	 physician-diagnosed	
eczema)	or	two	of	three	minor	(eosinophilia,	wheezing	without	
colds,	 allergic	 rhinitis)	 risk	 factors,	 whereas	 the	 loose	 index	
required	any	episode	of	wheezing	in	the	first	3	years	plus	one	
major	or	two	of	three	minor	risk	factors.	Children	with	a	posi-
tive	loose	index	were	2.6	to	5.5	times	more	likely	to	have	active	
asthma	sometime	during	the	school	years.	 In	contrast,	 risk	of	
asthma	increased	to	4.3	to	9.8	times	when	the	stringent	criteria	
were	used.	 In	addition,	at	 least	90%	of	young	children	with	a	
negative	 ‘loose’	 or	 ‘stringent’	 index	 will	 not	 develop	 ‘active	
asthma’	in	the	school	age	years.

A	modified	version	of	the	API	(mAPI)	incorporates	inhalant	
allergen	 sensitization	 as	 an	 additional	 major	 risk	 factor	 and	
food	allergen	sensitization	as	an	additional	minor	risk	factor	to	
take	 into	account	 important	findings	 from	other	 longitudinal	
natural	 history	 asthma	 studies.15	 In	 the	 Berlin	 Multicentre	
Allergy	Study,	additional	risk	factors	for	asthma	and	bronchial	
hyperreactivity	at	age	7	years	 included	persistent	sensitization	
to	foods	(i.e.	hen’s	egg,	cow’s	milk,	wheat	and/or	soy)	and	peren-
nial	 inhalant	 allergens	 (i.e.	 dust	 mite,	 cat),	 especially	 in	 early	
life.16,17	In	a	prospective,	randomized,	controlled	study	of	food	
allergen	 avoidance	 in	 infancy	 evaluating	 the	 development	 of	
atopy	at	age	7	years	in	a	high-risk	cohort,	egg,	milk	and	peanut	
allergen	sensitization	were	risk	factors	for	asthma.18	With	these	
additional	considerations,	an	mAPI	has	been	used	 in	an	early	
intervention	 study	 for	 young	 children	 with	 recurrent	 wheez-
ing.19	 Henceforth,	 it	 has	 been	 adapted	 by	 the	 NAEPP	 EPR3	
asthma	guidelines	as	a	requirement	along	with	a	history	of	four	
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Figure 32-1  Algorithm for suggested management of infants and young children with suspected or established asthma. GERD – gastroesophageal 
reflux disease. 

Suspected: Based on
history of recurrent
wheezing, cough or
shortness of breath

Consider asthma diagnosis, especially if:
Positive for family or personal history of atopy
Response to a bronchodilator or antiinflammatory
therapy is documented
Triggers include physical activity, cold air,
infections or allergen and irritant exposure 

Consider alternative diagnosis or confounding
factors if:
Poor response to asthma therapy
Neonatal or very early onset of symptoms
Presence of other constitutional or systemic signs
and symptoms such as stridor, failure to thrive,
diarrhea, vomiting, or developmental delays

Initiate controller therapy if:
Symptoms are persistent
Four or more episodes of wheezing in the
past year lasting more than a day in a child
with risk factors for persistent asthma
(positive asthma predictive index)
History of at least two exacerbations in the
past 6 months requiring systemic corticosteroids

Close follow-up and initiate evaluations
and/or referral to specialists

Established asthma: evaluate control
Impairment: assessment of the child’s recent symptom frequency and intensity and functional
limitations (i.e. nighttime awakenings, need for short-acting β-agonists for quick relief,
work/school days missed, ability to engage in normal or desired activities, and quality of life
assessments) and airflow compromise using preferably spirometry in older children
Risk: frequency and severity of exacerbations: reduced lung function growth for children
5 years and older: monitor medication adverse effects

Uncontrolled asthma:
More than twice a week of daytime symptoms or
rescue bronchodilator use; more than once a month
of nocturnal symptoms; report of activity limitation;
evidence of airflow limitation for older children;
more than one exacerbation per year

Acute exacerbation
management
Assess oxygen requirement
Inhaled short-acting β-agonist
as necessary
If multiple rescue treatments in
a given day are required
recommend systemic steroid
Assess need for admission
Rule out: infection, aspiration,
possible triggers
Schedule follow-up appointment
Consider initiation or escalation
of therapy if other indicators of
poor control are established

Poor control
No controller therapy:
  Add controller medication
On controller therapy:
  Review medication
  adherence and technique
  Step up controller therapy

Asthma education
Environmental control
measures
Begin peak flow
monitoring as able
Rule out confounding
factors (e.g. structural
abnormalities, sinusitis,
GERD, psychosocial
factors)

Review treatment
regularly

Consider gradual
step-wise reduction

Continue
education

Controlled
asthma

A

B

Diagnostic Tools to Evaluate Asthma 
in Young Children
Preschool	children	present	some	diagnostic	challenges	inherent	
to	their	young	age	such	that	a	confirmation	of	a	diagnosis	can	
be	difficult	to	make.	Infants	and	young	children	are	too	young	

to	reliably	perform	objective	measures	of	disease	activity.	Fur-
thermore,	they	are	unable	to	provide	their	own	history	so	clini-
cians	must	depend	on	the	parents’/caregivers’	report.	Werk	et	al	
sought	 to	 determine	 the	 factors	 primary	 care	 pediatricians	
believe	 are	 important	 in	 establishing	 an	 initial	 diagnosis	 of	
asthma.24	Questionnaires	on	asthma	diagnosis	consisting	of	20	
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factors	 obtained	 from	 the	 National	 Heart,	 Lung,	 and	 Blood	
Institute	 (NHLBI)	 National	 Asthma	 Education	 Prevention	
Program	(NAEPP)	Expert	Panel	Report	2	(EPR2)	guidelines25	
and	 an	 expert	 local	 panel	 of	 subspecialists	 were	 sent	 to	 862	
active	 members	 of	 the	 Massachusetts	 American	 Academy	 of	
Pediatrics.	 Over	 80%	 of	 the	 respondents	 rated	 five	 factors	 as	
necessary	or	important	in	establishing	the	diagnosis	of	asthma:	
recurrent	 wheezing,	 symptomatic	 improvement	 following	
bronchodilator	use,	presence	of	 recurrent	cough,	exclusion	of	
other	diagnoses,	and	suggestive	peak	expiratory	flow	rate	find-
ings.	Of	note,	27%	of	the	respondents	indicated	that	a	child	had	
to	be	older	than	2	years;	18%	indicated	that	fever	must	be	absent	
during	an	exacerbation.

The	diagnosis	of	asthma	in	young	children	is	based	largely	
on	clinical	judgment	and	an	assessment	of	symptoms	and	phys-
ical	 findings.	 The	 following	 characteristics	 are	 suggestive	 of	
asthma:	 wheezing	 or	 recurrent	 or	 persistent	 nonproductive	
cough	 or	 difficult	 breathing	 that	 may	 be	 worse	 at	 night	 or	
occurring	with	exercise,	laughing,	crying	or	exposure	to	tobacco	
smoke	in	the	absence	of	a	respiratory	infection;	reduced	activity	
or	 interest	 in	 running	 or	 playing	 compared	 to	 other	 children	
with	easy	fatigability	during	walks;	presence	of	other	personal	
allergic	diseases	(atopic	dermatitis	or	allergic	rhinitis)	or	family	
history	of	asthma	in	first	degree	relatives;	and	response	to	either	
therapeutic	trial	of	a	corticosteroid	or	a	short-acting	broncho-
dilator	 as	 needed.7	 Because	 lung	 function	 measurements	 in	
infants	and	small	children	are	difficult	to	obtain,	a	trial	of	treat-
ment	is	often	a	practical	way	to	make	a	diagnosis	of	asthma	in	
young	children.

At	 present,	 for	 adults	 and	 older	 children,	 easily	 performed	
lung	 function	 measures	 and	 noninvasive	 markers	 of	 airway	
inflammation	 can	 be	 used	 to	 make	 the	 diagnosis	 of	 asthma,	
monitor	 asthma	 control	 or	 guide	 therapeutic	 decisions.	 The	
following	section	will	highlight	available	procedures	and	tech-
niques	with	the	potential	to	measure	lung	function	and	airway	
inflammation	in	the	young	child.

FORCED OSCILLOMETRY

Forced	 oscillometry	 is	 a	 pulmonary	 function	 technique	 that	
measures	 respiratory	 system	 resistance	 (Rrs)	 and	 reactance	
(Xrs)	at	several	 frequencies.	It	 involves	the	application	of	sine	
waves	 through	 a	 loudspeaker	 to	 the	 airway	 opening	 via	 a	
mouthpiece,	 through	which	 the	subject	breathes	normally	 for	
short	 periods	 of	 time.	 Measurements	 are	 carried	 out	 during	
tidal	 breathing	 over	 a	 30-second	 interval	 with	 at	 least	 three	
efforts	recorded.	Given	its	relative	ease	of	use,	it	is	a	reproduc-
ible	 and	 suitable	 measure	 of	 lung	 function	 in	 younger	 chil-
dren.26	Marotta	et	al	performed	pre-	and	post-bronchodilator	
spirometry	 and	 forced	 oscillometry	 in	 young	 children	 at	 risk	
for	asthma	and	found	no	difference	in	baseline	FEV1	or	resis-
tance	 between	 children	 with	 asthma	 versus	 those	 without;		
the	 degree	 of	 bronchodilator	 response	 differentiated	 the	 two	
groups.27	Some	 investigators	believe	 that	 reactance	at	 low	 fre-
quencies	is	a	reflection	of	peripheral	airways	function.28

Using	 three	 different	 lung	 function	 measures,	 Nielsen	 and	
Bisgaard	evaluated	the	bronchodilator	response	of	92	children	
2	 to	 5	 years	 old,	 55	 of	 whom	 had	 asthma.29	 Children	 with	
asthma	 had	 diminished	 lung	 function	 compared	 to	 nonasth-
matic	 children	 using	 any	 of	 the	 following	 measures:	 specific	
airway	 resistance	 (sRaw)	 utilizing	 whole	 body	 plethysmogra-
phy,	 or	 respiratory	 resistance	 utilizing	 either	 an	 interrupter	

technique	 (Rint)	 or	 impulse	 oscillation	 technique	 at	 5	Hz	
(Rrs5).	 Both	 asthmatic	 and	 nonasthmatic	 children	 responded	
to	 terbutaline,	 although	 children	 with	 asthma	 reversed	 to	 a	
greater	extent	than	the	nonasthmatic	children.	The	investigators	
found	 that	 sRaw	 utilizing	 body	 plethysmography	 best	 distin-
guished	asthmatics	from	nonasthmatics	based	on	bronchodila-
tor	response.	They	concluded	that	assessment	of	bronchodilator	
responsiveness	 using	 sRaw	 may	 help	 define	 asthma	 in	 young	
children.

MEASUREMENT OF BRONCHIAL REACTIVITY

As	 with	 measurements	 of	 airflow	 limitation,	 procedures	 to	
assess	BHR	in	infants	and	young	children	have	distinctive	chal-
lenges.	Measurement	of	BHR	using	cold	air	(4	minutes	of	iso-
capneic	 hyperventilation)	 or	 dry	 air	 (6	 minutes	 of	 eucapneic	
hyperventilation)	challenge	with	 sRaw	as	an	outcome	may	be	
useful,	practical	alternatives	 to	auscultatory	pharmacologic	or	
exercise	bronchoprovocation	challenges	which	 are	more	diffi-
cult	 to	 standardize	 in	 young	 children.30	 Using	 a	 dry	 air	 chal-
lenge,	 magnitude	 of	 response	 was	 associated	 with	 a	 wheeze	
phenotype.	 Persistent	 wheezers	 had	 a	 larger	 increase	 in	 sRaw	
following	eucapneic	hyperventilation	challenge	compared	with	
never	 wheezers,	 but	 no	 significant	 differences	 between	 never	
wheezers,	 late-onset	or	transient	wheezers	were	seen.31

MEASURES OF INFLAMMATION

Exhaled	 nitric	 oxide	 (eNO)	 levels	 are	 elevated	 in	 patients		
with	 asthma32	 and	 correlate	 positively	 with	 eosinophilic	
airway	inflammation.33	In	addition,	they	rise	during	acute	exac-
erbations34	 and	 fall	 following	 oral	 or	 inhaled	 corticosteroid	
(ICS)	therapy.35,36

Online37	 and	 offline38	 eNO	 measurements	 can	 be	 reliably	
obtained	 in	 very	 young	 children.	 Reference	 values	 using	 an	
offline	 tidal	 breathing	 method	 in	 healthy	 preschool	 children	
have	recently	been	published.39	Higher	mean	(±SEM)	eNO	con-
centrations	(14.1	±	1.8	ppb)	were	found	in	infants	and	young	
children	(age	7	to	33	months)	presenting	with	an	acute	wheeze	
and	a	history	of	at	least	three	prior	wheezing	episodes	compared	
to	first-time	viral	wheezers	(age	9	to	14	months)	(8.3	±	1.3	ppb,	
P <	.05)	and	healthy	matched	controls	(5.6	±	0.5	ppb,	P <	.001).	
No	 differences	 in	 eNO	 measurements	 were	 seen	 between	 the	
last	two	groups.	In	addition,	eNO	levels	were	reduced	by	52%	
after	 steroid	 therapy	 to	 a	 level	 comparable	 to	 those	 of	 the	
healthy	controls	and	first-time	wheezers.38

Unlike	 sophisticated	 measures	 of	 lung	 function	 and	 BHR,	
eNO	can	be	easily	and	quickly	measured.	An	elevated	eNO	in	
preschool	 age	 children	 has	 been	 shown	 to	 predict	 asthma	 in	
school	age.40

In	one	of	the	few	studies	designed	specifically	to	address	the	
role	 of	 eosinophil	 cationic	 protein	 (ECP)	 in	 young	 children	
with	recurrent	wheezing,	Carlsen	et	al41	found	a	strong	correla-
tion	between	serum	ECP	and	response	to	albuterol/salbutamol	
using	 the	 tidal	flow	volume	 loop	technique	 in	children	0	 to	2	
years	 of	 age.	 These	 investigators	 suggested	 that	 ECP	 may	 be	
measuring	airway	inflammation	and	may	have	some	prognostic	
value	in	diagnosing	asthma	in	infants	and	toddlers	with	recur-
rent	wheezing.	The	major	drawback	for	ECP	is	its	lack	of	sen-
sitivity	and	blood	sample	collection.

Although	direct	investigation	of	the	airway	using	bronchos-
copy	 and	 biopsy	 is	 the	 gold	 standard	 for	 establishing	 airway	
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short-acting	β2-agonists	 for	quick	 relief,	 and	ability	 to	engage	
in	normal	or	desired	activities.	Risk	refers	 to	an	evaluation	of	
the	 child’s	 likelihood	 of	 developing	 asthma	 exacerbations.	 Of	
note,	in	the	absence	of	frequent	symptoms,	‘persistent’	asthma	
should	 be	 considered	 and	 therefore	 long-term	 controller	
therapy	 initiated	 for	 infants	or	children	who	have	risk	 factors	
for	 asthma	 (i.e.	 using	 the	 mAPI:	 any	 of	 parental	 history	 of	
asthma,	physician-diagnosed	atopic	dermatitis,	or	sensitization	
to	aeroallergens	OR	two	of	the	following:	wheezing	apart	from	
colds,	 sensitization	 to	 foods,	or	peripheral	eosinophilia)	AND	
four	or	more	episodes	of	wheezing	over	the	past	year	that	lasted	
longer	than	1	day	and	affected	sleep	OR	two	or	more	exacerba-
tions	within	6	months	requiring	systemic	corticosteroids.

In	 the	 most	 recent	 iteration	 of	 the	 GINA	 global	 strategy,7	
much	emphasis	is	devoted	to	a	‘shared-care	approach’	using	an	
effective	patient-healthcare	provider	partnership	that	has	been	
shown	to	improve	outcomes,	and	the	process	of	‘assess,	adjust	
treatment,	and	review	response’.	Eliciting	specific	goals	of	treat-
ment	from	caregivers	and	providing	education	are	key	elements	
in	 this	 partnership.	 The	 process	 of	 assessing	 (diagnosis,	
symptom	control,	risk	factors,	inhaler	technique,	adherence	and	
parent	preference),	adjusting	treatment	(medications,	nonphar-
macological	strategies	and	treatment	of	modifiable	risk	factors),	
and	 reviewing	 response	 (medication	 effectiveness	 and	 side-
effects)	is	recommended	on	an	ongoing	basis.

CONTROLLER THERAPY FOR SMALL CHILDREN 
WITH PERSISTENT ASTHMA

Based	 on	 the	 NAEPP	 EPR3	 guidelines,6	 upon	 establishing	 a	
diagnosis	of	asthma	in	young	children,	initiation	of	controller	
therapy	is	warranted	for	persistent	asthma.	The	most	important	
determinant	of	dosing	is	the	clinician’s	judgment	of	the	patient’s	
presenting	degree	of	severity.	Initiation	of	long-term	controller	
therapy	should	also	be	considered	for	infants	and	younger	chil-
dren	 who	 have	 risk	 factors	 for	 asthma	 (i.e.	 modified	 asthma	
predictive	 index:	 parental	 history	 of	 asthma,	 physician-
diagnosed	atopic	dermatitis	or	sensitization	to	aeroallergens	or	
two	of	the	following:	wheezing	apart	from	colds,	sensitization	
to	foods	or	peripheral	eosinophilia)	and	four	or	more	episodes	
of	wheezing	over	the	past	year	that	lasted	longer	than	1	day	and	
affected	sleep	or	two	or	more	exacerbations	in	6	months	requir-
ing	systemic	corticosteroids.

Medication	dose	adjustment	 is	appropriate	based	on	 levels	
of	asthma	control,	although	dose-response	relationships	are	not	
well	 studied.	 For	 preschool	 children	 already	 on	 a	 controller	
medication,	management	 is	 tailored	based	on	the	child’s	 level	
of	control.	As	with	the	classification	of	asthma	severity,	assess-
ment	of	asthma	control	is	based	on	both	impairment	and	risk	
(Table	32-2).	The	three	levels	of	asthma	control	are	‘well	con-
trolled’,	 ‘not	 well	 controlled’	 and	 ‘very	 poorly	 controlled’.		
Children	 whose	 asthma	 is	 not	 well	 controlled	 have	 daytime	
symptoms	or	need	for	rescue	albuterol	>2	days/week,	nighttime	
symptoms	more	than	once	a	month	but	not	more	than	once	a	
week,	‘some	limitation’	with	normal	activity,	had	two	to	three	
exacerbations	in	the	past	year,	and	an	FEV1	of	60–80%	of	pre-
dicted	(or	FEV1/FVC	ratio	75–80%)	for	children	5	years	of	age	
or	 older.	 Children	 with	 very	 poorly	 controlled	 asthma	 have	
symptoms	 ‘throughout	 the	 day’,	 nocturnal	 symptoms	 more	
than	 once	 weekly,	 need	 for	 rescue	 albuterol	 several	 times	 per	
day,	‘extreme	limitations’	with	normal	activity,	had	≥3	exacerba-
tions	in	the	past	year,	and	for	children	at	least	aged	5	years,	an	

inflammation,	it	has	limited	clinical	applicability,	except	when	
other	 pulmonary	 abnormalities	 are	 being	 considered.	 Under-
standing	 the	 underlying	 pathophysiology	 of	 the	 disease	 in		
children	 is	 critical	 in	 order	 to	 identify	 processes	 that	 can	 be	
impacted	by	interventions.	Thickening	of	the	bronchial	epithe-
lial	 reticular	 basement	 membrane	 (RBM)	 and	 eosinophilic	
airway	 inflammation	 are	 characteristic	 pathologic	 features	 of	
asthma	found	in	children	as	young	as	3	years	old,	but	typically	
occurring	between	the	ages	of	6	to	16	years.42	It	is	unclear	when	
airway	 thickening	 begins	 since	 routine	 biopsy	 studies	 are	 not	
performed	 in	 infants.43	 Studies	 on	 bronchoalveolar	 lavages	
obtained	from	wheezing	infants	and	preschool	children	revealed	
an	overall	increase	in	airway	inflammation,	though	it	is	rarely	
eosinophilic.	 In	 one	 study	 in	 which	 bronchial	 biopsies	 were	
performed	 on	 symptomatic	 infants,	 there	 was	 no	 consistent	
relationship	between	RBM	thickening	and	inflammation,	clini-
cal	 symptoms	 and	 variable	 airflow	 obstruction,44	 similar	 to	
findings	from	biopsy	studies	in	older	school	aged	children	with	
asthma.45	The	use	of	sensitive,	noninvasive	physiologic	and	bio-
logic	markers	is	very	limited	in	the	clinical	evaluation	of	young	
children	with	asthma	and	recurrent	wheezing.

Management
The	 goals	 of	 asthma	 management	 are	 not	 different	 between	
older	 children	 and	 preschool	 aged	 children	 –	 to	 attain	 good	
symptom	control	and	allow	normal	activity	levels,	reduce	exac-
erbations,	 optimize	 lung	 function	 and	 minimize	 medication	
side-effects.	 Available	 asthma	 guidelines	 such	 as	 the	 National	
Asthma	Education	Prevention	Program	Expert	Panel	Report	3	
(NAEPP	EPR3)6	and	the	Global	Initiative	for	Asthma	(GINA)	
update	2014	report7	acknowledge	the	special	challenges	unique	
to	 the	 management	 of	 asthma	 in	 preschool	 children;	 hence	 a	
specific	 approach	 and	 treatment	 recommendations	 for	 pre-
school	children	with	asthma	are	presented.	Both	sets	of	guide-
lines	emphasize	maintenance	of	asthma	control	as	the	goal	for	
asthma	 management	 and	 use	 of	 ICS	 as	 the	 preferred	 therapy	
for	 persistent	 asthma.	 A	 comprehensive	 management	 is	 out-
lined	 in	 several	 components	 and/or	 sections	 and	 generally	
includes:	establishment	of	patient/doctor	partnership	and	pro-
vision	of	education	to	enhance	the	patient’s/family’s	knowledge	
and	skills	for	self-management	(appropriate	use	of	devices	and	
medications);	identification	and	management	of	risk	and	pre-
cipitating	 factors	 and	 co-morbid	 conditions	 that	 may	 worsen	
asthma;	adequate	assessment	and	monitoring	of	disease	activity	
(including	 symptom	 monitoring	 by	 parent/caregiver);	 appro-
priate	 selection	of	medications	 to	address	 the	patient’s	needs;	
and	management	of	asthma	exacerbations	(with	provision	of	a	
written	asthma	action	plan).	 The	 details	of	 each	 of	 these	 ele-
ments	are	discussed	in	Chapter	29.

Key	 differences	 between	 the	 two	 clinical	 guidelines	 are	
apparent.	The	approach	implemented	by	the	NAEPP	EPR3	on	
starting	 controller	 therapy	 is	based	on	 the	 concept	of	 asthma	
severity,	which	is	the	intrinsic	intensity	of	disease	and	applicable	
for	 patients	 not	 receiving	 controller	 therapy.	 The	 guidelines	
have	a	separate	set	of	criteria	for	various	age	groups	and	Table	
32-1	summarizes	the	classification	of	asthma	severity	for	chil-
dren	 0	 to	 4	 years	 old.	 The	 classification	 of	 asthma	 severity	 is	
contingent	upon	the	domains	of	impairment	and	risk	and	the	
level	of	severity	is	based	on	the	most	severe	impairment	or	risk	
component.	Impairment	 includes	an	assessment	of	the	child’s	
recent	symptom	frequency	(daytime	and	nighttime),	need	for	
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Children	with	severe	persistent	asthma	(Treatment	Steps	5	and	
6)	should	receive	high-dose	ICS,	a	LABA	or	montelukast,	and	
an	oral	corticosteroid,	if	required.	A	rescue	course	of	systemic	
corticosteroids	may	be	necessary	at	any	step.

The	‘step-up,	step-down’	approach	initially	introduced	in	the	
earlier	versions	of	the	NAEPP	guidelines21	and	slightly	modified	
in	the	current	iteration6	is	discussed	in	further	detail	in	Chapter	
29.	 The	 NAEPP	 guidelines	 emphasize	 initiating	 higher-level	
controller	 therapy	 at	 the	 outset	 to	 establish	 prompt	 control,	
with	measures	to	‘step	down’	therapy	once	good	asthma	control	
is	 achieved.	 Initially,	 airflow	 limitation	 and	 the	 pathology	 of	
asthma	 may	 limit	 the	 delivery	 and	 efficacy	 of	 ICS	 such	 that	
stepping	up	to	higher	doses	and/or	combination	therapy	may	
be	 needed	 to	 gain	 asthma	 control.	 Asthma	 therapy	 can	 be	
stepped	down	after	good	asthma	control	has	been	achieved	and	
ICS	 has	 had	 time	 to	 achieve	 optimal	 efficacy,	 by	 determining	
the	 least	number	or	dose	of	daily	 controller	medications	 that	
can	 maintain	 good	 control,	 thereby	 reducing	 the	 potential		
for	medication	adverse	effects.	If	step-up	therapy	is	being	con-
sidered	 at	 any	 point,	 it	 is	 important	 to	 check	 delivery	 device	
technique	 and	 adherence,	 implement	 environmental	 control	
measures	and	identify	and	treat	co-morbid	conditions.

The	 GINA	 2014	 global	 strategy	 also	 now	 offers	 a	 stepwise	
approach	 in	 the	 long-term	 management	 of	 asthma	 in	 very	
young	children.7	However,	if	control	is	still	inadequate	despite	
3	 months	 of	 controller	 therapy,	 the	 following	 should	 be	
addressed	 before	 any	 step-up	 treatment	 is	 offered:	 that	 any	

FEV1	of	<60%	of	predicted	or	FEV1/FVC	ratio	<75%.	Using	a	
validated	questionnaire	to	monitor	quality	of	life	for	older	chil-
dren	is	recommended	and	perhaps	the	TRACK	questionnaire42	
discussed	 in	 a	 subsequent	 section	 may	 now	 be	 applied	 in	
younger	children.

The	NAEPP	EPR3	provides	an	expanded	stepwise	treatment	
approach	(Figure	32-2)	even	for	young	children.	The	choice	of	
initial	 therapy	 is	 based	 on	 assessment	 of	 asthma	 severity.	 For	
patients	who	are	already	on	controller	therapy,	modification	of	
treatment	is	based	on	assessment	of	asthma	control	and	respon-
siveness	 to	 therapy.	 A	 major	 objective	 of	 this	 approach	 is	 to	
identify	and	treat	all	‘persistent’	and	uncontrolled	asthma	with	
antiinflammatory	controller	medication.	Management	of	inter-
mittent	 asthma	 is	 short-acting	 inhaled	 β-agonist	 as needed	
for	 symptoms	 and	 for	 pre-treatment	 for	 those	 with	 exercise-
induced	bronchospasm	(Step	1).	The	type(s)	and	amount(s)	of	
daily	controller	medications	to	be	used	are	determined	by	the	
asthma	severity	and	control	rating.	Even	for	young	children,	the	
preferred	treatment	for	‘persistent	asthma’	is	daily	ICS	therapy,	
with	or	without	an	additional	medication.	Alternative	medica-
tions	for	Step	2	include	a	leukotriene	receptor	antagonist	(mon-
telukast)	or	a	nonsteroidal	antiinflammatory	agent	(cromolyn).	
For	young	children	(≤4	years	of	age)	with	moderate	and	severe	
persistent	 asthma,	 medium-dose	 ICS	 monotherapy	 is	 recom-
mended	 and	 combination	 therapy	 of	 medium-dose	 ICS	 plus	
either		a	long-acting	β-agonist	(LABA)	or	montelukast	is	to	be	
initiated	 only	 as	 a	 Step	 4	 treatment	 for	 uncontrolled	 asthma.	

Components of Severity

CLASSIFICATION OF ASTHMA SEVERITY (0–4 YR)

Intermittent

PERSISTENT

Mild Moderate Severe

Impairment Daytime symptoms ≤2 d/wk >2 d/wk but not daily Daily Throughout the day
Nighttime awakenings 0 1–2×/mo 3–4×/mo >1×/wk
SABA use for symptoms (not 

EIB pretreatment
≤2 d/wk >2 d/wk but not daily and not 

more than once on any day
Daily Several times per day

Interference with normal 
activity

None Minor limitation Some limitation Extremely limited

Risk Exacerbations requiring 
systemic corticosteroids

0–1/yr ≥2 exacerbations in 6 months requiring systemic corticosteroids, or ≥4 
wheezing episodes/1yr lasting >1 day and risk factors for persistent asthma

Consider severity and interval since last exacerbation
Frequency and severity may fluctuate over time
Exacerbations of any severity may occur in patients in any severity category

Recommended step for initiating therapy Step 1 Step 2 Step 3 and consider short course of oral 
systemic corticosteroids

In 2–6 weeks, depending on severity, evaluate level of asthma control that is achieved. If no 
clear benefit is observed within 4–6 weeks, consider adjusting therapy or alternative 
diagnoses

National Asthma Education and Prevention Program: Expert Panel Report 3 (EPR 3): Guidelines for the Diagnosis and Management of  
Asthma – Summary Report 2007. J Allergy Clin Immunol 2007;120(Suppl):S94–138. Available at: http://www.nhlbi.nih.gov/guidelines/asthma/
asthgdln.htm.

Notes:
•  The stepwise approach is meant to assist, not replace, the clinical decision-making required to meet individual patient needs.
•  Level of severity is determined by both impairment and risk. Assess impairment domain by patient’s/caregiver’s recall of previous 2–4 weeks. 

Symptom assessment for longer periods should reflect a global assessment such as inquiring whether a patient’s asthma is better or worse 
since the last visit. Assign severity to the most severe category in which any feature occurs.

•  At present, there are inadequate data to correspond frequencies of exacerbations with different levels of asthma severity. For treatment 
purposes, patients who had ≥2 exacerbations requiring oral systemic corticosteroids in the past 6 months, or ≥4 wheezing episodes in the past 
year, and who have risk factors for persistent asthma may be considered the same as patients who have persistent asthma, even in the 
absence of impairment levels consistent with persistent asthma.

EIB – Exercise-induced bronchospasm; SABA – short-acting β2-agonist use.

TABLE 
32-1 

Classifying Asthma Severity and Initiating Treatment in Children Aged 0 to 4 Years: Assessing Severity and 
Initiating Treatment for Patients Who are not Currently Taking Long-term Control Medications

http://www.nhlbi.nih.gov/guidelines/asthma/asthgdln.htm
http://www.nhlbi.nih.gov/guidelines/asthma/asthgdln.htm
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high-dose	ICS	therapy	given	at	the	onset	of	a	respiratory	illness	
is	 further	 demonstrated	 to	 be	 as	 beneficial	 as	 maintenance	
therapy	with	ICS	in	children	with	recurrent	wheezing	and	with	
risk	factors	for	persistent	asthma.48	Because	it	has	the	potential	
to	 cause	 side-effects	 if	 given	 quite	 often	 during	 the	 year	 at	
higher	doses,	this	should	be	considered	for	families	who	are	able	
to	use	this	intervention	responsibly.	Step	2	treatment	is	recom-
mended	 for	 young	 children	 with	 symptom	 pattern	 consistent	
with	asthma	and	not	well	controlled	or	with	3	or	more	exacer-
bations	per	year	or	with	frequent	wheezing	episodes	occurring	
every	6	to	8	weeks.	Similar	to	the	NAEPP	EPR3	recommenda-
tion	are	the	preferred	medication	using	daily	low-dose	ICS	(for	
at	least	3	months	trial)	and	the	alternative	option	using	a	leu-
kotriene	 receptor	 antagonist,	 but	 GINA	 2014	 global	 strategy	
now	 also	 includes	 intermittent	 ICS	 for	 Step	 2	 as	 an	 alternate	
option.	The	National	Institute	of	Health	sponsored	AsthmaNet	
is	currently	undertaking	a	clinical	 trial	comparing	 these	 three	
treatments	in	young	children	with	persistent	asthma.	Preferred	
Step	3	treatment	is	double	‘low-dose’	ICS,	indicated	for	children	
with	established	asthma	not	well	 controlled	on	 low-dose	 ICS.	
The	alternative	option	is	low-dose	ICS	with	a	leukotriene	recep-
tor	 antagonist.	 The	 highest	 step	 (Step	 4)	 basically	 proposes	 a	
referral	 to	 a	 specialist	 for	 expert	 advice.	 Additional	 options	

other	 possible	 alternative	 or	 confounding	 condition	 is	 enter-
tained;	 assessment	 of	 inhaler	 technique;	 adherence	 is	 accept-
able;	and	exposure	to	allergens	or	tobacco	smoke	is	avoided.	The	
criteria	 for	 ‘well	 controlled’,	 ‘partly	 controlled’	 and	 ‘uncon-
trolled’	asthma	according	to	the	GINA	global	strategy	are	sum-
marized	in	Table	32-3,	based	on	a	4-week	recall.	‘Well-controlled’	
asthma	is	characterized	by	at	most	daytime	symptoms	once	a	
week,	rescue/reliever	treatment	less	than	2	times	a	week,	absence	
of	 any	 activity	 limitation	 due	 to	 asthma,	 and	 no	 nocturnal	
cough	or	awakenings.	‘Partly	controlled’	asthma	has	one	to	two	
of	the	following:	≥2	daytime	symptoms	a	week,	≥2	rescue	bron-
chodilator	use,	any	nocturnal	cough/awakenings,	or	limitations	
of	activities.	Lastly,	‘uncontrolled’	asthma	is	defined	as	presence	
of	 three	 or	 all	 features	 characteristic	 of	 ‘partly	 controlled’	
asthma	present	in	any	week	or	exacerbation	occurring	once	in	
any	week.

The	stepwise	approach	in	the	GINA	2014	global	strategy	has	
important	 differences	 from	 the	 NAEPP	 EPR36,7	 (Table	 32-4).	
For	Step	1	which	recommends	as	needed	short-acting	β-agonist	
as	the	preferred	controller	choice	for	children	with	infrequent	
viral	wheezing,	with	few	or	no	interval	symptoms,	intermittent	
inhaled	corticosteroid	therapy	is	an	alternative	option	if	short-
acting	 β-agonist	 treatment	 is	 not	 enough.46,47	 Intermittent	

Components of Control

CLASSIFICATION OF ASTHMA CONTROL (0–4 YR)

Well Controlled Not Well Controlled Very Poorly Controlled

Impairment Daytime symptoms ≤2 d/wk but not more 
than once on each day

>2 d/wk Throughout the day

Nighttime awakenings ≤1×/mo >1×/mo >1×/wk
SABA use for symptoms 

(not EIB pretreatment)
≤2 d/wk >2 d/wk Several times per day

Interference or limitations 
with normal activity

None Some limitation Extremely limited

Risk Exacerbations requiring 
oral systemic 
corticosteroids

0–1/yr 2–3/yr >3 yr

Treatment-related adverse 
effects

Medication side-effects can vary in intensity from none to very troublesome and worrisome. 
The level of intensity does not correlate to specific levels of control but should be 
considered in the overall assessment of risk

Recommended action for treatment per 
NAEPP guidelines

Maintain current 
treatment

Regular follow-up every 
1–6 months

Consider step down if 
well controlled for at 
least 3 months

Step up (1 step) and 
reevaluate in 2–6 weeks

If no clear benefit in 
4–6 weeks, consider 
alternative diagnoses or 
adjusting therapy

For side-effects, consider 
alternative treatment 
options

Consider short course of oral 
systemic corticosteroids

Step up (1–2 steps), and 
reevaluate in 2 weeks

If no clear benefit in 4–6 weeks, 
consider alternative diagnoses 
or adjusting therapy

For side-effects, consider 
alternative treatment options

National Asthma Education and Prevention Program: Expert Panel Report 3 (EPR 3): Guidelines for the Diagnosis and Management of Asthma 
– Summary Report 2007. Available at: http://www.nhlbi.nih.gov/guidelines/asthma/asthgdln.htm.

Notes:
•  The stepwise approach is meant to assist, not replace, the clinical decision-making required to meet individual patient needs.
•  The level of control is based on the most severe impairment or risk category. Assess impairment domain by caregiver’s recall of previous 2 to 

4 weeks. Symptom assessment for longer periods should reflect a global assessment such as inquiring whether the patient’s asthma is better 
or worse since the last visit.

•  At present, there are inadequate data to correspond frequencies of exacerbations with different levels of asthma control. In general, more 
frequent and intense exacerbations (e.g. requiring urgent, unscheduled care, hospitalization or ICU admission) indicate poorer disease control. 
For treatment purposes, patients who had ≥2 exacerbations requiring oral systemic corticosteroids in the past year may be considered the 
same as patients who have not-well-controlled asthma, even in the absence of impairment levels consistent with not-well-controlled asthma.

•  Before step-up therapy:
•  Review adherence to medications, inhaler technique and environmental control.
•  If alternative treatment option was used in a step, discontinue it and use preferred treatment for that step.

TABLE 
32-2 Assessing Asthma Control and Adjusting Therapy in Children Aged 0 to 4 Years

http://www.nhlbi.nih.gov/guidelines/asthma/asthgdln.htm


292	 SECTION F Asthma

(ACT)	for	children	12	years	of	age	and	older,	and	the	Childhood	
ACT	(cACT)	for	children	4	to	11	years	of	age	are	examples	of	
self-administered	questionnaires	that	have	been	developed	and	
validated	with	the	objective	of	addressing	multiple	domains	of	
asthma	 control	 such	 as	 frequency	 of	 daytime	 and	 nocturnal	
symptoms,	use	of	reliever	medications,	functional	status,	missed	
school	 or	 work	 and	 so	 on.49,50	 Recently,	 a	 five-item	 caregiver-
administered	instrument,	the	Test	for	Respiratory	and	Asthma	
Control	in	Kids	(TRACK),	is	the	first	of	its	kind	to	have	been	
validated	as	a	 tool	 to	assess	asthma	control	 in	young	children	
with	 recurrent	 wheezing	 or	 respiratory	 symptoms	 consistent	
with	 asthma.51	 This	 questionnaire	 includes	 an	 assessment	
of	 both	 impairment	 and	 risk	 reflected	 in	 the	 NAEPP	 EPR3	
asthma	 management	 guidelines.6	 The	 items	 include	 four	
impairment	questions	(three	on	symptom	burden	and	activity	
limitations	over	a	4-week	period	and	one	on	rescue	medication	
use	over	a	3-month	period)	and	one	risk	question	on	oral	cor-
ticosteroid	 use	 over	 a	 12-month	 period.	 Each	 item	 has	 five	
descriptive	ordinal	responses	which	can	be	scored	over	a	5-point	
scale	(0,	5,	10,	15,	and	20;	total	score	range	0–100).	The	screen-
ing	ability	of	 the	entire	 scale	 showed	areas	under	 the	 receiver	
operating	characteristic	(ROC)	curve	of	0.88	and	0.82,	respec-
tively,	 in	 the	 development	 and	 validation	 samples,	 with	 a	

include	adding	a	leukotriene	receptor	antagonist,	theophylline	
or	a	 low-dose	oral	 corticosteroid	 (for	a	 few	weeks	only)	until	
control	improves,	increasing	the	dose	or	frequency	of	ICS	deliv-
ery	or	adding	intermittent	ICS	to	regular	daily	ICS,	particularly	
if	 exacerbations	 are	 the	 main	 concern.	 Through	 all	 these,	 the	
process	of	assessing,	adjusting	treatment	and	reviewing	response	
should	 be	 actively	 enforced.	 Regular	 assessment	 of	 symptom	
control	and	risk	of	exacerbations,	inhaler	technique,	adherence	
and	 parents’	 understanding	 and	 preference	 should	 be	 under-
taken.	The	need	for	controller	therapy	should	be	evaluated	and	
treatment	 should	 be	 adjusted	 as	 symptoms	 in	 this	 age	 group	
may	remit	at	certain	times	of	the	year	or	even	over	time.	Once	
therapy	is	discontinued,	a	close	follow-up	within	3	to	6	weeks	
is	ideal,	and	caregivers	should	be	provided	with	a	written	asthma	
action	plan	that	incorporates	early	warning	signs	of	worsening	
asthma	 control	 and	 what	 to	 do	 or	 who	 to	 contact	 when	 the	
child’s	condition	deteriorates.

MONITORING DISEASE ACTIVITY  
AND RESPONSE

Monitoring	 disease	 activity	 and	 response	 to	 therapy	 can	 be	
assessed	using	validated	instruments.	The	Asthma	Control	Test	

Figure 32-2  Stepwise approach for managing asthma in children aged 0 to 4 years.
*Alphabetical order is used when more than one treatment option is listed within either preferred or alternative therapy.
Notes:
•  The stepwise approach is meant to assist, not replace, the clinical decision-making required to meet individual patient needs.
•  If alternative treatment is used and response is inadequate, discontinue it and use the preferred treatment before stepping up.
•  If clear benefit is not observed within 4 to 6 weeks and patient/family medication technique and adherence are satisfactory, consider adjusting 

therapy or alternative diagnosis.
•  Studies on children aged 0 to 4 years are limited. Step 2 therapy is based on Evidence A. All other recommendations are based on expert opinion 

and extrapolation from studies in older children. The stepwise approach is meant to assist, not replace, the clinical decision-making required to 
meet individual patient needs.

ICS –  Inhaled corticosteroid; LABA –  inhaled  long-acting β2-agonist; prn –  as needed; SABA –  inhaled short-acting β2-agonist. National Asthma 
Education and Prevention Program: Expert Panel Report 3 (EPR 3): Guidelines for the Diagnosis and Management of Asthma – Summary Report 
2007. J Allergy Clin Immunol 2007;120(Suppl):S94–138. (Available at: http://www.nhlbi.nih.gov/guidelines/asthma/asthgdln.htm.)

Intermittent
asthma

Persistent asthma: daily medication*
Consult with asthma specialist if step 3 or higher is required

Consider consultation at step 2        

Step up if needed
(first check 
adherence, inhaler 
technique and
environmental
control)
 
Assess
Control
Step down if  
possible (and
asthma is well
controlled at least
3 mo)        

Step 5

Preferred
High-dose ICS
+ either LABA 
or montelukast 

Step 6

Preferred
High-dose ICS
+ either LABA 
or montelukast

Oral systemic
corticosteroids  

Step 4

Preferred
Medium-dose ICS
+ either LABA or
montelukast   

Step 3

Preferred
Medium-dose ICS 

Step 2

Preferred
Low-dose ICS

Alternative
cromolyn or
montelukast 

Step 1

Preferred
SABA prn 

Patient education and environmental control at each step  

Quick-relief medication for all patients:
• SABA as needed for symptoms. Intensity of treatment depends on severity of symptoms
• With viral respiratory infection: SABA q 4–6 hr up to 24 hr (longer with physician consult). Consider short course
   of systemic corticosteroids if exacerbation is severe or patient has history of previous severe exacerbations
• Caution: frequent use of SABA may indicate the need to step up treatment                        

http://www.nhlbi.nih.gov/guidelines/asthma/asthgdln.htm
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A. Level of Symptom Control

In the past 4 weeks, has the child had: Yes No
Daytime asthma symptoms for more than a few minutes?
Any night waking or coughing due to asthma?
Reliever medication needed more than once a week (excludes reliever taken before 

exercise)?
Any activity limitation due to asthma? (Runs/plays less than other children, tires easily 

during walks/playing?)
Controlled (none of the above)
Partly controlled (1–2 of these)
Uncontrolled (3–4 of these)

B. Future Risk for Poor Asthma Outcomes

Risk factors for asthma exacerbations
• Uncontrolled asthma symptoms
• One or more severe exacerbations in previous year
• The start of the child’s usual ‘flare-up’ season (especially if autumn or fall)
• Exposures: tobacco smoke; indoor or outdoor air pollution; indoor allergens (e.g. house dust mite, cockroach, pets, mold), especially in 

combination with viral infection
• Major psychological or socioeconomic problems for child or family
• Poor adherence with controller medication, or incorrect inhaler technique
Risk factors for fixed airflow limitation
• Severe asthma with several hospitalizations
• History of bronchiolitis
Risk factors for medication side-effects
• Systemic: frequent courses of oral corticosteroids; high-dose and/or potent inhaled corticosteroids
• Local: moderate/high-dose or potent inhaled corticosteroids; incorrect inhaler technique; failure to protect skin or eyes when using 

inhaled corticosteroids by nebulizer or spacer with facemask

Adapted from the Global strategy for asthma management and prevention 2014. Available at: http://www.ginasthma.org.

TABLE 
32-3 GINA Assessment of Asthma Control in Children 5 Years and Younger

Step 1 Step 2 Step 3 Step 4

PREFERRED CONTROLLER 
CHOICE

Daily low-dose ICS Double ‘low-dose’ ICS Continue controller 
and refer for 
specialist assessment

Other controller options LTRA
Intermittent ICS

Low-dose ICS + LTRA Add LTRA
Increase ICS frequency
Add intermittent ICS

RELIEVER As needed short-acting β2-agonist
CONSIDER THIS STEP FOR 

CHILDREN WITH
Infrequent viral 

wheezing and 
no or few 
interval 
symptoms

Symptom pattern consistent with 
asthma and asthma symptoms 
not well controlled, or ≥3 
exacerbations per year

Symptom pattern not consistent 
with asthma but wheezing 
episodes occur frequently,  
e.g. every 6–8 weeks

Give diagnostic trial for 3 months

Asthma diagnosis, and 
not well controlled 
on low-dose ICS

Not well controlled on 
double ICS

First check diagnosis, inhaler skills, adherence, 
exposures

KEY ISSUES ALL CHILDREN
• Assess symptom control, future risk, co-morbidities
• Self-management: education, inhaler skills, written asthma action plan, adherence
• Regular review: assess response, adverse events, establish minimal effective treatment
• (Where relevant): environmental control for smoke, allergens, indoor/outdoor air pollution

Adapted from the Global strategy for asthma management and prevention 2014. Available at: http://www.ginasthma.org.
ICS – Inhaled corticosteroid; LTRA – leukotriene receptor antagonist.

TABLE 
32-4 

Stepwise Approach to Long-Term Management of Asthma in Children 5 Years and Younger  
(Global Initiative for Asthma 2014)

http://www.ginasthma.org
http://www.ginasthma.org
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ACTH-stimulated	cortisol	levels	were	found	between	any	of	the	
active	treatment	groups	and	placebo.

Pharmacokinetics  of  Nebulized  Budesonide  in  Small 
Children.  Little	is	known	regarding	the	amount	of	drug	deliv-
ered,	by	any	inhaled	device	and	with	any	drug,	to	 infants	and	
young	children	with	asthma.	ICS	have	the	potential	for	adverse	
effects,	so	it	is	important	to	deliver	the	smallest	amount	of	drug	
required	 for	 response.	 Agertoft	 et	al	 evaluated	 the	 systemic	
availability	and	pharmacokinetics	of	nebulized	budesonide	in	a	
group	of	preschool	children	(mean	age	4.7	years)	with	chronic	
asthma.57	 Ten	 children	 underwent	 pharmacokinetic	 studies	
of	 both	 intravenously	 administered	 (125	µg)	 and	 inhaled	
budesonide	 (1	mg	 delivered	 by	 nebulization).	 The	 amount	 of	
nebulized	budesonide	delivered	to	the	patient	was	calculated	by	
subtracting	the	amount	of	drug	remaining	in	the	nebulizer,	the	
amount	emitted	into	the	ambient	air,	and	the	amount	found	in	
the	mouth	after	rinsing	from	the	initial	amount	of	budesonide	
in	 the	 nebulizer	 (the	 nominal	 dose).	 The	 mean	 dose	 to	 the	
subject	 was	 found	 to	 be	 23%	 of	 the	 nominal	 dose	 (231	µg),	
while	 the	 systemic	 availability	 was	 only	 6.1%	 of	 the	 nominal	
dose,	or	61	µg.	The	clearance	of	budesonide	was	calculated	to	
be	 0.54	L/min	 with	 a	 t1/2	 of	 2.3	 hours,	 and	 Vdss	 of	 55	L.	 The	
systemic	availability	in	these	small	children	was	approximately	
half	that	seen	in	adults.	In	addition,	the	clearance	of	budesonide	
in	these	children	was	twice	that	of	adults.

Recommended	doses	of	different	ICS	formulations	for	chil-
dren	5	years	and	younger	according	to	low,	medium	and	high	
doses	 in	 the	 NAEPP	 EPR3	 and	 low-dose	 formulations	 in	 the	
GINA	2014	global	strategy	are	shown	in	Table	32-5.6,7

What	 type	of	patient	will	 respond	 favorably	 to	 ICS	 in	 this	
age	group	is	an	important	question	that	has	yet	to	be	answered.	
A	 study	 by	 Roorda	 et	al	 using	 data	 from	 two	 large	 placebo-
controlled	 studies	 evaluated	 the	 clinical	 features	 of	 preschool	
children	 likely	 to	 respond	 to	 fluticasone	 administered	 via	 a	

diagnostic	accuracy	of	81%	and	78%,	respectively.	Based	on	the	
highest	area	under	the	ROC	curve,	a	score	of	less	than	80	pro-
vided	 the	 best	 cut-off	 between	 sensitivity	 and	 specificity	 for	
uncontrolled	asthma	for	this	group.	The	pediatric	version	of	the	
Asthma	Control	Test	(cACT)	has	been	validated	for	children	as	
young	as	4	years	of	age.

The	 GINA	 2014	 global	 strategy	 assessment	 of	 asthma		
control	 is	 discussed	 in	 an	 earlier	 section	 and	 summarized	 in	
Table	32-3.

Inhaled Corticosteroids
ICS	are	 the	preferred	controller	 therapy	 for	persistent	asthma	
or	 asthma	 that	 is	 not	 controlled.	 Although	 there	 are	 six	 ICS	
available,	 nebulized	 budesonide	 is	 the	 only	 US	 Federal	 Drug	
Administration	 (FDA)-approved	 ICS	 for	 children	 less	 than	 4	
years	of	age.	The	 initial	 studies	with	nebulized	budesonide	 in	
young	 children	 with	 moderate	 to	 severe	 persistent	 asthma	
found	 it	 to	 be	 superior	 to	 placebo	 in	 improving	 symptoms,	
decreasing	exacerbations,	reducing	chronic	oral	prednisone	use	
or	improving	overall	asthma	control.52,53

Studies	have	also	evaluated	the	efficacy	and	safety	of	nebu-
lized	budesonide	in	children	with	mild	to	moderate	persistent	
asthma.54–56	The	efficacy	of	nebulized	budesonide	over	placebo	
was	consistently	demonstrated	with	improvement	in	symptom	
scores,	reduction	in	rescue	medication	use	and	improvement	in	
morning	peak	expiratory	flow	rates	in	patients	who	could	ade-
quately	 perform	 the	 procedure.	 Improvement	 in	 symptom	
scores	occurred	as	early	as	2	weeks	after	starting	budesonide.56	
Twice-daily	 dosing	 of	 0.5	mg	 appeared	 to	 be	 somewhat	 more	
effective	 than	1	mg	administered	once	daily.	The	 investigators	
suggested	 that	 a	 dose	 of	 0.25	mg/day	 may	 be	 sufficient	 for		
mild	 asthma,	 whereas	 subjects	 with	 moderate	 asthma	 should		
be	 treated	 with	 0.5	 to	 1	mg/day	 and	 those	 with	 severe		
asthma	 dependent	 on	 oral	 steroids	 should	 be	 treated	 with	
1–2	mg/day.	No	significant	differences	in	basal	cortisol	levels	or	

Drug

NAEPP EPR3† GINA 2014*

Low Medium High Low

Beclomethasone HFA, 40 or 80 µg/puff NA NA NA 100 µg

Budesonide DPI 90, 80 or 200 µg/inhalation NA NA NA

Budesonide pMDI + spacer NA NA NA 200 µg
Budesonide inhaled suspension for nebulization, 

0.25-, 0.5- and 1.0-mg dose
0.25–0.5 mg >0.5–1.0 mg >1.0 mg 500 µg

Ciclesonide HFA/pMDI, 80 or 160 µg/puff 160

Flunisolide, 250 µg/puff NA NA NA

Flunisolide HFA/pMDI, 80 µg/puff NA NA NA

Fluticasone HFA/pMDI, 44, 110 or 220 µg/puff 176 µg >176–352 µg >352 µg 100

Fluticasone DPI, 50, 100 or 250 µg/inhalation NA NA NA

Mometasone DPI, 220 µg/inhalation NA NA NA Not studied below age 4 years

Triamcinolone acetonide, 75 µg/puff NA NA NA Not studied in this age group

*Only low doses are given. This is not a table of clinical equivalence. A low daily dose is defined as the dose that has not been associated with 
clinically adverse effects in trials that included measures of safety. Adapted from the GINA global strategy for asthma management and 
prevention 2014. Available at: http://www.ginasthma.org.

†Adapted from the National Asthma Education and Prevention Program: Expert Panel Report 3 (EPR 3): Guidelines for the Diagnosis and 
Management of Asthma – Summary Report 2007. J Allergy Clin Immunol 2007;120(Suppl):S94–138. Available at: http://www.nhlbi.nih.gov/
guidelines/asthma/asthgdln.htm.

HFA – Hydrofluoroalkane propellant; pMDI – pressurized metered dose inhaler.

TABLE 
32-5 Estimated Comparative Inhaled Corticosteroid Doses

http://www.ginasthma.org
http://www.nhlbi.nih.gov/guidelines/asthma/asthgdln.htm
http://www.nhlbi.nih.gov/guidelines/asthma/asthgdln.htm
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dose,	and	conventional	asthma	therapy	consisted	of	any	avail-
able	 therapy	 including	ICS	 in	two	of	 the	studies;	 in	 total,	670	
children	participated.	The	investigators	found	a	modest	impair-
ment	in	growth	in	only	one	of	the	three	extension	studies.	The	
extension	study	where	a	decline	in	growth	was	noted	consisted	
primarily	of	young	children	with	milder	asthma	who	had	not	
been	on	ICS	before	entry	into	the	initial	study.	In	contrast,	the	
two	 extension	 studies	 that	 did	 not	 find	 growth	 impairment	
consisted	of	children	with	more	severe	disease	and	had	allowed	
for	 ICS	 use	 as	 part	 of	 the	 conventional	 asthma	 therapy	 algo-
rithm.	The	Skoner	study	suggests	that	modest	growth	suppres-
sion	can	occur	in	young	children	receiving	nebulized	budesonide	
who	have	not	required	ICS	therapy	in	the	past	and	that	children	
with	milder	asthma	may	be	at	greater	risk	for	growth	suppres-
sion	secondary	to	increased	intrapulmonary	deposition.	Alter-
natively,	 the	findings	may	be	attributable	 to	 the	 fact	 that	over	
twice	as	many	children	randomized	to	the	conventional	asthma	
therapy	arm	withdrew	from	the	study	because	of	poor	asthma	
control.

The	PEAK	and	IFWIN	studies	which	used	ICS	via	MDI	with	
a	holding	chamber	and	mask	have	also	provided	important	find-
ings	on	the	adverse	effects	of	long-term	ICS	on	growth	in	pre-
school	 children	 at	 risk	 for	 persistent	 asthma.19,63,64	 It	 is	 still	
uncertain	if	there	is	a	potential	for	catch	up	or	if	the	effects	in	
very	young	children	are	cumulative.	A	follow-up	study	of	PEAK	
participants	2	years	after	the	clinical	trial	was	completed	showed	
no	difference	 in	growth	between	children	who	were	on	active	
ICS	 therapy	 compared	 to	 those	 who	 were	 randomized	 to	
placebo.64	However,	in	a	post	hoc	analysis,	lower	growth	velocity	
was	found	among	participants	who	were	younger	and	weighed	
less,	 probably	 due	 to	 a	 relatively	 greater	 drug	 exposure.	 For	
young	children	with	poor	asthma	control,	the	disease	itself	can	
negatively	impact	growth.	The	growth	of	58	children	(mean	age	
3.5	years	for	males,	4.4	years	for	females)	with	asthma	was	fol-
lowed	over	a	5-year	period.65	Each	child’s	asthma	was	classified	
as	being	in	good,	moderate	or	poor	control	according	to	asthma	
symptoms	during	a	2-year	observational	period	before	the	insti-
tution	 of	 ICS	 therapy.	 The	 group	 as	 a	 whole	 had	 diminished	
growth	velocity	to	start	the	study,	with	a	mean	height	velocity	
standard	 deviation	 (HVSD)	 score	 of	 −0.51.	 Children	 whose	
asthma	was	in	good	control	had	the	least	evidence	for	growth	
suppression	before	ICS	therapy	was	instituted	and	continued	to	
grow	at	the	same	rate	as	when	on	therapy	(HVSD	score	−0.01	
pre-	vs	−0.07	during	treatment).	In	contrast,	the	subjects	whose	
asthma	was	poorly	controlled	grew	poorly	before	and	after	insti-
tution	of	ICS	therapy	(HVSD	score	−1.50	pre-	vs	−1.55	during	
treatment).	Of	interest,	those	with	moderately	controlled	asthma	
demonstrated	improved	growth	velocity	while	on	ICS	therapy,	
with	 their	 HVSD	 score	 increasing	 from	 −0.83	 to	 −0.49.	 The	
investigators	 concluded	 that	 poor	 asthma	 control	 adversely	
impacts	linear	growth	to	a	greater	extent	than	ICS	therapy.

Alternative and/or Adjunct Medications
The	 NHLBI	 NAEPP	 EPR3	 guidelines	 recommend	 cromolyn		
or	 montelukast	 as	 alternative	 therapy	 for	 younger	 children		
with	 mild	 persistent	 asthma	 and	 combination	 therapy	 using	
ICS	plus	either	LABA	or	montelukast	for	younger	children	with	
moderate	 to	 severe	 persistent	 asthma	 (Steps	 4	 and	 5).6	 GINA	
2014	global	strategy	recommends	leukotriene	receptor	antago-
nist	 or	 increased	 or	 intermittent	 ICS	 therapy	 as	 alternative	
options	for	Step	2	and	add-on	options	for	Steps	3	and	4.7

pressurized	metered	dose	inhaler	(pMDI)	with	holding	chamber	
and	facemask.58	The	investigators	identified	two	clinical	features	
that	 predicted	 a	 positive	 response	 to	 ICS	 therapy	 –	 frequent	
symptoms	(≥3	days/week)	and	a	family	history	of	asthma.	The	
presence	of	eczema	and	the	number	of	previous	acute	exacerba-
tions	were	not	associated	with	response	to	fluticasone.	Eczema	
predisposes	 a	 child	 with	 recurrent	 wheezing	 to	 subsequent	
asthma,14	 but	 it	 does	 not	 appear	 to	 predict	 response	 to	 ICS	
therapy.	It	should	be	noted	that	a	lack	of	response	over	a	short	
course	of	treatment	(12	weeks)	does	not	necessarily	mean	that	
a	response	would	not	be	seen	over	a	much	longer	period	of	time	
(months	 to	 years).	 An	 NHLBI-sponsored	 AsthmaNet	 clinical	
trial	which	will	be	completed	 in	2015	 is	evaluating	predictors	
of	response	to	different	interventions,	specifically	daily	vs	inter-
mitting	ICS	therapy	vs	leukotriene	receptor	antagonist,	in	pre-
school	aged	children	with	persistent	asthma.59

The	 clinical	 efficacy	 and	 safety	 of	 intermittent	 ICS	 or	 sys-
temic	corticosteroid	for	young	children	with	associated	upper	
respiratory	infection	or	viral	induced	wheeze	remain	controver-
sial.	A	2009	study	which	evaluated	‘as	needed’	high-dose	fluti-
casone	propionate	(750	µg	twice	daily)	given	at	the	onset	of	an	
upper	respiratory	tract	illness	found	lower	rescue	oral	cortico-
steroid	use	 in	 those	on	active	 treatment	compared	 to	placebo	
(8%	vs	18%,	respectively);	however	this	was	accompanied	by	a	
statistically	significant	difference	in	height	and	weight	gain.46	In	
another	 2009	 study,	 oral	 prednisolone	 was	 found	 not	 to	 be	
superior	to	placebo	with	respect	to	duration	of	hospitalization,	
clinician	and	parent	symptom	severity	assessment,	and	hospital	
readmission	for	preschool	children	presenting	to	a	hospital	with	
viral-induced	mild	to	moderate	wheezing.60	A	2011study	which	
evaluated	daily	vs	intermittent	high-dose	ICS	therapy	given	at	
the	onset	of	a	respiratory	illness	in	preschool	aged	children	with	
recurrent	wheezing	and	atopic	risk	factors	found	no	difference	
between	the	two	treatments	with	respect	to	prevention	of	severe	
exacerbations.48

ICS  and  Growth  in  Small  Children.  Few	 published	 studies	
have	evaluated	the	effects	of	ICS	on	the	 linear	growth	of	pre-
school	 children.	 Reid	 et	al,	 in	 an	 open-label	 study,	 measured	
linear	growth	velocity	in	40	children	(mean	age	1.4	years)	before	
and	during	 treatment	with	nebulized	budesonide.61	All	of	 the	
children	 had	‘troublesome’	 asthma	 despite	 treatment	 with	 an	
ICS	 administered	 with	 a	 pMDI	 with	 spacer	 and	 facemask	 or	
nebulized	cromolyn	before	entry	into	the	study.	They	were	then	
administered	1	to	4	mg/day	of	nebulized	budesonide	depending	
on	their	level	of	asthma	severity.	The	median	intervals	of	time	
for	linear	growth	determinations	during	the	run-in	period	and	
nebulized	 budesonide	 treatments	 were	 6	 months	 and	 1	 year,	
respectively.	 The	 height	 standard	 deviation	 scores	 (SDSs)	 for	
the	 group	 during	 the	 run-in	 period	 were	 −0.21,	 at	 baseline	
−0.46,	 and	 after	 at	 least	 6	 months	 of	 nebulized	 budesonide	
−0.17.	Note	that	an	SDS	of	less	than	0	denotes	impaired	growth	
velocity.	Thus	the	subjects	were	growing	at	less	than	an	impaired	
rate	 before	 nebulized	 budesonide	 therapy,	 and	 the	 institution	
of	nebulized	budesonide	did	not	result	in	further	growth	sup-
pression.	 In	 fact,	 there	 was	 a	 trend	 toward	 improved	 growth	
velocity	while	on	nebulized	budesonide.

Skoner	et	al62	 evaluated	 the	growth	of	 children	enrolled	 in	
52-week	 open-label	 extension	 studies	 of	 the	 three	 efficacy	
studies	of	budesonide.54–56	The	dose	of	budesonide	was	either	
0.5	mg	once	or	twice	daily	with	a	taper	to	the	lowest	tolerated	
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the	 rate	 of	 asthma	 exacerbations	 by	 31.9%	 compared	 with	
placebo.	Montelukast	delayed	the	median	time	to	first	exacerba-
tion	 by	 approximately	 2	 months	 and	 the	 rate	 of	 ICS	 courses	
compared	to	placebo.81	In	another	study,	220	children	aged	2	to	
14	years	were	randomized	to	receive	either	 intermittent	mon-
telukast	or	placebo	at	the	onset	of	asthma	or	upper	respiratory	
tract	infection	symptoms	for	a	minimum	of	seven	days.82	The	
montelukast	group	had	163	unscheduled	health	care	resource	
utilizations	for	asthma	compared	with	228	in	the	placebo	group	
(OR	 =	 0.65,	 95%	 CI	 0.47–0.89).	 There	 was	 a	 nonsignificant	
reduction	in	specialist	attendances	and	hospitalizations,	dura-
tion	 of	 episode	 and	 β-agonist	 and	 prednisolone	 use.	 These	
studies	 suggest	 that	 intermittent	 or	 persistent	 therapy	 with	
montelukast	 for	children	with	 intermittent	asthma	symptoms	
is	 effective	 in	 reducing	 risk	 of	 exacerbations	 compared	 with	
placebo.

Long-acting  Inhaled  β-Agonists.  LABAs	 are	 the	 alternative	
add-on	 therapy	 for	 children	 and	 adults	 with	 moderate	 and	
severe	persistent	asthma.	The	GINA	2014	global	strategy	does	
not	include	LABAs	as	controller	therapy	in	any	of	their	stepwise	
algorithms	 for	 very	 young	 children.7	 They	 are	 not	 viewed	 as	
‘rescue’	medications	 for	acute	episodes	of	bronchospasm,	nor	
are	they	meant	to	replace	inhaled	antiinflammatory	agents.	Sal-
meterol	 has	 a	 prolonged	 onset	 of	 action	 with	 maximal	 bron-
chodilation	 approximately	 1	 hour	 following	 administration;	
formoterol	has	an	onset	of	effect	within	minutes.	Both	medica-
tions	have	a	prolonged	duration	of	action	of	at	least	12	hours.	
As	such,	they	are	especially	well	suited	for	patients	with	noctur-
nal	 asthma83	 and	 for	 individuals	 who	 require	 frequent	 use	 of	
short-acting	 β-agonist	 inhalations	 during	 the	 day	 to	 prevent	
exercise-induced	asthma.84	There	is	an	added	advantage	to	the	
use	 of	 these	 alternative	 therapies	 for	 preschool	 children	 who	
may	deserve	an	extended	bronchodilatory	coverage	for	exercise	
because	they	are	constantly	active.	Salmeterol	via	the	Diskus™	
device	is	FDA	approved	for	children	as	young	as	4	years	of	age	
(50	µg	blister	every	12	hours),	whereas	formoterol	delivered	via	
the	Aerolizer™	 is	 approved	 for	 use	 in	 children	 6	 years	 of	 age	
and	older	(12	µg	capsule	every	12	hours).	Both	LABAs	are	also	
available	 as	 combination	 pMDI	 with	 an	 ICS	 (salmeterol	 and	
fluticasone	[Advair],	budesonide	and	 formoterol	 [Symbicort],	
and	mometasone	and	 formoterol	 [Dulera]).	Although	LABAs	
combined	 with	 ICS	 are	 recommended	 for	 young	 children	 in	
Steps	4	to	6	of	the	NAEPP	EPR3	guidelines	(Figure	32-2),	they	
have	 limited	application.6	The	Diskus™	combination	product	
is	 FDA	 approved	 down	 to	 4	 years	 of	 age	 but	 its	 use	 requires	
adequate	inspiratory	effort	to	get	an	optimal	delivery	of	the	dry	
powder.	While	the	pMDI	can	be	used	with	a	holding	chamber,	
it	is	not	currently	approved	for	children	younger	than	12	years	
of	age.	The	efficacy	and	safety	of	LABA	or	combination	prod-
ucts	in	younger	children	with	asthma	are	still	uncertain	due	to	
lack	of	studies.

The	 FDA	 has	 requested	 the	 manufacturers	 of	 LABAs	 to	
update	 their	 product	 information	 warning	 sections	 regarding	
an	 increase	 in	 severe	 asthma	 episodes	 associated	 with	 these	
agents.	This	action	is	in	response	to	data	showing	an	increased	
number	 of	 asthma-related	 deaths	 in	 patients	 receiving	 LABA	
therapy	in	addition	to	their	usual	asthma	care	as	compared	with	
patients	not	receiving	LABAs.

Treatment	immediately	prior	to	vigorous	activity	or	exercise	
is	 usually	 effective.	 The	 combination	 of	 a	 SABA	 with	 either	
cromolyn	 or	 nedocromil	 is	 more	 effective	 than	 either	 drug	

Cromolyn.  Cromolyn	 (Intal)	 inhibits	 mediator	 release	 from	
mast	cells.	It	inhibits	both	the	early-	and	late-phase	pulmonary	
components	of	the	allergic	response	following	inhalation	of	an	
allergen	in	sensitized	subjects.	A	few	studies	have	shown	no	added	
benefit	with	the	use	of	cromolyn	over	placebo	in	young	children	
with	more	 severe	disease.66–69	 Several	 efficacy	 studies	 that	have	
found	cromolyn	to	have	beneficial	effects	were	short-term	trials	
and	employed	small	numbers.70,71	A	meta-analysis	of	22	control	
studies	 evaluating	 cromolyn	 in	 childhood	 asthma	 found	 it	 no	
better	than	placebo.72	A	multicenter,	randomized,	parallel-group,	
52-week,	open-label	study	in	preschool	children	found	nebulized	
cromolyn	(20	mg	four	times	daily)	(N =	335)	to	be	 inferior	to	
nebulized	budesonide	suspension	(0.5	mg	daily)	(N	=	168)	using	
several	 outcome	 parameters.73	 Children	 who	 received	 inhaled	
budesonide	suspension	had	a	reduced	rate	of	asthma	exacerba-
tions	per	year,	longer	time	to	first	asthma	exacerbation	and	first	
use	of	additional	 long-term	controller	therapy;	nearly	doubled	
improvements	in	nighttime	and	daytime	symptom	scores	by	the	
second	week	of	treatment;	and	lower	use	of	rescue	medications.	
Although	there	were	no	significant	differences	in	the	rates	of	hos-
pitalization	and	emergency	room	visits	between	the	two	groups,	
significantly	 lower	 urgent	 care	 or	 unscheduled	 physician	 visits	
and	oral	corticosteroid	use	were	found	in	children	who	received	
the	ICS.	However,	mean	height	increases	from	baseline	in	children	
randomized	to	inhaled	budesonide	and	inhaled	cromolyn	were	
6.69	and	7.55	cm,	respectively.	This	difference	of	0.86	cm	is	similar	
to	the	difference	 in	height	measurements	seen	in	other	studies	
with	ICS	therapy	after	1	year	of	treatment	in	both	younger	and	
older	children.19,74,75

Leukotriene Modifying Agents.  Leukotrienes	are	potent	pro-
inflammatory	 mediators	 that	 induce	 bronchospasm,	 mucus	
secretion	and	airway	edema.	In	addition,	they	may	be	involved	
in	eosinophil	recruitment	into	the	asthmatic	airway.76	Leukot-
riene	 modifiers	 (synthesis	 inhibitor	 or	 receptor	 antagonist)	
have	beneficial	effects	 in	terms	of	reducing	asthma	symptoms	
and	supplemental	β-agonist	use	while	improving	baseline	pul-
monary	 function.77–79	 The	 leukotriene	 receptor	 antagonists	
(LTRA)	prevent	the	binding	of	LTD4	to	its	receptor.	This	class	
has	a	pediatric	indication	and	includes	both	montelukast	(given	
once	daily;	has	been	approved	for	treatment	of	chronic	asthma	
for	children	age	1	year	and	older)	and	zafirlukast	(administered	
twice	daily;	approved	for	children	7	years	and	older).

Safety	and	efficacy	studies	with	the	4-mg	chewable	monte-
lukast	tablet	in	children	aged	2	to	5	years	with	asthma	have	been	
published.80–82	 Almost	 700	 children	 2	 to	 5	 years	 of	 age	 were	
enrolled	 to	 receive	 montelukast	 or	 placebo	 for	 12	 weeks	 in	 a	
double-blind,	 multicenter,	 multinational	 study	 at	 93	 centers	
worldwide.80	Montelukast	was	well	tolerated	and	was	not	asso-
ciated	 with	 any	 significant	 adverse	 effects.	 Montelukast	 was	
superior	 to	placebo	 in	 reducing	daytime	 symptoms	 including	
improvements	in	cough,	wheeze,	difficulty	breathing	and	activ-
ity	level,	and	nighttime	cough.	In	addition,	montelukast	therapy	
was	 associated	 with	 a	 reduction	 in	 rescue	 β-agonist	 use	 and	
reduced	need	for	prednisone	for	acute	severe	exacerbations.

Studies	have	been	done	to	evaluate	the	long-term	effects	of	
an	LTRA	(continuous81	 and	 intermittent82)	on	 the	occurrence	
of	 exacerbations	 in	 young	 children.	 In	 a	 12-month,	 double-
blind,	parallel	study	which	was	designed	to	investigate	the	role	
of	montelukast	in	the	prevention	of	viral	induced	asthma	exac-
erbations	in	children	aged	2	to	5	years	with	a	history	of	inter-
mittent	 asthma	 symptoms,	 montelukast	 significantly	 reduced	
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technique,	 cooperation	 and	 convenience	 determine	 which	
delivery	may	be	best.

Asthma	clinical	guidelines	mention	the	use	of	inhaled	short-
acting	 β-agonist	 either	 by	 pMDI	 or	 nebulizer	 as	 an	 initial	
asthma	 exacerbation	 home	 intervention.6,7	 The	 GINA	 global	
strategy	recommends	the	use	of	short-acting	inhaled	β-agonist	
by	pMDI	(ideally	with	a	spacer)	for	home	management	of	mild,	
moderate	 and	 severe	 exacerbations.	 GINA	 also	 recommends	
nebulized	treatments	for	severe	exacerbations	at	home	and	for	
hospital-based	management	of	acute	asthma.7

Data	in	young	children	clearly	support	the	use	of	β-agonists,	
at	higher	doses,	administered	via	a	pMDI	with	spacer	for	acute	
asthma.88,89	In	a	study	of	60	children	between	1	and	5	years	of	
age	hospitalized	for	an	asthma	exacerbation,	Parkin	et	al	found	
salbutamol	(400	to	600	µg,	4	to	6	puffs,	based	on	weight)	and	
ipratropium	bromide	(40	µg,	2	puffs),	both	delivered	via	pMDI	
with	an	Aerochamber	and	mask,	to	be	as	effective	as	nebulized	
salbutamol	 (0.15	mg/kg)	 and	 ipratropium	 bromide	 (125	µg)	
administered	over	15	minutes	by	 facemask.88	However,	nearly	
one	third	of	the	subjects	randomized	to	MDI	eventually	required	
a	nebulized	β-agonist.

Two	 studies	 have	 evaluated	 lower	 respiratory	 tract	 deposi-
tion	 of	 a	 radiolabeled	 salbutamol/albuterol	 mixture	 adminis-
tered	to	young	children.	Tal	et	al	 showed	that	on	average,	 less	
than	2%	of	the	nominal	dose	of	the	albuterol	given	by	a	pMDI	
with	 a	 spacer	 and	 mask	 to	 children	 less	 than	 5	 years	 old	 was	
deposited	in	the	lower	respiratory	tract	with	most	of	the	drug	
remaining	 in	 the	 spacer.90	Wildhaber	 et	al	 compared	 the	 lung	
deposition	of	radiolabeled	salbutamol	 from	a	nebulizer	and	a	
pMDI	and	spacer	in	17	asthmatic	children	aged	2	to	9	years.91	
Both	devices	were	delivering	roughly	5%	of	the	nominal	dose	
to	the	lower	airways.	Because	of	the	larger	doses	of	salbutamol	
administered	 via	 the	 nebulizer	 (2,000	µg	 vs	 400	µg)	 than	 the	
pMDI,	 a	 larger	 amount	 of	 drug	 was	 deposited	 in	 the	 airways	
using	the	nebulizer	(108	µg	vs	22	µg,	respectively).	In	addition,	
both	devices	were	approximately	50%	less	efficient	in	children	
less	than	4	years	old	than	in	older	children.

In	general,	β-agonist	administration	by	nebulization	is	still	
probably	a	more	practical	delivery	system	for	most	infants	and	
young	children	with	severe	acute	asthma	because	it	requires	the	
simple	technique	of	relaxed	tidal	breathing,	particularly	if	it	is	
difficult	 to	use	a	tight	fitting	spacer	and	mask	for	a	pMDI.	In	
addition,	oxygen	can	be	used	to	power	the	nebulizer,	providing	
β-agonist	and	supplemental	oxygen	simultaneously,	and	it	does	
offer	the	capability	to	administer	a	controller	agent	and	rescue	
β-agonist	at	the	same	time.

With	respect	to	controller	therapy,	the	only	available	inhaled	
drugs	that	are	FDA	approved	for	children	under	4	years	of	age	
are	cromolyn	solution	and	budesonide	suspension	intended	for	
nebulization.	However,	a	pMDI	with	a	spacer	device	is	certainly	
more	 convenient	 and	 easier	 to	 administer.	 The	 GINA	 global	
strategy	 prefers	 the	 administration	 of	 ICS	 via	 a	 pressurized	
metered	dose	inhaler	(pMDI)	with	a	spacer	and	either	a	face-
mask	(for	0	to	3	years	of	age)	or	a	mouthpiece	(for	≥4	years	old)	
for	young	children	with	asthma	but	the	dose	delivered	is	vari-
able	 between	 spacers.7	 These	 guidelines	 mention	 the	 use	 of	
nebulizers	as	an	alternative	delivery	system	for	children	who	are	
unable	to	use	the	spacer	device	effectively.	Since	young	children	
are	 only	 expected	 to	 perform	 tidal	 breathing,	 the	 optimal	
number	of	breaths	to	empty	the	spacer	device	varies	with	the	
tidal	volume,	dead	space	and	volume	of	the	device.	Important	
measures	 to	 maximize	 delivery	 of	 medication	 to	 very	 young	

alone.	 Montelukast	 may	 be	 effective	 for	 up	 to	 24	 hours.		
Salmeterol	 and	 formoterol	 may	 block	 exercise-induced	 bron-
chospasm	for	up	to	12	hours.	There	is	one	study	that	has	evalu-
ated	 single-dose	bronchoprotective	 effects	 of	 salmeterol	 given	
through	a	Babyhaler	spacer	device	using	a	methacholine	provo-
cation	challenge	in	infants	less	than	4	years	old	with	recurrent	
episodes	 of	 wheezing.85	 Originally	 42	 preschool	 children	 (age	
range	8	to	45	months)	received	one	of	 the	25-,	50-	or	100-µg	
dose	 of	 salmeterol	 and	 a	 placebo	 dose	 2	 to	 7	 days	 apart	 in	 a	
double-blind,	randomized	fashion,	but	only	33	completed	the	
study.	The	investigators	found	a	dose-dependent	bronchopro-
tective	 effect	 of	 salmeterol	 measured	 by	 treatment/placebo	
methacholine	 dose	 ratios.	 Significant	 improvements	 from	
placebo	were	found	only	for	the	50	(2.5	fold)	and	100	(fourfold)	
µg	doses.

ISSUES RELATED TO THE DELIVERY  
OF MEDICATIONS TO INFANTS AND  
SMALL CHILDREN

There	are	unique	challenges	relating	to	the	delivery	of	medica-
tions	(both	oral	and	inhaled)	to	infants	and	young	children	with	
asthma.	Obviously,	liquid	preparations	are	tolerated	by	infants	
but	chewable	tablets/pills	can	already	be	consumed	by	toddlers.	
Montelukast	is	available	as	oral	granules	or	chewable	tablet	and	
prednisone/prednisolone	 comes	 in	 either	 liquid	 formulations	
or	 orally	 disintegrating	 tablet	 preparations.	 With	 regard	 to	
inhaled	medications,	certain	anatomic	and	physiologic	charac-
teristics	of	children	younger	than	6	years	are	worth	considering.	
First,	 because	 infants	 display	 preferential	 nasal	 breathing	 and	
have	small	airways,	low	tidal	volume	and	high	respiratory	fre-
quency,	delivery	of	the	drug	to	the	lower	airways	is	often	inad-
equate.86	 Second,	 it	 is	 difficult	 if	 not	 impossible	 for	 young	
children	to	perform	the	maneuvers	specified	for	optimal	deliv-
ery	 of	 aerosol	 therapy	 such	 as	 slow	 inhalation	 through	 the	
mouth	with	a	period	of	breath-holding	for	pMDIs	or	rapid	and	
forceful	inhalation	required	in	the	case	of	dry-powder	inhalers	
(DPIs).	Third,	delivery	devices	appropriate	for	the	young	child	
are	 limited	 to	 those	 that	 require	 minimum	 cooperation	 from	
the	child	and	must	allow	ease	of	administration	for	the	caregiv-
ers.	Although	at	present	there	are	at	least	three	inhaled	aerosol	
delivery	 systems	 available	 for	 older	 children	 and	 adults,	 only	
two	are	used	in	this	age	group:	the	nebulizer	and	the	pMDI	with	
spacer/holding	chamber	and	facemask.	Because	of	the	reliance	
on	the	subject’s	ability	to	generate	a	sufficient	inspiratory	flow	
and	 overcome	 the	 resistance	 required	 of	 DPIs,	 preschool	 age	
children	are	unable	to	use	them.

Within	these	two	general	types	of	delivery	systems	there	are	
numerous	products	available	that	vary	widely	in	performance.	
The	 pMDI	 with	 spacer	 or	 holding	 chamber	 is	 portable	 and	
inexpensive,	 takes	 less	 time	 to	 administer	 and	 is	 likely	 to	 be	
better	tolerated	than	delivery	with	a	nebulizer.	Dolovich	et	al87	
published	 a	 comprehensive	 systematic	 review	 to	 determine	 if	
device	selection	affects	clinical	efficacy	and	safety.	Randomized	
placebo-controlled	 trials	 that	 involved	 various	 devices	 for	 the	
delivery	 of	 β-agonists,	 ICS	 and	 anticholinergic	 agents	 in	
different	 clinical	 settings	 (emergency	 department,	 inpatient,	
intensive	care	and	outpatient)	and	patient	populations	(pediat-
ric	 and	 adult	 asthma,	 and	 COPD)	 were	 included.	 Reports	 in	
which	 the	 same	 drug	 was	 delivered	 with	 different	 devices		
were	analyzed.	Their	findings	indicated	that	the	drugs	delivered	
via	 different	 formats	 are	 equally	 effective.	 Appropriate	
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secondary	 prevention	 of	 asthma.97–99	 The	 first	 and	 likely	 the	
most	 important	 step	 toward	 controlling	 asthma	 in	 sensitized	
children	 is	 to	 avoid	 or	 reduce	 the	 patient’s	 exposure	 to	 the	
offending	allergen.	The	environmental	interventions	that	seem	
to	hold	the	most	promise	are	those	that	target	reducing	expo-
sure	to	indoor	allergens	and	tobacco	smoke.	Specific	environ-
mental	control	measures	are	covered	in	Chapter	21.

Yearly	 influenza	 immunization	 is	 also	 strongly	 recom-
mended	 for	children	6	months	of	age	and	older	with	chronic	
pulmonary	diseases,	including	asthma.	Kramarz	et	al	evaluated	
the	 effectiveness	 of	 influenza	 vaccination	 in	 preventing	
influenza-related	asthma	exacerbations	in	children	1	to	6	years	
of	age	using	a	retrospective	cohort	study	with	the	Vaccine	Safety	
Datalink,	which	contains	data	on	more	than	1	million	children	
enrolled	in	four	 large	health	maintenance	organizations.100	Of	
note,	 less	 than	 10%	 of	 children	 with	 asthma	 were	 vaccinated	
against	influenza	in	any	of	the	years	studied.	Although	the	inci-
dence	 rates	 of	 asthma	 exacerbation	 in	 those	 who	 were	 vacci-
nated	were	found	to	be	higher	in	the	vaccinated	group	than	in	
those	who	were	not	vaccinated,	 the	difference	was	 thought	 to	
be	 largely	 confounded	 by	 asthma	 severity	 in	 the	 vaccinated	
group.	 Using	 a	 ‘self-control’	 analysis	 to	 correct	 for	 this	 con-
founder,	 the	 risks	 of	 asthma	 exacerbation	 during	 each	 of	 the	
influenza	seasons	were	reduced	by	22%	to	41%	with	influenza	
vaccination.

Management of Asthma 
Exacerbations in Young Children
Exacerbations,	also	commonly	referred	to	as	episodes	or	flare-
ups,	are	acute	deterioration	of	asthma	control	characterized	by	
increased	symptom	severity,	sudden	change	in	child’s	activity	or	
performance	 (lethargy	 or	 lack	 of	 interest	 or	 exercise	 intoler-
ance),	 poor	 response	 to	 or	 sudden	 increased	 need	 for	 rescue	
medication,	and	breathing	difficulty	or	respiratory	distress	at	its	
worst.	In	this	age	group,	these	are	often	preceded	by	upper	respi-
ratory	symptoms	or	viral	syndrome.	The	most	effective	approach	
in	managing	asthma	exacerbations	involves	early	recognition	of	
warning	 signs	 and	 early	 treatment.	An	 action	 plan	 should	 be	
provided	 to	 the	 family	members	or	 caregivers	which	 includes	
information	about	what	medications	to	give,	medical	provider’s	
contact	information	and	when	to	seek	urgent	medical	attention	
(such	as	signs	of	acute	distress,	symptoms	unrelieved	by	bron-
chodilator,	increased	need	for	rescue	treatment	or	repeated	use	
of	bronchodilator	over	several	hours).7	A	copy	should	also	be	
given	to	daycare	providers	and	school	personnel.

HOME MANAGEMENT

Early	 treatment	 of	 asthma	 exacerbations	 may	 prevent	 a	 life-
threatening	 event	 or	 a	 hospital	 admission.	 Initial	 treatment	
should	be	with	a	SABA	(e.g.	albuterol	or	levalbuterol):	2	puffs	
from	an	MDI	via	a	spacer	device	with	or	without	a	facemask,	
which	 may	 be	 repeated	 every	 20	 minutes	 2	 more	 times,	 or		
a	 single	 treatment	 can	 be	 given	 by	 nebulizer	 (0.05	mg/kg	
[minimum	dose,	1.25	mg;	maximum,	2.5	mg]	of	0.5%	solution	
of	albuterol	in	2–3	mL	saline;	or	0.075	mg/kg	[minimum	dose,	
1.25	mg;	maximum,	5	mg]	of	 levalbuterol).6	If	 the	response	is	
good	as	assessed	by	sustained	symptom	relief,	the	SABA	can	be	
continued	every	3	to	4	hours	for	24	to	48	hours.	Patients	should	

children	 include	 the	 following:	 enforcing	 a	 tight	 fitting	 mask	
around	 the	 child’s	 mouth	 and	 nose,	 encouraging	 immediate	
inhalation	 after	 actuation,	 allowing	 5	 to	 6	 breaths	 per	 single	
pMDI	actuation,	making	sure	 that	 the	 spacer	valve	 is	moving	
when	 the	 child	 is	 breathing	 through	 the	 spacer,	 shaking	 the	
inhaler	in	between	actuations	and	using	a	lower	volume	spacer	
(<350	mL)	in	these	very	young	children.

The	Montreal	Protocol,	adopted	in	1987,	mandated	a	com-
plete	elimination	of	 the	chlorofluorocarbon	(CFC)	propellant	
due	to	concerns	about	 its	damaging	effect	on	the	ozone	 layer.	
Since	 2008,	 pMDIs	 now	 contain	 hydrofluoroalkane	 (HFA).	
However,	the	pMDI	HFAs	(even	rescue	short-acting	β-agonists)	
are	approved	for	use	only	in	children	4	years	of	age	and	older.	
There	is	no	information	available	on	the	relationship	between	
lung	deposition	from	HFA	pMDI	and	clinical	efficacy	or	even	
long-term	safety	in	small	children.	In	addition,	no	studies	exist	
comparing	inhaled	medications	administered	via	nebulizer	and	
HFA	pMDI	with	spacer	and	mask.

Additional	factors	that	should	be	considered	are	the	costs	to	
the	 patient	 (including	 use	 of	 spacer	 attachments	 which	 are		
not	 reimbursable)	 and	 the	 use	 of	 multiple	 delivery	 devices	
which	requires	more	time	for	the	clinician	staff	to	educate	fami-
lies	on	proper	techniques.	To	address	both	issues,	perhaps	the	
same	 type	 of	 device	 can	 be	 used	 for	 all	 inhaled	 drugs	 for	 an	
individual	patient.	The	decision	should	also	incorporate	which	
device	the	clinician	is	capable	of	teaching	properly	and	what	the	
patient/parent	prefers.	When	a	child	presents	with	uncontrolled	
asthma,	 the	 assessment	 should	 first	 focus	 on	 technique	 and	
adherence.

ADHERENCE

The	issue	of	adherence	in	infants	and	small	children	is	compli-
cated	because	 the	child	 is	entirely	dependent	on	the	caregiver	
to	administer	the	medication.	In	an	observational	study	of	pre-
school	children,	Gibson	et	al	sought	to	evaluate	adherence	with	
inhaled	 prophylactic	 medications	 delivered	 through	 a	 large	
volume	spacer	using	an	electronic	timer	device.	Adherence	was	
only	50%	with	a	range	of	0%	to	94%.92	In	addition,	only	42%	
of	the	subjects	received	the	prescribed	medication	on	each	study	
day,	and	reporting	of	symptoms	in	the	diary	cards	did	not	cor-
relate	with	good	compliance	with	the	prophylactic	medication,	
nor	was	a	correlation	found	between	frequency	of	administra-
tion	 and	 adherence.	 In	 another	 study,	 parental	 reporting	 of	
symptom	scores	correlated	with	measured	bronchodilator	use	
in	only	63%	of	preschool	children.93

A	 few	 studies	 have	 attempted	 to	 determine	 why	 caregivers	
are	 unable	 to	 administer	 medications	 as	 prescribed.	 Lim	 et	al	
asked	parents	why	they	were	reluctant	to	administer	prophylac-
tic	 medications	 (such	 as	 ICS)	 to	 their	 young	 children	 with	
asthma.	Reasons	cited	included	hesitancy	to	use	medications	for	
fear	of	dependence,	side-effects	and	overdosage.94	Fortunately,	
patient	 education	 programs	 developed	 for	 parents	 of	 small		
children	 with	 asthma	 improve	 asthma	 morbidity	 and	 self-
management	outcome.95,96

NONPHARMACOLOGIC INTERVENTION

Nonpharmacologic	measures	may	be	as	important	not	only	for	
young	children	with	established	respiratory	symptoms,	allergies	
and	 passive	 smoke	 exposure	 but	 also	 in	 the	 primary	 and	
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who	 cannot	 cooperate	 with	 or	 who	 resist	 inhalation	 therapy,	
adjunctive	 therapies	 include	 intravenous	 magnesium	 sulfate	
(25–75	mg/kg	up	to	2	g	in	children)	and	heliox	driven	albuterol	
nebulization,	but	their	use	in	younger	children	is	not	as	estab-
lished.	The	use	of	isotonic	magnesium	sulfate	by	nebulization	
(150	mg,	3	doses	in	the	first	hour)	as	an	add-on	treatment	for	
children	as	young	as	2	years	of	age	with	severe	exacerbation	was	
found	beneficial	for	those	with	more	severe	presentation	in	the	
presence	of	oxygen	saturation	<92%	and	with	symptoms	lasting	
less	than	6	hours.104

For	 impending	 or	 ongoing	 respiratory	 arrest,	 epinephrine	
1	:	1,000	 or	 terbutaline	 1	mg/mL	 (both	 0.01	mg/kg	 up	 to	
0.3–0.5	mg)	 may	 be	 administered	 subcutaneously	 every	 20	
minutes	 for	 three	 doses,	 although	 the	 use	 of	 intravenous	β2-
agonists	 is	 still	 unproven.	 Children	 may	 need	 ventilatory	
support	 with	 100%	 oxygen,	 intravenous	 corticosteroids	 and	
admission	to	an	intensive	care	unit	(ICU).	Further	treatment	is	
based	on	clinical	response	and	objective	laboratory	findings.

Hospitalization	should	be	strongly	considered	for	any	child	
with	a	history	of	respiratory	failure	or	significant	psychosocial	
impediments	 to	 optimal	 acute	 asthma	 care.	 The	 decision	 to	
hospitalize	should	also	be	based	on	presence	of	risk	factors	for	
mortality	 from	 asthma,	 duration	 and	 severity	 of	 symptoms,	
course	and	severity	of	previous	exacerbations,	medication	use	
at	 the	 time	 of	 the	 exacerbation,	 access	 to	 medical	 care,	 and	
home	 and	 psychosocial	 conditions.	 Maintenance	 fluids	 and	
electrolyte	 requirements	 (both	corticosteroids	and	β2-agonists	
can	cause	potassium	loss)	should	be	provided,	especially	since	
these	young	children	are	likely	to	have	poor	oral	intake	second-
ary	to	respiratory	distress	or	vomiting,	but	they	require	inten-
sive	monitoring	as	overhydration	may	contribute	to	pulmonary	
edema	associated	with	high	intrapleural	pressures	generated	in	
severe	asthma.	Antibiotics	may	be	necessary	to	treat	co-existing	
bacterial	infection.

Criteria	for	discharging	young	children	home	should	include	
a	sustained	response	of	at	least	1	hour	to	bronchodilator	therapy.	
The	child	should	also	be	ambulatory	according	to	age	expecta-
tion,	comfortable,	and	able	to	keep	food	or	drink	down.7	Prior	
to	 discharge,	 the	 caregiver’s	 ability	 to	 continue	 therapy	 and	
assess	 symptoms	 appropriately	 needs	 to	 be	 considered	 since	
children	 with	 a	 recent	 exacerbation	 are	 at	 risk	 of	 recurrent	
episodes.	The	caregiver	should	be	given	an	action	plan	for	man-
agement	of	recurrent	symptoms	or	exacerbations,	identification	
of	 triggers	 and	 how	 to	 avoid	 them,	 and	 instructions	 about	
rescue	and	controller	medications	and	 their	use.	Hospitalized	
patients	should	receive	more	 intensive	education	prior	to	dis-
charge.	This	is	another	opportunity	to	review	inhaler	technique.	
The	 inhaled	SABA	and	oral	 corticosteroids	 should	be	contin-
ued,	 the	 latter	 for	3	 to	7	days.	Finally,	 the	caregiver	should	be	
instructed	about	the	follow-up	visit,	which	typically	takes	place	
within	1	week.	Referral	to	an	asthma	specialist	should	be	con-
sidered	 for	 all	 children	 with	 severe	 exacerbations	 or	 multiple	
emergency	department	visits	or	hospitalizations.

Prevention of Asthma
Given	 the	burden	of	 asthma	and	 recurrent	wheezing	 illnesses	
in	young	children,	with	their	associated	morbidity	and	health-
care	utilization	due	to	risk	of	severe	episodes,	not	to	mention	
the	high	direct	and	indirect	costs	that	go	with	them,	preventive	
measures	are	indeed	warranted.	To	have	any	chance	for	success,	

be	advised	to	seek	medical	care	once	excessive	doses	of	broncho-
dilator	therapy	are	used	or	for	prolonged	periods	(e.g.	>6	puffs	
of	inhaled	SABA	are	used	within	the	first	2	hours,	>12	puffs/day	
for	>24	hours,	or	if	the	child	has	not	recovered	after	24	hours).6,7

If	 the	 child	 does	 not	 completely	 improve	 with	 the	 initial	
therapy,	the	SABA	should	be	continued	and	the	caregiver	should	
contact	the	physician	urgently.	If	the	child	experiences	marked	
distress,	 the	 caregiver	 should	 give	 the	 SABA	 immediately	 and	
bring	the	patient	to	the	emergency	department	or	call	9-1-1	or	
another	 emergency	 number	 for	 assistance.	 Intensification	 of	
acute	treatment	with	an	oral	corticosteroid	initiated	by	family	
members	 can	 be	 considered	 but	 evidence	 for	 its	 early	 use	 is	
debatable.101	Doubling	the	dose	of	inhaled	corticosteroids	is	not	
proven	 sufficient	 to	 prevent	 worsening	 of	 exacerbations.	
However,	recent	studies	 in	small	children	not	on	regular	con-
troller	therapy	have	shown	benefits	from	using	high-dose	ICS	
at	the	early	onset	of	a	respiratory	illness	in	preventing	the	need	
for	systemic	corticosteroid.46,48	One	study	has	shown	the	efficacy	
of	starting	a	short	course	of	montelukast	at	the	onset	of	a	respi-
ratory	 tract	 illness	 in	 small	 children	 with	 episodic	 wheezing	
with	 respect	 to	 reducing	 symptom	burden,	healthcare	utiliza-
tion	and	time	off	work,82	but	perhaps	this	benefit	from	a	short	
course	of	leukotriene	receptor	antagonist	at	reducing	symptom	
burden	 may	 only	 be	 expected	 in	 young	 children	 who	 have	
atopic	risk	factors.102

MANAGEMENT IN THE EMERGENCY 
DEPARTMENT OR HOSPITAL

Clinical	assessment	is	used,	and	scoring	systems	(e.g.	Preschool	
Respiratory	 Assessment	 Measure	 [PRAM]	 and	 the	 Pediatric	
Asthma	Severity	Score	[PASS])	have	been	developed	to	assess	the	
severity	 of	 asthma	 exacerbations.103	 Severe	 exacerbations	 are	
characterized	by	any	one	of	the	following:	altered	mental	state	
(agitated,	confused	or	drowsy),	oxygen	saturation	<92%;	tachy-
cardia	(>200	beats/minute	for	0	to	3	years	old;	>180	beats/minute	
for	 4	 to	 5	 years	 old);	 retractions;	 cyanosis;	 and	 ‘silent’	 chest	
(wheeze	 inaudible).7	Functional	assessment	of	a	young	child’s	
degree	of	airflow	limitation	is	impractical	but	oxygen	saturation	
should	be	obtained.	Chest	 radiographs	are	not	 recommended	
routinely	but	should	be	considered	to	rule	out	pneumothorax,	
pneumomediastinum,	pneumonia	or	atelectasis.

Initial	treatment	can	be	with	a	SABA	by	inhaler	(albuterol,	
4–8	puffs)	or	nebulizer	(0.15	mg/kg	of	albuterol	0.5%	solution;	
minimum	 dose	 2.5	mg),	 or	 nebulized	 high-dose	 SABA	 plus	
ipratropium	 bromide	 (0.25–0.5	mg),	 up	 to	 three	 doses	 in	 the	
first	hour.	Oxygen	should	be	given	to	maintain	oxygen	satura-
tion	above	93%.6,7

Systemic	corticosteroids	(oral	prednisolone	1–2	mg/kg/day;	
maximum	of	20	mg/day	for	<2	years	of	age,	30	mg	for	children	
2	 to	 5	 years	 of	 age,	 and	 60	mg/day	 for	 older	 children	 or	 IV	
methylprednisolone	 1	mg/kg	 every	 6	 hours)7	 should	 be	 insti-
tuted	if	the	child	responds	poorly	to	therapy	at	1	hour	or	con-
tinues	to	deteriorate	or	if	symptoms	recur	within	3	to	4	hours	
or	symptoms	persist	beyond	1	day	or	 if	 the	child	has	recently	
been	 on	 oral	 corticosteroids.	 Sensitivity	 to	 adrenergic	 drugs	
may	improve	after	initiation	of	corticosteroids.

If	the	child	shows	slow	or	poor	response,	continuous	bron-
chodilator	 treatment	 for	 the	 first	 hour	 (0.5	mg/kg/h)	 can	 be	
administered.	For	older	children	and	adults	with	severe	exacer-
bation	having	no	response	to	initial	inhaled	therapy,	or	for	those	
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not	merely	to	prevent	hospitalization	but	also	to	avert	a	lower	
respiratory	 tract	 illness	 from	 RSV.	 In	 addition,	 the	 protective	
effect	 of	 palivizumab	 appeared	 to	 be	 found	 in	 those	 children	
without	a	family	history	of	asthma	or	atopy.119

A	 bacterial	 lysate,	 OM-85	 BV,	 containing	 standardized	
lyophilized	fractions	per	capsule	from	eight	bacteria	(Haemoph-
ilus influenzae,	Streptococcus pneumoniae,	Klebsiella pneumoniae,	
Klebsiella ozaenae,	Staphylococcus aureus,	Streptococcus pyogenes,	
Streptococcus viridans	 and	Neisseria)	 is	widely	used	 in	Europe	
to	 reduce	 acute	 respiratory	 tract	 infections.	 In	 a	 randomized,	
double-blind,	 placebo-controlled,	 parallel	 group	 study	 it		
has	been	found	to	be	effective	at	reducing	acute	wheezing	 ill-
nesses	in	children	with	a	history	of	recurrent	wheezing	by	38%	
compared	 with	 placebo.120	 It	 remains	 to	 be	 evaluated	 in	
larger	clinical	trials	if	this	can	be	an	effective	primary	interven-
tion	 modality	 that	 will	 prevent	 the	 development	 of	 asthma.	
Immunomodulators,	 including	 this	 immunostimulant,	 along	
with	probiotics,	prebiotics,	anti-IgE	and	specific	immunother-
apy,	are	proposed	as	potential	primary	prevention	interventions	
by	 a	 National	 Heart,	 Lung,	 and	 Blood	 Institute	 workshop	
committee.121

There	has	been	a	recent	trend	toward	intervening	early	in	the	
course	 of	 the	 disease	 with	 the	 hope	 of	 altering	 the	 natural	
history	of	asthma,	and	clinical	trials	of	what	can	be	considered	
secondary	 prevention	 measures	 have	 provided	 important	
observations.	There	have	been	studies	that	sought	to	determine	
if	treatment	with	an	ICS	soon	after	the	onset	of	early	indicators	
of	the	disease	would	modify	the	course	of	asthma.19,47,63,102	The	
study	designs	varied	with	respect	to	the	eligibility	criteria,	age	
at	entry,	frequency	of	past	wheezing	episodes	and	manner	and	
duration	of	 treatment	 (e.g.	maintenance	vs	 intermittent	or	as	
needed	intervention).

The	 NHLBI	 Childhood	 Asthma	 Research	 and	 Education	
(CARE)	 network-sponsored	 Prevention	 of	 Early	 Asthma	 in	
Kids	(PEAK)	study	enrolled	approximately	300	2-to	3-year-old	
children	with	more	than	three	episodes	of	wheezing	and	a	posi-
tive	 mAPI	 to	 receive	 either	 fluticasone	 propionate	 88	µg	 via	
pMDI	or	matching	placebo	twice	daily	for	2	years.19	During	the	
third	year	observation	period	of	interest,	no	difference	in	either	
the	proportion	of	children	with	active	wheezing	or	lung	func-
tion	measured	using	forced	oscillometry	between	the	two	treat-
ment	 groups	 was	 found.	 However,	 during	 the	 first	 two	 years	
while	 on	 treatment,	 symptom	 control	 was	 better	 and	 asthma	
exacerbations	fewer	for	the	active	treatment	group	compared	to	
placebo.	 A	 reduction	 in	 growth	 velocity	 during	 the	 first	 8	
months	(6.6	±	1.0	vs	7.3	±	1.0	cm/yr	between	1	and	8	months,	
P	=	.005)	and	a	smaller	mean	increase	in	height	between	4	and	
12	months	(4.5	±	1.1	vs	4.9	±	1.1	cm,	P	=	.001)	were	observed	
in	the	ICS	group.	However,	during	the	second	year	of	treatment,	
the	growth	velocity	 in	 the	ICS	group	was	greater	 than	that	 in	
the	placebo	group	(7.0	±	0.8	vs	6.4	±	0.9	cm/yr,	P	=	.001).	Chil-
dren	in	the	ICS	group	had	an	average	height	percentile	of	51.5	
±	29.2	compared	to	56.4	±	27.3	in	the	placebo	group	at	the	end	
of	treatment	(P	<	.001)	and	54.4	±	27.9	compared	to	56.4	±	26.9	
at	the	end	of	observation	(P	=	.03).

Another	 study	 (IFWIN;	 Inhaled	 Fluticasone	 propionate	 in	
Wheezy	INfants)	evaluated	whether	ICS	therapy	for	infants	with	
a	history	of	wheezing	could	prevent	active	asthma	and	prevent	
loss	of	lung	function	in	later	childhood.63	A	total	of	200	children	
(mean	age	at	 entry	1.2	years)	 from	a	birth	 study	cohort	with	
two	documented	episodes	of	wheeze	or	one	prolonged	episode,	
more	than	1	month	duration,	and	a	parental	history	of	atopy	

early	intervention	will	require	identifying	high-risk	infants	and	
establishing	effectiveness	of	the	intervention	strategy	in	young	
children	while	minimizing	the	potential	for	adverse	effects.	This	
is	discussed	in	more	detail	 in	Chapter	39.	Primary	prevention	
is	ideal	but	the	right	intervention	is	lacking	because	of	the	het-
erogeneous	nature	of	this	condition.

Two	studies	have	evaluated	the	effects	of	ketotifen	and	ceti-
rizine,	respectively,	in	preventing	the	onset	of	asthma	in	geneti-
cally	prone	children.105,106	In	a	double-blind,	placebo-controlled,	
parallel	 study,	 children	 up	 to	 2	 years	 of	 age	 without	 a	 prior	
history	 of	 wheezing	 but	 with	 a	 family	 history	 of	 asthma	 or	
allergic	rhinitis	and	presence	of	elevated	serum	IgE	were	ran-
domized	to	receive	either	ketotifen	(0.5–1	mg	twice	daily)	(N =	
45,	mean	age	11.5	months)	or	placebo	(N	=	40,	mean	age	10.8	
months)	for	3	years.43	Only	9%	of	children	on	active	treatment	
compared	 to	 35%	 of	 the	 placebo	 group	 developed	 frequent	
episodes	of	wheezing	during	the	study	period	(P	=	 .003).	The	
other	study,	called	the	Early	Treatment	of	the	Atopic	Child,	was	
a	randomized,	double-blind,	parallel	group	trial	that	compared	
cetirizine	(0.25	mg/kg	twice	daily)	and	placebo.106	The	medica-
tions	were	administered	for	18	months	to	infants	between	1	and	
2	 years	 of	 age	 with	 atopic	 dermatitis	 and	 a	 family	 history	 of	
atopy.	 The	 primary	 outcome,	 which	 was	 the	 time	 to	 onset	 of	
asthma	 in	 the	 next	 18	 months	 after	 discontinuation	 of	 treat-
ment,	was	not	different	between	the	two	groups.	Half	the	chil-
dren	 in	both	cetirizine	and	placebo	groups	developed	asthma	
(defined	as	 three	episodes	of	wheezing	during	 the	36	months	
of	follow-up)	(P	=	.7).	However,	in	the	cetirizine	group,	infants	
with	evidence	of	dust	mite	or	grass	pollen	sensitivity	were	less	
likely	to	have	asthma	over	the	18	months	of	treatment	with	a	
sustained	effect	for	grass-sensitized	infants	over	the	36	months	
of	 follow-up	 compared	 with	 those	 treated	 with	 placebo.	 Fur-
thermore,	 in	the	placebo	group	there	was	an	increased	risk	of	
developing	 asthma	 in	 those	 with	 baseline	 sensitivity	 to	 egg,	
house	dust	mite,	grass	pollen	or	cat	allergen.	These	two	studies	
support	the	role	of	easily	administered	preventive	measures	in	
delaying	 or	 even	 preventing	 the	 development	 of	 asthma	 in	
genetically	predisposed	children.

Various	other	prevention	modalities	have	shown	promising	
potential	to	modulate	asthma	development.	Given	the	relevance	
of	 environmental	 and	 allergen	 exposure	 in	 airway	 inflamma-
tion	 characteristic	 of	 asthma,	 interventions	 that	 can	 reduce	
these	exposures	(e.g.	reducing	tobacco	smoke,	dust	mite	or	pet	
avoidance,	 and	 dietary	 modifications)	 have	 been	 undertaken,	
with	modest	overall	results,	and	applicability	may	be	limited	by	
location	and	individual	exposures.107–116	In	addition,	the	success	
of	interventions	targeting	reduction	of	exposure	may	be	depen-
dent	on	a	multifaceted	approach,	and	not	just	a	single	measure	
alone.117	 Recognizing	 the	 role	 of	 airway	 infection	 (including	
serious	respiratory	syncytial	virus	[RSV]	and	rhinovirus	infec-
tions	 in	 early	 life)	 in	 the	 development	 of	 recurrent	 wheezing	
and	 asthma	 susceptibility	 in	 childhood,	 perhaps	 prophylaxis	
against	 them	 might	 help	 reduce	 asthma	 development.	 A		
lower	 incidence	 of	 recurrent	 wheezing	 (and	 even	 physician-
documented	 episodes)	 over	 a	 2-year	 follow-up	 period	 was	
found	among	preterm	infants	without	chronic	lung	disease	who	
had	received	palivizumab	(a	humanized	monoclonal	antibody	
against	the	RSV	fusion	protein)	compared	with	preterm	infants	
who	 had	 not	 received	 palivizumab,	 prior	 to	 enrollment.118	
There	 was	 also	 a	 significant	 difference	 in	 outcomes	 between	
palivizumab-treated	and	untreated	children	who	were	not	hos-
pitalized	for	RSV,	suggesting	that	the	effect	of	palivizumab	was	
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corticosteroid	 rescue,	 asthma	 healthcare	 utilization	 or	 quality	
of	 life	 was	 found.	 Nevertheless,	 both	 active	 study	 treatments	
demonstrated	 modest	 reductions	 in	 symptom	 severity	 score	
(such	as	wheezing,	trouble	breathing	or	activity	limitation)	rela-
tive	to	conventional	therapy,	particularly	among	children	with	
positive	API	or	prior	oral	corticosteroid	use.

These	studies	provide	important	information	regarding	ICS	
therapy	 in	 young	 children	 with	 recurrent	 wheezing	 episodes	
although	the	overall	results	regarding	prevention	of	progression	
to	persistent	asthma	are	not	convincing.	ICS	can	be	 indicated	
to	 improve	 asthma	 control	 but	 should	 not	 be	 expected	 to	
prevent	 the	 development	 of	 asthma	 or	 persistent	 wheezing,	
even	for	high-risk	subjects.

Conclusion
Chronic	cough	and	recurrent	wheezing,	typical	manifestations	
of	 asthma,	 are	 quite	 common	 in	 young	 children,	 yet	 these	
symptoms	 render	 different	 long-term	 outcomes	 and,	 acutely,	
varying	severity.	For	those	with	a	more	persistent	pattern,	con-
troller	 therapy	 is	 indicated.	A	significant	 subset	have	a	 severe,	
intermittent	 course,	 and	 for	 these	 patients	 daily	 controller	
therapy	 may	 still	 be	 beneficial.	 However,	 recent	 studies	 have	
suggested	the	efficacy	of	‘as	needed’	high-dose	inhaled	cortico-
steroid	started	at	the	onset	of	a	respiratory	illness,	particularly	
in	very	young	children	who	have	atopic	risk	factors.	The	devel-
opment	 of	 persistent	 asthma	 and	 requirement	 for	 long-term	
controller	therapy	in	a	very	young	child	can	be	predicted	to	a	
limited	 degree.	 Currently	 no	 clinically	 available	 objective	 and	
reliable	measure	of	lung	function,	bronchial	hyperreactivity	or	
airway	inflammation	exists	that	is	applicable	to	this	age	group,	
hence	 monitoring	 the	 effects	 of	 interventions	 or	 treatment		
on	prevention	of	asthma	inception,	modulation	of	underlying	
inflammation,	perhaps	airway	remodeling,	prevention	of	dete-
rioration	in	lung	function	over	time	and	induction	of	physio-
logic	 or	 immunologic	 remission	 is	 not	 feasible.	 The	 need	 to	
evaluate	 objectively	 the	 efficiency	 and	 safety	 of	 the	 various	
delivery	 devices	 and	 HFA	 formulation	 available	 for	 inhaled	
therapies	 to	 infants	 and	 young	 children	 remains.	 Only	 a	 few	
medications	have	been	approved	for	use	in	this	population,	and	
studies	 have	 demonstrated	 effects	 on	 asthma	 control	 using	
short-term	parameters.	Studies	on	prevention	of	asthma	devel-
opment	are	warranted,	especially	in	those	who	are	deemed	sus-
ceptible.	 Yet	 these	 are	 the	 ultimate	 goals	 that	 may	 motivate	
patients	and	families,	if	indeed	interventions	can	really	alter	the	
development	 and	 the	 natural	 history	 of	 their	 disease.	 These	
studies	 often	 require	 large	 sample	 size	 and	 monitoring	 over	
longer	periods	of	time	which	require	enormous	resources	and	
the	use	of	practical,	objective	measures	of	disease	activity	which	
are	still	lacking.

Helpful Websites
The	 National	 Heart,	 Lung,	 and	 Blood	 Institute;	 website	

(http://www.nhlbi.nih.gov/guidelines/asthma/asthgdln	
.htm)

The	 Global	 Initiative	 for	 Asthma;	 website	 (http://www	
.ginasthma.org/documents/4)

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

were	 randomized	 to	 receive	 fluticasone	 propionate	 100	µg	 or	
matching	placebo	twice	daily.	At	age	5	years,	no	difference	between	
the	ICS	and	placebo	groups	in	the	proportion	of	children	with	
current	wheeze,	physician-diagnosed	asthma	and	use	of	supple-
mental	open-label	ICS	(fluticasone	100	µg	twice	daily)	was	found.	
Furthermore,	the	number	of	exacerbations,	lung	function	(using	
sRaw	through	plethysmography	with	dynamic	lung	volumes	and	
expiratory	flow)	and	bronchial	hyperreactivity	(using	eucapnic	
voluntary	hyperventilation)	were	also	not	different	between	the	
groups.	 Children	 who	 were	 on	 ICS,	 particularly	 after	 6	 to	 12	
months,	had	transient	reduction	in	growth	velocity;	and	those	
who	received	both	masked	and	open-label	ICS	had	a	slower	rate	
of	growth,	compared	to	either	 the	‘masked	treatment	only’	or	
‘open-label	treatment	only’	groups.

While	 these	 two	 studies	 demonstrate	 that	 long-term	 treat-
ment	with	ICS	does	not	modify	the	course	of	asthma,	they	also	
raise	the	potential	for	systemic	effects	of	this	intervention	which	
can	limit	its	use	for	this	purpose.	Using	ICS	only	for	an	acute	
illness	and	evaluating	its	long-term	impact	is	attractive	not	only	
because	it	is	less	burdensome	but	also	it	may	decrease	the	risk	
of	growth	retardation.

One	study,	 the	Prevention	of	Asthma	in	Childhood	(PAC),	
sought	to	determine	whether	early	intervention	using	intermit-
tent	administration	of	an	ICS,	when	initiated	at	the	first	episode	
of	 wheezing	 and	 during	 subsequent	 episodes,	 could	 alter	 the	
development	of	asthma.47	Of	411	infants	born	to	mothers	with	
asthma	enrolled	at	one	month	of	age,	approximately	300	chil-
dren	received	at	least	one	14-day	course	of	budesonide	400	µg/
day	or	matching	placebo	administered	via	pMDI	and	holding	
chamber	(mean	age	at	the	first	course	of	study	medication	was	
10.7	 months).	 For	 every	 acute	 illness,	 children	 were	 to	 start	
either	treatment	after	3	days	of	wheezing.	Upon	completion	of	
this	 3-year	 study,	 a	 similar	 percentage	 of	 symptom-free	 days	
between	treatment	groups	(83%	vs	82%	for	the	budesonide	and	
placebo	groups,	respectively)	was	found.	In	addition,	24%	and	
21%	of	children	in	the	budesonide	and	placebo	groups,	respec-
tively,	 had	 persistent	 wheezing.	 The	 mean	 duration	 of	 each	
acute	wheezing	episode	was	not	reduced	by	budesonide	therapy.	
Lung	function	using	pre-and	post-bronchodilator	sRaw	at	age	
3	 years	 was	 comparable	 between	 the	 two	 treatment	 groups.	
Lastly,	 there	 was	 no	 difference	 in	 height	 between	 the	 groups.	
Thus,	 intermittent	 ICS	 did	 not	 alter	 the	 natural	 history	 of	
asthma	in	infants	at	risk	for	asthma	nor	did	it	change	the	dura-
tion	of	the	acute	wheezing	episodes.

The	NHLBI	CARE	Acute	Intervention	Management	Strate-
gies	 (AIMS)	 study102	 randomized	 238	 children	 aged	 12	 to	 59	
months	 who	 had	 at	 least	 two	 episodes	 of	 moderate-to-severe	
wheezing	requiring	either	an	urgent	care	visit	and/or	systemic	
steroid	course	in	the	context	of	a	respiratory	tract	illness	within	
the	 past	 year.	 Participants	 were	 randomized	 to	 receive	 one	 of	
the	following	for	7	days	at	the	onset	of	symptoms:	budesonide	
inhalation	 suspension	 (1.0	mg	 twice	 daily)	 or	 montelukast	
group	(4	mg	once	daily)	or	conventional	rescue	bronchodilator	
therapy.	The	primary	outcome	was	the	proportion	of	episode-
free	days	(i.e.	days	free	from	cough,	wheeze,	trouble	breathing,	
asthma-associated	interference	with	daily	activities	or	awaken-
ing	from	sleep,	healthcare	utilization	due	to	wheezing,	and	use	
of	asthma-related	non-study	medications)	over	the	entire	study	
period.	 Compared	 to	 conventional	 rescue	 bronchodilator	
therapy,	neither	budesonide	nor	montelukast	initiated	at	early	
signs	 of	 illness	 increased	 the	 proportion	 of	 episode-free	 days	
over	a	1-year	period.	In	addition,	no	differential	effect	on	oral	

http://www.nhlbi.nih.gov/guidelines/asthma/asthgdln.htm
http://www.nhlbi.nih.gov/guidelines/asthma/asthgdln.htm
http://www.ginasthma.org/documents/4
http://www.ginasthma.org/documents/4
http://www.expertconsult.inkling.com
http://www.expertconsult.inkling.com
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KEY POINTS

• Racial and ethnic minorities and children with low socio-
economic status living in urban communities have a  
disproportionate burden of asthma morbidity, mortality 
and healthcare use.

• Successful interventions targeting inner city children 
with asthma must be multifactorial and take into account 
access to care, social, environmental and behavioral 
factors.

• Community linkages, epidemiologic evaluation, self-
management, decision support and improved patient-
provider communication are essential ingredients of 
asthma management programs.

• It is important to determine individual risks and tailor 
asthma interventions in the context of the physical and 
social environments.

• Translation of successful evidence-based interventions 
into practice presents a challenge that requires evalua-
tion and feedback from those implementing these inter-
ventions at the community level.

Wide	 variations	 exist	 in	 the	 prevalence	 of	 childhood	 asthma	
worldwide,	ranging	from	less	than	1%	to	as	high	as	37%.1	The	
National	Health	 Interview	Survey	 in	2012	reported	 that	9.3%	
of	children	under	age	18	in	the	USA	have	asthma	and	14%	have	
been	diagnosed	with	asthma	at	some	time	in	their	lives.	Small	
area	analyses	have	demonstrated	asthma	period	prevalence	rate	
in	poor	urban	communities	in	the	USA	to	be	twice	the	national	
prevalence	 rate.2	 Children	 in	 poor	 families	 are	 more	 likely	 to	
have	current	asthma	than	children	in	families	that	are	not	poor	
(13%	 vs	 8%).	 There	 is	 variation	 in	 prevalence	 among	 ethnic	
groups.	 Puerto	 Rican	 children	 living	 in	 the	 Northeast	 USA	
reported	 some	 of	 the	 highest	 prevalence	 rates.	 Disparities	 in	
morbidity	in	addition	to	prevalence	are	evident.	Hospitalization	
rates	and	emergency	department	(ED)	visits	are	highest	in	poor	
urban	areas.3,4	Reviews	of	asthma	disparities	find	that	African	
American	and	Hispanic	children	who	live	in	low	socioeconomic	
urban	environments	experience	higher	morbidity	and	mortal-
ity	 than	white	children.5,6	 In	 the	UK,	blacks	and	south	Asians	
are	at	significantly	increased	risk	of	admission	for	asthma.7

Racial	and	ethnic	minorities	that	are	socioeconomically	dis-
advantaged	and	disproportionately	affected	by	asthma	live	pre-
dominantly	in	densely	populated	urban	areas.	These	so-called	
‘inner	cities’	are	not	uniform	in	many	of	 their	characteristics.	
The	differences	include	housing	stock,	climate,	environmental	
exposures,	 race	 and	 ethnicity.	 As	 a	 result	 of	 the	 documented	
disparities	in	asthma	morbidity,	the	inner	cities	have	been	the	

focus	of	studies	to	determine	the	characteristics	of	these	areas	
that	contribute	to	high	prevalence	and	morbidity	and	to	develop	
interventions.

The	 relationship	of	 race/ethnicity,	 environment	and	 socio-
economic	 status	 (SES)	 to	 asthma	 morbidity	 is	 complex.	 The	
hospital	readmission	rate	for	asthma	is	twice	as	high	in	African	
Americans	 compared	 to	whites.	 In	an	attempt	 to	 characterize	
the	racial	disparities,	one	study	found	that	traditional	SES	mea-
sures	coupled	with	financial	and	social	hardship	explained	50%	
of	the	readmission	rate.8	Behavioral	factors	and	patterns	of	care	
also	determine	asthma	outcome.	Jones	et	al	demonstrated	that	
minority	 children	 with	 wheeze	 were	 nearly	 twice	 as	 likely	 as	
white	children	to	have	used	urgent	care	for	asthma,	after	con-
trolling	 for	 disease	 severity,	 access	 to	 care	 and	 environmental	
factors.9	Puerto	Rican	children	had	more	clinic	visits	for	asthma	
but	 spent	 fewer	 days	 in	 the	 hospital	 for	 asthma	 than	African	
American	children.10	Health	beliefs	may	differ	among	various	
cultures.	 Ethnic	 minorities	 with	 low	 incomes	 might	 regard	
asthma	 as	 less	 serious	 than	 other	 pressing	 problems	 of	 life.11	
Low	parental	expectations	and	competing	family	priorities	are	
associated	with	poor	asthma	control.	In	a	multivariate	analysis	
that	included	these	factors	in	the	analytic	model,	the	association	
between	 race/ethnicity	 and	 poor	 asthma	 control	 was	 not	 sig-
nificant.12	In	summary,	a	variety	of	interrelated	factors	contrib-
ute	 to	 morbidity	 and	 multifaceted	 tailored	 interventions	 are	
more	likely	to	succeed.

Challenges to Asthma Management
Despite	the	existence	of	effective	disease	control	strategies	and	
medications,	 asthma	 remains	 a	 major	 public	 health	 problem.	
Morbidity,	 direct	 and	 indirect	 healthcare	 costs	 and	 mortality	
continue	 to	 impose	 a	 high	 burden.	 Individual	 asthma	 care	 is	
only	 one	 component	 of	 effective	 asthma	 control.	 Compared	
with	social,	environmental	and	behavioral	factors,	medical	care	
has	only	a	relatively	small	influence	on	health	for	populations.13	
The	role	of	these	factors	was	evident	in	the	initial	studies	of	the	
National	 Inner	 City	 Asthma	 Study	 (NCICAS).	 Poor	 housing	
stock,	crowded	living	conditions	and	poor	access	to	appropriate	
health	 care	 despite	 the	 availability	 of	 insurance	 are	 barriers.	
Exposure	and	sensitization	to	allergens	such	as	cockroach	and	
mouse,	as	well	as	exposure	 to	 indoor	pollutants	 such	as	envi-
ronmental	tobacco	smoke	and	nitrogen	dioxide	are	high.14	It	is	
important	to	note	that	these	risk	factors	vary	from	one	child	to	
the	next.

Interventions	 aimed	 at	 primary	 prevention	 of	 asthma		
in	 inner	 city	 children	 are	 lacking.	 Longitudinal	 birth	 cohort	
studies	are	underway	that	may	drive	novel	interventions.	These	
studies	 will	 increase	 our	 understanding	 of	 the	 interaction	 of	
prenatal	factors,	viral	infections,	environmental	tobacco	smoke,	
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Figure 33-1  Interaction between patient/caregiver and provider. Inac-
curate  reporting  of  symptoms  or  inadequate  assessment  can  lead  to 
suboptimal treatment and poor outcome. 
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microbiome,	 epigenetics	 and	 stress	 in	 the	 development	 of	
asthma.	There	are	no	effective	public	health	strategies	or	treat-
ment	 regimes	 that	 reduce	 the	 risk	 of	 developing	 asthma	 or	
influence	its	natural	history.

Evidence	indicates	that	establishment	of	a	successful	asthma	
management	 program	 entails	 a	 logical	 progression	 through	
specific	developmental	stages,	starting	with	political/stakeholder	
endorsement	 and	 commitment,	 followed	 by	 epidemiologic	
evaluation,	evaluation	of	disease	burden,	evaluation	of	access	to	
care	 and	 best	 therapy,	 and	 finally	 optimization	 and	 mainte-
nance	 therapy	 for	 individual	 patients.15	 Applying	 a	 model	
embodying	these	concepts	in	an	inner	city	setting	for	patients	
with	chronically	poorly	controlled	asthma	resulted	in	sustained	
improvement	 in	 asthma	 control	 in	 adolescent	 patients.	 The	
interventions	 implemented	 included	 delivery	 system	 redesign	
to	 provide	 standardized	 and	 evidence-based	 care,	 productive	
interactions	between	informed	patients	and	prepared	clinicians,	
self-management	support,	community	 linkages,	clinical	 infor-
mation	systems	and	decision	support.16

Factors Contributing to Morbidity  
in Inner Cities (Table 33-1)
ASTHMA KNOWLEDGE AND PATTERNS  
OF CARE

Insufficient	caregiver	and	child	asthma	knowledge	contributes	
to	asthma	morbidity	but	inability	to	apply	the	knowledge	and	
change	 behavior	 also	 plays	 a	 role.	 The	 NCICAS	 found	 that	
although	caregivers	of	inner	city	children	had	reasonably	good	
asthma	 knowledge,	 they	 had	 difficulty	 giving	 responses	 that	
could	be	helpful	in	asthma	management	when	they	were	given	
hypothetical	vignettes.17	The	caregiver’s	expectations	regarding	
his	or	her	ability	to	manage	the	child’s	asthma	are	predictive	of	
the	child’s	functional	status,	suggesting	that	attitudes	play	a	role	
in	 determining	 the	 child’s	 asthma	 outcome.18	 Negative	 beliefs	
about	 medications	 and	 low	 expectations	 about	 the	 benefit	 of	
the	medications	are	predisposing	factors	associated	with	poor	
clinical	outcome.	Low	parental	involvement	and	delays	in	rec-
ognizing	 symptoms	 and	 initiating	 therapy	 are	 also	 associated	
with	 poor	 outcomes.	 Patients	 and	 caregivers	 tolerate	 poor	
symptom	control	and	possess	inadequate	knowledge	of	correct	
drug	usage.19	Language	barriers	between	provider	and	patient	
or	 caregiver	 contribute	 to	 underreporting	 of	 symptoms	 and	
suboptimal	 communication.20	 The	 interactions	 are	 complex	
and	interventions	must	identify	breakdowns	in	the	pathways	to	
optimize	outcomes	(Figure	33-1).

Children	 with	 lower	 SES	 have	 fewer	 doctor	 visits	 despite	
more	 ED	 visits	 and	 hospitalizations.3,21	 Most	 children	 have	 a	
usual	 source	 of	 primary	 care	 but	 when	 symptomatic	 with	
asthma	have	difficulty	finding	care	outside	the	ED.14	Use	of	the	

ED	leads	to	more	fragmented	care.	Children	use	reliever	medi-
cation	more	frequently	than	antiinflammatory	medications.22,23	
In	a	managed	care	setting	in	a	low	SES	group,	African	Ameri-
cans	fill	fewer	prescriptions	than	Caucasians.

ADHERENCE

Overall	 estimates	 for	 adherence	 to	 medications	 are	 about	
50%24,25	 (Box	 33-1).	 In	 adolescents,	 asthma	 prevention	 and	
management	 behaviors	 were	 suboptimal	 with	 only	 36%	 of	
those	 prescribed	 medication	 for	 persistent	 asthma	 reporting	
taking	 medications	 daily.26	 Adherence	 to	 an	 asthma	 manage-
ment	program	involves	use	of	controller	medication,	appoint-
ment	 keeping	 and	 applying	 an	 emergency	 plan	 of	 action.	
Barriers	 to	adherence	may	exist	 in	any	of	 these	 areas,	 leading		
to	 ineffective	 control	 of	 asthma.27	 Concern	 about	 side-effects	
and	negative	caregiver	beliefs	regarding	efficacy	of	medications	
are	 more	 likely	 in	 nonadherent	 compared	 to	 adherent	 chil-
dren.27,28	Studies	show	that	caregivers	of	children	with	asthma	
have	cultural	beliefs	about	asthma	medications	that	provide	the	
rationale	for	limiting	or	discontinuing	the	use	of	medications.29–31	
Even	when	a	controller	medication	was	prescribed	by	a	physi-
cian,	more	 than	one	 third	of	caregivers	did	not	report	 it,	and	
this	 discordance	 was	 related	 to	 caregivers’	 beliefs	 about	 treat-
ment.32	 Smith	 et	al	 reported	 that	 suboptimal	 asthma	 control	
and	controller	medication	underuse	were	highly	associated	with	
potentially	 modifiable	 risk	 factors,	 especially	 low	 parental	
expectations	for	functioning	and	symptom	control,	discordant	
estimation	of	asthma	control,	lack	of	routines	for	administering	
medication,	and	concerns	about	asthma	medications.12	Results	

Access to Care Environment Host Psychosocial Adherence

Underdiagnosis Allergens Genetics Maternal factors Child/caregiver
Undertreatment Irritants Obesity Child factors Healthcare provider
Availability of specialty care Asthma knowledge Stress
Insurance Violence

Housing

TABLE 
33-1 Factors Contributing to Asthma Morbidity in Children of Lower Socioeconomic Status
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these	 other	 factors.	 Increased	 exposure	 to	 violence	 predicts	
increased	 symptomatology	 in	 a	 graded	 fashion.38	 Children	
spend	 more	 time	 indoors	 because	 of	 fear	 of	 violence,	 which	
could	potentially	increase	exposure	to	indoor	allergens	and	irri-
tants.38	Inner	city	school	children	with	asthma	whose	primary	
caregivers	 perceived	 the	 neighborhood	 to	 be	 unsafe	 had	 an	
increased	likelihood	of	poorly	controlled	asthma,	increased	use	
of	 rescue	 medication	 use	 and	 more	 limitation	 in	 activity	 and	
nighttime	 symptoms	 compared	 to	 participants	 living	 in	 safe	
neighborhoods.39

Psychosocial	 factors,	particularly	the	mental	health	of	chil-
dren	and	caregivers,	are	significant	factors	in	predicting	asthma	
morbidity.	In	the	NCICAS,	caregiver	mental	health	as	assessed	
by	 the	 Brief	 Symptom	 Inventory	 revealed	 that	 children	 of		
caregivers	who	had	psychological	symptoms	were	almost	twice	
as	 likely	 to	 be	 hospitalized	 for	 asthma.40	 In	 adolescents	 with	
asthma,	 number	 of	 asthma	 symptoms,	 asthma-related	 school	
absenteeism,	 physician	 visits	 for	 asthma	 and	 hospitalization		
for	 asthma	 were	 significantly	 associated	 with	 the	 number	 of	
stressful	 events,	 independent	of	 environmental	 exposures	and	
sociodemographic	 factors.41	 Interventions	 that	do	not	address	
psychosocial	issues	may	have	limited	impact.

INDOOR ENVIRONMENTAL EXPOSURES

Attention	 to	 the	 indoor	 environment	 is	 of	 particular	 impor-
tance	 because	 children	 living	 in	 urban	 areas	 spend	 approxi-
mately	 70%	 of	 their	 time	 indoors,	 where	 they	 are	 exposed	 to	
irritants,	allergens	and	endotoxin.42	There	are	many	sources	of	
indoor	exposure	penetrating	from	outdoor	air	and	generating	
from	indoor	sources.

Exposure	to	environmental	tobacco	smoke	(ETS)	in	children	
with	asthma	living	in	inner	cities	is	high.	Studies	in	inner	cities	
report	that	more	than	half	of	children	with	asthma	have	one	or	
more	smokers	in	the	household	and	over	one	third	of	primary	
caregivers	of	children	with	asthma	are	smokers.14	Measurement	
of	 cotinine	 levels	 in	 children	 reveal	 even	higher	 levels	of	per-
sonal	 exposure	 ranging	 from	 38%	 to	 69%.14,43,44	 African	
American	 children	 are	 more	 likely	 to	 be	 exposed	 than	 Latino	
children.43,44

Particulate	matter	(PM)	is	a	major	source	of	indoor	air	pol-
lution	 in	 inner	 city	 homes.	 Indoor	 concentrations	 of	 PM	 are	
related	to	combustion	products	as	well	as	to	variation	in	ventila-
tion	and	air	filtration.45,46	Penetration	of	particles	from	outdoor	
sources	 contributes	 about	 25%	 of	 the	 indoor	 concentration.	
The	major	indoor	source	is	smoking.	In	the	Inner-City	Air	Pol-
lution	Study	(ICAP)	the	mean	indoor	value	of	fine	particulate	
matter	 (PM2.5)	 in	 smoking	 homes	 was	 46.5	µg/m3	 compared	
with	17.8	µg/m3	in	nonsmoking	homes.	Frying,	smoky	cooking	
events,	burning	incense	and	cleaning	activities	such	as	sweeping	
are	 additional	 sources	 of	 PM.22	 Indoor	 particulate	 matter	 has	
also	 been	 shown	 to	 be	 associated	 with	 an	 increase	 in	 asthma	
symptoms	and	rescue	medication	use.47,48

Nitrogen	 dioxide	 is	 a	 by-product	 of	 combustion	 sources.	
Household	appliances	fueled	by	gas	such	as	gas	stoves	or	kero-
sene	heaters	are	the	major	sources	of	indoor	NO2.

49	Gas	stoves	
are	 commonly	 found	 in	 inner	 city	 homes.	 In	 the	 seven		
cities	 participating	 in	 NCICAS,	 89%	 of	 households	 had	 gas	
stoves.50	Ventilating	with	exhaust	fans	reduces	indoor	NO2	levels	
significantly	 but	 the	 majority	 of	 households	 in	 NCICAS	 did		
not	 have	 proper	 venting.	 Measurements	 in	 inner	 city	 house-
holds	 demonstrate	 high	 indoor	 concentrations	 of	 NO2	 often	

of	a	multivariate	analysis	suggested	that	low	parental	expecta-
tions	and	competing	priorities	mediated	the	association	of	race/
ethnicity	and	poor	asthma	control.	Complementary	and	alter-
native	medicine	use	 in	children	with	asthma	 is	high.	Usage	 is	
highest	in	black,	poor,	lesser	educated	parents	and	in	children	
with	persistent	asthma.33

The	level	of	responsibility	for	asthma	management	increases	
with	age	in	inner	city	children.17	However,	older	children	may	
still	 be	 ill-equipped	 to	 manage	 the	 illness	 independently.34	 A	
complicating	 factor	 is	 that	 there	 is	 discordance	 between	 the	
caregiver	and	the	child	regarding	responsibility	for	the	manage-
ment	of	the	child’s	asthma.17

ACCESS TO CARE

Lack	 of	 adequate	 health	 insurance	 is	 an	 important	 barrier	 to	
healthcare	services	for	children	in	the	USA.	Diagnosis	and	treat-
ment	of	asthma	are	related	to	healthcare	coverage.35	However,	
some	 evidence	 suggests	 that	 asthma-related	 healthcare	 differ-
ences	 across	 groups	 might	 exist	 independently	 of	 financial		
barriers.11	Despite	very	high	 levels	of	healthcare	coverage	and	
access	 to	 primary	 care	 in	 an	 urban	 population,	 the	 overall	
quality	of	asthma	care	and	management	falls	short	of	that	rec-
ommended	 by	 national	 guidelines.36	 In	 the	 NCICAS,	 91%	 of	
children	 had	 health	 insurance	 but	 only	 28%	 received	 antiin-
flammatory	 medications.14	 This	 suggests	 that	 the	 delivery	 or	
quality	of	care	may	contribute	to	poor	outcome.	Access	to	care	
from	asthma	specialists	is	reduced	for	those	who	are	poor	and	
belong	 to	 an	 ethnic	 minority.	 Physicians	 underprescribe	 con-
troller	 medication	 for	 inner	 city	 children	 despite	 guidelines	
recommending	 the	 use	 of	 antiinflammatory	 medications		
for	 persistent	 asthma.22,23,32	 Furhman	 et	al	 reported	 that	 chil-
dren	 with	 asthma	 hospitalized	 for	 an	 exacerbation	 had	 been	
consistently	 poorly	 controlled	 during	 the	 previous	 year.	 They	
were	undertreated	and	insufficiently	educated	about	asthma.37	
However	 physician	 adherence	 to	 guidelines	 will	 not	 translate	
into	 appropriate	 treatment	 without	 attention	 being	 paid	 to	
caregiver-physician	communication.32

PSYCHOSOCIAL FACTORS

Behavioral	and	psychosocial	factors	can	affect	asthma	morbid-
ity.	There	are	variations	in	asthma	morbidity	in	neighborhoods	
with	 low	 SES.	 This	 indicates	 that	 asthma	 morbidity	 cannot		
be	 explained	 solely	 by	 economic	 factors	 and	 that	 community	
factors	may	be	 important.	Exposure	to	violence	was	 indepen-
dently	 associated	 with	 asthma	 morbidity	 after	 simultaneous	
adjustment	 for	 income,	 employment	 status,	 caregiver	 educa-
tion,	 housing	 problems	 and	 other	 adverse	 life	 events,	 which	
suggests	 that	 exposure	 to	violence	 is	not	merely	a	marker	 for	

BOX 33-1 PREDISPOSING FACTORS FOR 
POOR ADHERENCE

Insufficient asthma knowledge
Inability to translate knowledge into practice
Negative beliefs about medications
Cultural beliefs about medications
Low parental expectations for symptom control
Competing priorities
Suboptimal communication between parent and healthcare 

provider
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exposures	 to	 EC	 concentrations	 in	 inner	 city	 children	 with	
asthma.68	Using	an	in	vitro	model,	Wu	et	al	demonstrated	that	
near-roadway	 PM	 produced	 greater	 inflammatory	 response	
than	 urban	 background	 PM.	 PM	 induced	 higher	 levels	 of	
inflammatory	cytokines	IL-6,	IL-8	and	TNF-α.69

OBESITY

There	has	been	a	parallel	rise	in	the	prevalence	of	obesity	and	
asthma	over	the	last	few	decades.	Blacks	and	Hispanics	experi-
ence	higher	rates	of	obesity	than	whites.	Low	SES	is	also	associ-
ated	with	higher	rates	of	obesity.70	Epidemiologic	studies	show	
an	 association	 between	 obesity	 and	 asthma	 prevalence	 and	
severity.	 Over	 one	 third	 of	 children	 with	 asthma	 in	 a	 multi-
center	 inner	 city	 study	 were	 obese	 compared	 to	 17%	 of	 the	
general	population	of	children	in	the	USAs.70,71	Obese	children	
are	not	only	more	likely	to	develop	asthma	but	are	more	likely	
to	have	increased	severity	resulting	in	greater	healthcare	utiliza-
tion.72	 In	 a	 longitudinal	 study	 obesity	 was	 associated	 with	
poorer	asthma	control	in	females.71	One	study	found	that	in	an	
urban,	predominantly	African	American	population,	the	effects	
of	indoor	PM2.5	and	NO2	exposure	on	asthma	symptoms	were	
greater	 in	overweight	and	obese	 than	normal-weight	children	
and	adolescents.73

Interventions
Many	interventions	have	been	developed	and	implemented	in	
a	 variety	 of	 settings,	 including	 EDs,	 hospitals,	 clinics,	 schools	
and	 home.	 The	 approaches	 include	 educational	 interventions	
aimed	at	patients	and	their	families	or	healthcare	providers,	case	
management,	and	environmental	control	strategies.	The	limita-
tions	of	studies	of	interventions	are	that	the	majority	have	not	
been	 subjected	 to	 randomized	 controlled	 clinical	 trials,	 have	
small	sample	sizes,	are	not	culturally	sensitive	or	do	not	examine	
the	cost-effectiveness.	The	importance	of	a	proper	study	design	
to	assess	new	interventions	is	underscored	by	the	fact	that	there	
is	 a	 significant	 improvement	 in	 outcome	 in	 children	 with	
asthma	 enrolled	 in	 control	 arms	 of	 these	 trials.74	 Therefore	
caution	needs	to	be	exercised	in	concluding	that	an	intervention	
is	efficacious	when	using	a	pre-post	study	design.

THERAPY

Currently	available	medications	for	the	management	of	asthma	
used	according	 to	published	guidelines	and	with	good	adher-
ence	 and	 follow-up	 are	 highly	 effective	 in	 controlling	 asthma	
symptoms	 in	 inner	 city	 children.	A	 guideline-based	 approach	
improved	asthma	control	in	several	studies	enrolling	moderate	
to	severe	asthmatics.75,76	For	example,	Figure	33-2	demonstrates	
that	adolescents	in	a	control	arm	of	a	study	receiving	guideline-
based	care	 improved	quickly	and	maintained	control	over	the	
course	of	the	1-year	treatment	period.	Of	interest	despite	good	
control	 of	 symptoms,	 children	 and	 adolescents	 continue	 to	
experience	exacerbations	at	a	high	rate,	particularly	during	the	
fall	months.	A	study	by	the	NIAID	Inner-City	Asthma	Consor-
tium	showed	a	reduction	in	the	frequency	of	fall	asthma	exac-
erbations	when	omalizumab	(an	anti-IgE	drug)	was	added	 to	
guidelines-directed	 treatment.77	 The	 cost	 of	 this	 treatment	 is	
high	and	studies	are	underway	to	determine	if	a	shorter	course	
of	treatment	initiated	prior	to	returning	to	school	prevents	the	
fall	exacerbations.

exceeding	 the	 US	 Environmental	 Protection	 Agency	 outdoor	
standard	 (53	 ppb).50,51	 Asthmatic	 children	 exposed	 to	 NO2	
indoors	 are	 at	 risk	 for	 increased	 asthma	 morbidity.50–52	 NO2	
increases	the	risk	of	asthmatic	exacerbations	following	respira-
tory	infections,	even	at	relatively	low	levels	of	exposure.53

Allergens	can	be	produced	 from	pests	 (mites,	 cockroaches,	
rodents),	 pets	 (cats,	 dogs),	 plants	 (pollen)	 and	 fungi	 (mold	
spores).	 Cockroach,	 mice	 and	 molds	 are	 prevalent	 in	 urban	
areas	but	there	are	geographic	variations	in	exposures	and	sen-
sitization.54	African	American,	 Mexican	American	 and	 Puerto	
Rican	children	are	more	likely	to	be	sensitized	to	cockroach	and	
dust	mites.55,56

Exposure	 to	 indoor	 allergens	 among	 sensitized	 asthmatic	
patients	is	associated	with	greater	asthma	severity	and	increased	
healthcare	utilization.	In	sensitized	children,	indoor	exposures	
to	 total	 fungi	 and	 to	 Penicillium	 species	 were	 associated	 with	
significant	 increases	 in	 unscheduled	 visits,	 even	 after	 control-
ling	for	outdoor	fungal	 levels.57	 In	NCICAS,	children	exposed	
and	sensitized	to	cockroach	had	more	days	of	wheeze,	unsched-
uled	doctor	visits	and	hospitalizations	compared	to	those	chil-
dren	who	were	only	exposed,	only	sensitized	or	neither	exposed	
nor	 sensitized.58	 In	 Baltimore,	 Maryland,	 among	 those	 who	
were	 sensitized	 and	 exposed	 to	 both	 cockroach	 and	 mouse,	
mouse	 appeared	 to	 be	 the	 stronger	 driver	 of	 worse	 asthma.59	
Cat,	cockroach,	 rodent	and	house	dust	mite	exposure	 in	chil-
dren	has	been	associated	with	asthma	exacerbations	 in	a	dose	
dependent	fashion.58,60

Asthma	 guidelines	 recommend	 reducing	 exposure	 to	 rele-
vant	allergens	to	reduce	inflammation,	symptoms	and	need	for	
medication.	A	tailored,	multifaceted	approach	to	allergen	avoid-
ance	in	the	home,	based	on	skin	test	sensitivity,	is	emphasized	
because	 steps	 to	 reduce	 single	 allergens	 have	 been	 shown	 to		
be	 largely	 ineffective.61–63	 Environmental	 control	 represents	 a	
financial	 and	 practical	 burden	 for	 both	 patients	 and	 society.	
Successful	 approaches	 need	 to	 set	 realistic	 goals	 that	 account		
for	 limitations	 imposed	 by	 the	 inner	 city	 setting.	 Necessary	
resources	 may	 not	 be	 available	 for	 optimal	 environmental	
control.	For	example,	only	38%	of	homes	in	NCICAS	had	func-
tioning	vacuum	cleaners.64	Third	party	payers	do	not	reimburse	
for	supplies	and	equipment	needed	by	patients	to	reduce	envi-
ronmental	 triggers	 in	 their	 homes,	 nor	 are	 visiting	 homecare	
workers	 consistently	 trained	 in	 evaluating	 homes	 for	 triggers	
and	educating	patients	about	household	allergen	reduction.

OUTDOOR ENVIRONMENTAL EXPOSURES

Higher	 levels	 of	 ambient	 air	 pollutants	 are	 associated	 with	
increased	 asthma	 morbidity.65,66	 Particulate	 matter	 (<10	µm	
[PM10]	 and	 <2.5	µm	 in	 aerodynamic	 diameter	 [PM2.5])	 is	 a	
collection	of	mostly	inorganic	pollutants	that	has	been	associ-
ated	 with	 adverse	 respiratory	 effects	 and	 exacerbations	 of	
asthma.	 PM2.5	 can	 penetrate	 deep	 into	 the	 lung.	 Increasing	
asthma	morbidity	has	been	observed	during	a	period	of	declin-
ing	air	pollution.	However,	populations	 living	 in	underserved	
urban	communities	remain	at	higher	risk	because	improvement	
in	 ambient	 air	 quality	 is	 not	 equally	 distributed	 among	 all	
communities.67

Many	children	living	in	inner	cities	live	in	close	proximity	to	
highways	 and	 businesses	 that	 rely	 on	 high	 volumes	 of	 truck	
traffic.	Using	the	elemental	carbon	(EC)	portion	of	PM2.5	as	a	
marker	 of	 diesel	 exhaust	 emissions,	 Spira-Cohen	 et	al	 found	
increasing	risk	of	adverse	respiratory	outcomes	with	increasing	
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trials.	 Many	 programs	 have	 had	 trouble	 fully	 implementing	
their	 plans	 because	 school	 staff,	 healthcare	 providers	 and	
parents	all	find	it	difficult	to	commit	sufficient	time	and	effort	
to	establish	new	patterns	of	cooperation.	The	success	of	school-
based	programs	for	asthma	is	dependent	on	a	partnership	with	
families	and	the	healthcare	system.	Individual	schools	have	dif-
ferent	capabilities	to	deal	with	school	health	in	general	and	with	
asthma	in	particular.	The	strategy	to	improve	asthma	outcomes	
that	 is	 most	 likely	 to	 succeed	 in	 a	 particular	 school	 will	 be	
dependent	on	the	resources	that	each	component	of	the	part-
nership	can	contribute.83

Two	 randomized	 studies	 evaluated	 supervised	 asthma	
therapy	in	urban	schools.	Both	provided	medication	at	no	cost.	
Gerald	 et	al	 reported	 improved	 asthma	 control	 among	 urban	
school	 children.84	 In	 addition	 to	 administering	 medication	 in	
school,	 Halterman	 et	al	 made	 guideline-based	 dosage	 adjust-
ments	 and	 gave	 a	 home-based	 environmental	 tobacco	 smoke	
reduction	 program	 for	 smoke-exposed	 children.85	 Compared	
with	usual	care,	the	program	improved	asthma	symptoms	and	
decreased	exacerbations.

Another	strategy	is	to	focus	on	self-management	skills.	Evans	
et	al	provided	self-management	education	in	inner	city	elemen-
tary	 school	 children.86	 The	 program	 emphasized	 the	 child’s	
responsibility	for	recognizing	symptoms	and	taking	appropriate	
management	steps.	Children	in	treatment	schools	had	increased	
management	 skills,	 fewer	 symptoms	of	asthma	and	 improved	
school	 performance.	 A	 school-based	 intervention	 for	 adoles-
cents	 used	 both	 group	 and	 tailored	 individual	 sessions	 and	
included	 education	 for	 their	 medical	 providers.	 Relative	 to	
control	 subjects,	 students	 in	 the	 intervention	 group	 reported	
more	confidence	to	manage	their	asthma,	taking	more	steps	to	
prevent	 symptoms,	 greater	 use	 of	 controller	 medication,	 and	
fewer	symptoms,	acute	care	visits,	hospitalizations	and	school	
absences	due	to	asthma.87

Although	not	evaluated	in	controlled	clinical	trials,	school-
based	mobile	clinics	have	been	used	in	several	cities	in	the	USA.	
The	 model	 attempts	 to	 reduce	 barriers	 to	 delivering	 effective	
care	 to	underserved	children	with	asthma.	The	mobile	 clinics	
are	staffed	by	specialty	trained	asthma	providers	and	integrate	
strategies	for	case	identification,	community	outreach,	continu-
ity	of	care,	structured	healthcare	encounters	and	patient	track-
ing.	Comparison	of	pre	and	post	year	data	for	subjects	enrolled	
in	 the	 program	 for	 at	 least	 1	 year	 revealed	 reductions	 in	 the	
percentage	of	patients	reporting	ED	visits,	hospitalizations	and	
missed	school	days.88

PROVIDER TARGETED INTERVENTIONS

Despite	the	findings	that	adherence	to	guidelines	by	providers	
is	suboptimal,	there	are	few	rigorously	designed	trials	of	inter-
ventions	aimed	at	providers	in	inner	cities.	A	systematic	review	
of	 provider	 interventions	 concluded	 that	 decision	 support	
tools,	feedback	and	audit,	and	clinical	pharmacy	support	were	
most	likely	to	improve	provider	adherence	to	asthma	guidelines,	
as	measured	through	healthcare	process	outcomes.89

Training	of	staff	in	clinics	providing	care	to	inner	city	minor-
ity	children	coupled	with	administrative	support	for	change	in	
practice	behavior	increased	the	number	of	patients	with	asthma	
receiving	 continuing	 care	 and	 improved	 the	 quality	 of	 care		
they	 received	 compared	 to	 control	 clinics.90	 Health	 outcomes	
were	 not	 reported.	 The	 relative	 contributions	 of	 the	 training	
program	 and	 the	 strong	 organizational	 commitment	 by	 the	

EMERGENCY DEPARTMENT INTERVENTIONS

Utilization	of	the	ED	for	children	with	asthma	living	in	inner	
cities	is	high.	Previous	ED	visits	are	strong	predictors	of	subse-
quent	 ED	 visits.78	 Interventions	 targeting	 high-risk	 children	
might	 be	 expected	 to	 have	 an	 impact	 on	 asthma	 morbidity	
because	these	patients	are	likely	to	have	severe	asthma	and	poor	
asthma	 management	 skills.	A	 number	 of	 strategies	 have	 been	
studied	but	the	results	have	been	conflicting.

A	 three-part	 ED-based	 intervention	 including	 asthma	
screening,	viewing	an	educational	video	addressing	beliefs	and	
a	mailed	reminder	did	not	improve	follow-up	or	outcomes.79	A	
randomized	trial	by	Teach	et	al	evaluated	a	single	comprehen-
sive	follow-up	visit	after	ED	discharge	that	included	education,	
initiating	 controller	 medications	 and	 scheduling	 a	 follow-up	
visit	with	a	primary	care	provider.80	The	intervention	improved	
asthma	 treatment	adherence,	 symptom	control,	quality	of	 life	
and	healthcare	use	 in	 this	population	of	urban,	 largely	disad-
vantaged,	 and	 minority	 children.	 It	 decreased	 the	 rate	 of	
unscheduled	 visits	 for	 asthma	 during	 the	 entire	 6-month	
follow-up	 period.	 There	 was	 no	 effect	 of	 the	 intervention	 on	
follow-up	with	the	primary	care	provider.	A	review	of	studies	
comparing	usual	care	for	asthma	to	more	intensive	educational	
programs	concluded	that	asthma	education	aimed	at	children	
and	their	caregiver	who	present	to	the	ED	for	acute	exacerba-
tions	 resulted	 in	 lower	 risk	 of	 future	 ED	 visits	 and	 hospital	
admission.	 It	 remained	unclear	as	 to	what	 type,	duration	and	
intensity	 of	 educational	 packages	 were	 the	 most	 effective	 in	
reducing	 acute	 care	 utilization.81	 A	 Joint	 Task	 Force	 Report	
reviewing	ED	interventions	recommended	among	other	things	
that	patients	seen	in	the	ED	should	have	their	asthma	character-
ized	 and	 that	 a	 follow-up	 appointment	 with	 a	 primary	 care	
physician	or	asthma	specialist	be	made	before	 leaving	 the	ED	
and	if	possible	a	telephone	reminder.82

SCHOOL-BASED INTERVENTIONS

Various	strategies	have	been	used	in	school-based	interventions	
but	few	have	been	subjected	to	randomized	controlled	clinical	

Figure 33-2  The response to guideline-based care. The graph shows 
symptom  days  per  2  weeks  averaged  over  1  year  in  adolescents  in  a 
control  arm  of  a  study  given  guideline-based  care.  (Adapted from 
Szefler SJ, Mitchell H, Sorkness CA, et al. Management of asthma based 
on exhaled nitric oxide in addition to guideline-based treatment for 
inner-city adolescents and young adults: a randomised controlled trial. 
Lancet 2008;372(9643):1065–72.)
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visits	 for	 asthma	 was	 demonstrated	 for	 mite-allergic	 children	
who	had	a	significant	decrease	in	exposure	to	mite	allergen.101

TECHNOLOGY-BASED INTERVENTIONS

There	are	few	rigorously	assessed	computer-based	interventions	
for	 asthma.	 These	 have	 had	 limited	 success.	 An	 educational	
software	program	did	not	produce	greater	 improvement	 than	
occurred	with	review	of	traditional	written	materials.102	A	trial	
of	 a	 computer-assisted	 instructional	 (CAI)	 game	 on	 asthma	
symptoms	was	not	effective	in	improving	asthma	symptoms.103	
In	contrast,	a	small	study	found	that	computer-delivered	self-
management	education	used	at	home	scored	higher	on	preven-
tion	and	treatment	strategies	and	enhanced	children’s	sense	of	
self-efficacy.104

Emerging	 health	 information	 technologies	 designed	 to	
improve	patient-physician	communication	can	be	used	success-
fully	in	inner	city	populations.	Among	children	and	adolescents	
in	a	low-income,	urban	population,	a	text	messaging	interven-
tion	 compared	 with	 usual	 care	 was	 associated	 with	 a	 modest	
improvement	 in	 the	 rate	 of	 influenza	 vaccination.105	 Smart-
phone	applications	to	monitor	peak	flow	or	asthma	symptoms	
are	available	but	their	use	has	not	been	evaluated	in	controlled	
clinical	trials.	The	technologies	are	developing	rapidly	and	have	
the	 potential	 of	 delivering	 targeted	 interventions	 to	 individu-
als.106	 An	 important	 barrier	 to	 overcome	 with	 interventions	
requiring	daily	monitoring	or	daily	diaries	is	decreased	compli-
ance	with	monitoring	over	time	that	has	been	observed	in	inner	
city	children	with	asthma.107

MULTIFACTORIAL INTERVENTIONS

The	 first	 phase	 of	 the	 NCICAS	 showed	 that	 a	 multitude	 of	
factors	are	responsible	for	asthma	morbidity,	including	adher-
ence,	access	 to	care	and	physician	undertreatment.	Other	 risk	
factors	involve	the	living	conditions,	social	welfare	and	mental	
health	issues	of	the	family.	These	risk	factors	may	interfere	with	
the	ability	of	the	family	to	give	sufficient	attention	to	the	child’s	
asthma.	It	also	became	apparent	that	asthma	management	was	
not	the	responsibility	solely	of	the	physician	but	of	the	family	
as	well.	For	an	intervention	in	the	inner	city	to	succeed,	it	must	
address	a	variety	of	risk	factors,	not	all	of	which	would	be	the	
same	among	individuals.

The	 asthma	 counselor	 intervention	 program	 developed	 by	
NCICAS	used	 social	workers	 to	 empower	 families	 to	 increase	
asthma	self-management	and	to	improve	their	communication	
with	 primary	 care	 providers.	 A	 risk	 profile	 was	 prepared	 for	
each	child	on	the	basis	of	assessments	of	skin	test	sensitivities,	
environmental	exposures,	psychosocial	factors,	difficulty	access-
ing	 care,	 exposure	 to	 pets	 or	 smoking	 and	 other	 factors.	 The	
multifactorial	intervention	was	tailored	to	each	child	using	spe-
cific	modules,	each	of	which	addressed	specific	risk	factors.	This	
tailored	intervention	approach	was	found	to	be	highly	effective	
in	reducing	asthma	symptoms	among	the	children.108

Home-based	educational	interventions	may	lead	to	modest	
short-term	 improvements	 in	 asthma	 outcomes	 among	 inner	
city	children.	A	home-based	 intervention	using	asthma	coun-
selors	 modeled	 after	 the	 NCICAS	 intervention	 and	 culturally	
adapted	for	Puerto	Rican	families	 found	no	significant	differ-
ences	 in	 symptom-free	 days	 between	 the	 intervention	 and	
control	groups,	although	significant	reductions	were	observed	
in	symptom-free	nights,	ED	visits	and	hospitalizations.109

local	government	health	department	to	the	outcomes	could	not	
be	 distinguished.	 Easy	 Breathing	 is	 a	 program	 instituted	 in	
primary	 care	 clinics	 serving	 inner	 city	 communities.	 The	
program	 had	 a	 positive	 effect	 on	 clinicians’	 knowledge	 and	
adherence	 to	 asthma	 guidelines	 as	 evaluated	 using	 a	 pre-post	
study	design.91

The	Inner	City	Asthma	Study	evaluated	a	decision	support	
system	with	 feedback	 to	providers.92	An	automated	computer	
program	 provided	 information	 to	 the	 child’s	 primary	 care		
physician	 along	 with	 guideline-based	 treatment	recommen-
dations.	 The	 computerized	 algorithm	 analyzed	 each	 child’s	
current	level	of	symptoms,	health	care	utilization	and	medica-
tion	use	and,	on	the	basis	of	National	Asthma	Education	and	
Prevention	Program	guidelines,	recommended	increased	treat-
ment,	 decreased	 treatment	 or	 no	 change.	 Children	 whose	
primary	care	physicians	received	these	computerized	letters	had	
more	follow-up	care	visits,	received	increased	treatment	more	
rapidly	when	warranted	and	had	fewer	ED	visits.

ENVIRONMENTAL INTERVENTIONS

Asthma	management	guidelines	emphasize	 the	need	 for	 indi-
vidualized	environmental	control	measures	in	the	treatment	of	
asthma.	 In	 a	 small	 double-blind	 randomized	 trial	 in	 a	 low-
income	 population,	 house	 dust	 mite	 mitigation	 intervention	
reduced	dust	mite	levels	and	bronchial	responsiveness	but	not	
symptoms	 or	 quality	 of	 life.93	 Attempts	 to	 reduce	 cockroach	
allergens	in	the	home	have	had	varied	success.94	Integrated	pest	
management,	which	consists	of	filling	holes	with	copper	mesh,	
vacuuming	and	cleaning,	and	low-toxicity	pesticides	and	traps,	
can	 control	 cockroach	 infestation.	 Reduction	 of	 cockroach	
allergen	 levels	 is	 feasible	 and	can	be	maintained	 in	 some,	but	
not	all,	multifamily	dwellings	in	the	inner	city.95,96

Limitations	in	single	allergen	avoidance	trials	have	directed	
attention	 to	 a	 multifaceted	 approach	 to	 allergen	 reduction.	
Krieger	 used	 community	 health	 workers	 to	 provide	 in-home	
environmental	 assessments,	 education,	 support	 for	 behavior	
change	 and	 resources.97	 The	 intervention	 reduced	 asthma	
symptom	days	and	urgent	health	services	use	while	improving	
caregiver	 quality-of-life	 score.	 Butz	 et	al	 randomly	 assigned	
children	with	asthma	residing	with	a	 smoker	 to	 interventions	
consisting	of	air	cleaners	only,	air	cleaners	plus	a	health	coach,	
or	delayed	air	cleaner	(control).98	The	use	of	air	cleaners	resulted	
in	a	reduction	in	indoor	PM	concentrations	and	an	increase	in	
symptom-free	days.	The	intervention	did	not	reduce	exposure	
to	 secondhand	 smoke	 as	 measured	 by	 air	 nicotine	 or	 urine	
cotinine	concentrations.

The	Inner	City	Asthma	Study	(ICAS)	reported	on	a	multi-
faceted	home-based	environmental	 intervention	for	inner	city	
children	with	asthma.	Intervention	was	tailored	to	each	patient’s	
sensitization	and	environmental	risk	profile,	utilizing	a	series	of	
modules	to	reduce	home	allergen	exposure.99	Individuals	who	
were	randomized	to	environmental	intervention	demonstrated	
significantly	fewer	symptom	days	during	the	intervention	year	
and	during	the	year	following	intervention	compared	to	indi-
viduals	in	the	control	group.75	Cost	of	the	intervention	ranged	
from	 $750	 to	 $1,000	 per	 patient,	 estimated	 to	 cost	 $27	 per	
symptom-free	 day.100	 In	 another	 multifaceted	 allergen	 avoid-
ance	study,	Carter	et	al	studied	the	effect	of	avoidance	of	dust	
and	cockroach	 in	a	group	of	 inner	city	children	with	asthma.	
While	 there	 was	 no	 overall	 improvement	 in	 the	 intervention	
group	 compared	 with	 control,	 significant	 reduction	 in	 acute	
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and	industry	who	collectively	implement	strategies	to	improve	
asthma	outcomes.	The	results	are	mixed.

Fisher	et	al	evaluated	a	neighborhood	asthma	coalition	in	St.	
Louis.	The	coalition	included	educational	programs	for	parents	
and	children,	promotional	activities	and	individualized	support	
provided	 by	 trained	 neighborhood	 residents.	Acute	 care	 rates	
decreased	 for	both	 the	coalition	and	control	groups	 from	 the	
year	 before	 intervention	 to	 the	 last	 year	 of	 intervention	 but		
with	no	significant	differences	between	the	coalition	and	control	
groups.116

Allies	Against	Asthma	is	a	group	of	community-based	coali-
tions	working	to	improve	asthma	outcomes	in	vulnerable	chil-
dren.	The	evaluation	of	the	program	indicated	that	mobilizing	
diverse	stakeholders	and	focusing	on	policy	and	system	changes	
can	generate	significant	reductions	in	healthcare	use	for	vulner-
able	children	with	asthma.117	What	is	evident	is	that	results	from	
the	asthma	coalitions	are	not	instantaneous	but	become	evident	
over	the	long	term.

Conclusions
The	management	of	asthma	in	inner	cities	presents	a	challenge	
that	requires	participation	of	multiple	stakeholders.	Major	chal-
lenges	to	preventive	asthma	care	are	encountered	by	inner	city	
children	 and	 include	 family	 and	 patient	 attitudes	 and	 beliefs,	
lack	of	access	to	quality	medical	care,	psychosocial	and	environ-
mental	 factors.	 The	 myriad	 factors	 contributing	 to	 morbidity	
are	interdependent.	It	is	clear	that	a	‘one	size	fits	all’	approach	
is	unlikely	to	be	successful.	There	are	lessons	to	be	learned	from	
the	characteristics	of	successful	interventions.	It	is	important	to	
assess	individual	risk	factors.	Programs	require	flexibility	so	that	
elements	can	be	tailored	to	the	individual.	Guideline-based	care	
will	 not	 succeed	 unless	 attention	 is	 paid	 to	 psychosocial	 and	
societal	 issues	 that	 are	 barriers	 to	 care.	 For	 example,	 a	 family	
with	good	asthma	knowledge	may	not	be	able	to	overcome	bar-
riers	such	as	no	access	to	after-hours	clinics	or	lack	of	insurance	
coverage	for	spacers.

The	 interventions	 outlined	 in	 this	 chapter	 demonstrate		
that	 positive	 outcomes	 can	 be	 achieved.	 However,	 translating	
research	 into	 practice	 is	 the	 ultimate	 goal	 and	 this	 presents	
another	major	challenge.	An	attempt	to	disseminate	the	NCICAS	
asthma	counselor	model	at	22	 sites	across	 the	country	by	 the	
Centers	for	Disease	Control	exemplifies	some	of	the	difficulties.	
Implementation	 varied	 among	 sites.	 Retention	 was	 related	 to	
type	and	location	of	the	sites,	ease	of	obtaining	written	plans,	
language	and	ethnicity	of	asthma	counselor	and	availability	of	
on-site	 allergy	 testing.118	A	 report	 from	 the	Merck	Childhood	
Asthma	 Network	 discussed	 the	 adaptation	 of	 evidence-based	
interventions	at	five	sites	and	documented	the	site-to-site	varia-
tions	in	fidelity	to	the	original	interventions.119	More	real	world	
data	 on	 implementation	 and	 barriers	 are	 needed	 from	 those	
implementing	community	interventions	in	order	to	refine	pro-
grams	and	reduce	morbidity.120

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

A	 randomized,	 parallel	 group,	 controlled	 trial	 found	 that	
asthma	 education	 led	 to	 improved	 adherence	 and	 decreased	
morbidity	compared	with	usual	care.	The	education	consisted	
of	five	home	visits	by	trained	asthma	educators	reviewing	medi-
cations,	 identifying	 barriers	 and	 discussing	 beliefs	 and	 con-
cerns.	Addition	of	feedback	based	on	objective	adherence	data	
did	not	improve	outcomes	over	education	alone.110	A	nurse-led	
education	program	in	Glasgow,	Scotland,	for	children	hospital-
ized	for	asthma	who	were	predominantly	of	 lower	social	class	
implemented	 home	 management	 training	 that	 incorporated	
written	and	verbal	information	and	was	reinforced	with	outpa-
tient	 follow-up	 appointments	 and	 telephone	 advice.111	 A	
review	suggested	 that	culture-specific	education	programs	 for	
children	 from	 minority	 groups	 are	 effective	 in	 improving	
asthma-related	outcomes	of	quality	of	 life,	asthma	knowledge	
and	 rate	 of	 asthma	 exacerbations	 and	 asthma	 control.	 Thus	
asthma	education	programs	for	children	from	minority	groups	
with	 asthma	 would	 be	 more	 likely	 to	 succeed	 if	 they	 were	
culture	specific.112

One	randomized	controlled	trial	evaluated	usual	care	versus	
2-year	 asthma	 coach	 intervention	 for	 low-income,	 Medicaid-
covered,	 African	 American	 children.113	 The	 coaches	 were	 two	
African	American	women	with	high	school	education	residing	
in	 the	 same	 general	 neighborhoods	 as	 the	 participants.	 The	
coach	 intervention	 was	 designed	 to	 achieve	 standardization	
through	a	set	of	key	behavioral	objectives	and	a	planned	sched-
ule	 of	 contacts	 as	 well	 as	 flexibility	 through	 a	 nondirective	
approach	 and	 individualization	 of	 key	 behavioral	 objectives.	
The	 asthma	 coach	 intervention	 achieved	 lower	 prevalence	 of	
hospitalizations.	The	intervention	did	not	lead	to	a	decrease	in	
emergency	visits	that	did	not	require	hospitalization.	A	subse-
quent	study	assigned	lay	workers	to	coach	parents	to	improve	
important	aspects	of	care	and	reduce	morbidity	in	a	high-risk	
population.114	 Coaches	 were	 taught	 the	 pathogenesis,	 symp-
toms	and	management	principles	of	asthma	and	how	to	com-
municate	 effectively,	 provide	 psychosocial	 support	 to	 parents	
during	 times	 of	 stress,	 assess	 parents’	 readiness	 to	 engage	 in	
targeted	management	strategies,	and	promote	behavior	change.	
Parental	coaching	 increased	asthma	monitoring	visits,	 includ-
ing	 visits	 with	 documented	 controller	 medications,	 but	 these	
changes	were	not	associated	with	fewer	ED	visits.

Walders	et	al	used	an	interdisciplinary	intervention	consist-
ing	of	a	written	asthma	treatment	plan,	asthma	education,	an	
asthma	risk	assessment,	problem-solving	and	access	to	a	24-hour	
nurse	advice	line.115	The	intervention	group	did	not	show	evi-
dence	of	reduced	asthma	symptoms	or	improved	measures	of	
quality	of	 life	beyond	 the	 changes	demonstrated	by	 the	 com-
parison	 group.	 However,	 the	 interdisciplinary	 intervention	
group	had	less	frequent	healthcare	utilization	for	asthma	over	
the	course	of	the	1-year	follow-up	period.115

Community-Wide Asthma Coalitions
Community-wide	asthma	coalitions	are	collaborative	efforts	at	
the	 local	 level	 to	achieve	asthma	control	by	bringing	 together	
diverse	 stakeholders	 that	 include	 healthcare	 providers,	 grass-
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KEY POINTS

• Failure of symptoms to respond to β-agonists and oral 
steroids should prompt consideration that the symp-
toms are not caused by asthma but by another process.

• Cough that persists despite treatment with bronchodila-
tors and systemic corticosteroids is often not due to 
asthma. Consideration of other disorders, particularly 
sinusitis, is imperative.

• The Asthma Action Plan is the centerpiece of asthma 
education, focusing the child and parents on early 
warning signs, when to increase treatment and when to 
call for advice during more severe exacerbations. The 
action plan is directly relevant, focussing on action not 
theory. An understanding of theory may be helpful 
when the family can focus on these details.

• Pulmonary function measures may not accurately reflect 
asthma severity in children, who can have an FEV1 in the 
normal range even when disease is severe. The FEV1/
FVC ratio is a much better indicator of severity of 
disease.

• Asthma is controllable in the vast majority of children. 
Even children with severe asthma can be expected fully 
to participate in activities. This is an important goal for 
children and their parents.

Asthma	 is	 the	 most	 common	 chronic	 disorder	 of	 childhood,	
affecting	approximately	10.7%	of	children	aged	5	to	14	years,1,2	
with	6.4%	of	children	in	this	age	group	reporting	an	episode	of	
asthma	 or	 an	 asthma	 attack	 in	 the	 preceding	 12	 months.1,2	
However,	estimates	of	wheezing	in	this	age	group	approach	20%	
or	greater	in	some	areas	of	the	USA	and	in	many	industrialized	
countries,	 further	 magnifying	 the	 impact	 of	 wheezing	 disease	
on	children.

Epidemiology and Etiology
PREVALENCE OF CHILDHOOD ASTHMA

In	the	USA	from	1980	to	2010	asthma	prevalence	in	the	general	
population	increased	from	3.1%	to	8.4%,	with	increases	among	
5-	to14-year-old	children	from	4.4%	in	1980	to	8.2%	in	1995,	
9.1%	in	2004,	and	10.7%	in	2010.1,2	Although	the	rise	in	asthma	
prevalence	may	reflect	coding	and	classification	issues,	the	influ-
ence	of	other	factors,	such	as	environmental	exposures	to	aller-
gens,	infectious	agents,	endotoxin,	vitamin	D	insufficiency	and	
tobacco	 smoke,	 must	 also	 be	 considered.	 Place	 of	 residence	
appears	 to	 influence	 asthma	 prevalence.3	 Furthermore,	 there	

appears	to	be	an	effect	of	gender	on	asthma	prevalence,	as	the	
male-to-female	ratio	for	asthma	is	1.8	:	1	among	children	aged	2	
years	and	under,	but	by	puberty,	asthma	becomes	more	prevalent	
amongst	 females	 (M	:	F	 ratio	 of	 0.8	:	1).	 The	 change	 in	 gender	
ratio	represents	development	of	new	cases	of	asthma	in	females	
during	adolescence,	not	a	decrease	in	males	with	asthma.4

FACTORS INFLUENCING THE ETIOLOGY  
OF ASTHMA

A	 general	 pattern	 of	 factors	 influencing	 development	 of		
asthma	seems	to	be	emerging,	including	family	history/genetics,	
smoking,	 diet,	 obesity	 and	 inactivity,	 all	 of	 which	 seem	 to		
influence	 the	 development	 of	 asthma	 and	 disease	 outcomes	
(Table	34-1).

Socioeconomic Status
Many	clinical	or	area	studies	have	reported	substantially	higher	
rates	of	asthma	prevalence,	morbidity,	hospitalization	and	mor-
tality	among	racial	and	ethnic	minorities.	However,	asthma	is	
also	most	common	among	low	socioeconomic	groups	regard-
less	of	 race.	While	black	children	have	higher	 rates	of	asthma	
than	white	children,	most	studies	have	found	that	black	race	is	
not	a	significant	correlate	of	asthma	after	controlling	for	loca-
tion	of	residence	and	socioeconomic	status	(SES).	The	basis	for	
the	effects	of	poverty	and	urban	residence	on	asthma	prevalence	
is	not	known.	One	potential	factor	is	exposure	and	sensitization	
to	allergens	common	in	urban	environments.	Black	children	in	
inner	city	Atlanta	are	exposed	to	high	 levels	of	dust	mite	and	
cockroach	allergen,	and	a	high	proportion	of	the	children	with	
asthma	 was	 sensitized	 to	 these	 allergens.5	 Litonjua	 et	al	 also	
concluded	 that	 a	 large	 proportion	 of	 the	 racial/ethnic	 differ-
ences	in	asthma	prevalence	can	be	explained	by	factors	related	
to	income,	area	of	residence	and	level	of	education.6

Income	 is	 a	 determinant	 of	 access	 to	 health	 care	 and	 fre-
quently	the	quantity	and	quality	of	health	care	available.	Persons	
who	have	low	income,	regardless	of	race	or	ethnicity,	are	more	
likely	to	be	under-	or	uninsured,	to	encounter	delays	in	receiv-
ing	or	be	denied	care,	to	rely	on	hospital	clinics	in	emergency	
departments	for	health	services	and	to	receive	substandard	care.	
The	usual	socioeconomic	indicators,	education	and	personal	or	
household	 income,	 serve	only	as	 surrogates	 for	more	compli-
cated	correlates	of	individuals	within	populations	and	multiple	
factors	 that	 can	 impact	 both	 on	 prevalence	 of	 asthma	 and	
adverse	outcomes	from	the	disease.

Genetics
The	 genetic	 basis	 of	 heritability	 has	 been	 extensively	 studied	
and	 while	 the	 genetic	 basis	 of	 asthma	 remains	 incompletely	
understood,	 studies	 are	 yielding	 some	 understanding7,8	 (see	



312	 SECTION F Asthma

exposure	to	endotoxin	or	other	bacterial	products	(e.g.	growing	
up	on	a	farm	with	close	exposure	to	the	farm	animals)	is	associ-
ated	with	a	decreased	prevalence	of	asthma.	In	contrast,	growing	
up	 in	 an	 urban	 environment	 or	 generally	 with	 an	 increased	
standard	of	living	is	associated	with	an	increased	prevalence	of	
asthma.14	 Such	 correlates	 are	 also	 present	 for	 atopic	 diseases	
other	than	asthma.	In	fact,	Strachan,	who	noted	that	prevalence	
of	hay	fever	was	inversely	related	to	family	size,	was	the	first	to	
recognize	the	importance	of	early	exposures	on	atopic	disease.15	
In	the	USA,	asthma	is	more	prevalent	in	African-Americans	and	
Puerto	Ricans.	These	findings	are	not	explained	by	the	observa-
tions	on	the	role	of	social	class	in	European	studies.	Given	the	
ethnic	differences	between	African-Americans	and	whites,	these	
studies	may	represent	gene-environment	interaction	producing	
varied	phenotypic	outcomes.

Gene-Environment Interaction
Genetic	factors	alone	cannot	explain	the	rise	in	asthma	preva-
lence,	morbidity	or	mortality.16	However,	a	small	change	in	the	
prevalence	of	relevant	environmental	exposures	could	explain	
a	 significant	 rise	 in	disease	prevalence	among	genetically	 sus-
ceptible	individuals.	Gene-environment	interaction,	defined	as	
the	 co-participation	 of	 genetic	 and	 environmental	 factors,	 is	
particularly	relevant	to	the	etiology	of	asthma	morbidity,	par-
ticularly	 in	 individuals	 who	 experience	 a	 disproportionate	
burden	of	environmental	exposures,17	and	may	exert	 its	effect	
through	 epigenetic	 mechanisms.18	 Relevant	 exposures	 include	
smoking,	 stress,	 nutritional	 factors,	 infections,	 allergens	 and	
occupational	exposures.	In	addition,	racial/ethnic	variability	in	
the	 distribution	 of	 genetic	 polymorphisms	 can	 potentially	
modify	the	response	to	pharmacotherapeutic	agents,	such	as	the	
β2-adrenergic	agonists.19

Stress
Negative	 family	 characteristics	 such	 as	 family	 conflict	 and	
family	dysfunction	discriminated	children	who	died	of	asthma	
from	 children	 with	 equally	 severe	 asthma	 who	 did	 not	 die.20	
Parenting	difficulties	have	been	associated	with	a	higher	risk	for	
the	development	of	asthma	early	in	life.21	In	addition,	children	
with	 the	 highest	 risk	 of	 developing	 early-onset	 asthma	 were	
those	in	families	with	both	parenting	problems	and	high	stress.	
Evidence	for	a	link	between	stress	and	asthma	has	been	gained	
from	 temporal	 studies,	 as	 experiencing	 an	 acute	 negative	 life	
event	increased	children’s	risk	for	an	asthma	attack	4	to	6	weeks	
after	the	occurrence	of	the	event.22	Moreover,	the	combination	
of	chronic	and	acute	stress	plays	a	role	in	the	temporal	associa-
tion.	Experiencing	an	acute	life	event	among	children	who	had	
ongoing	chronic	stress	 in	their	 lives	shortened	the	time	frame	
in	which	they	were	at	risk	for	an	asthma	attack	to	within	2	weeks	
of	the	acute	event.	The	experience	of	daily	life	stressors	is	associ-
ated	with	same-day	lower	peak	expiratory	flow	(PEF)	rate	and	
greater	self-report	of	asthma	symptoms.	Further,	high	levels	of	
stress	have	been	associated	with	detrimental	biological	profiles,	
such	as	greater	inflammatory	responses	after	antigen	challenge	
or	in	vitro	stimulation	of	immune	cells	among	children	with	or	
at	risk	for	asthma.23,24

Children	with	asthma	have	been	found	to	have	higher	rates	
of	 clinically	 significant	 family	 stress	 compared	 with	 healthy	
children.25	Children	whose	families	are	more	cohesive	are	more	
likely	 to	 have	 controlled,	 rather	 than	 uncontrolled,	 asthma.26	
Additionally,	parenting	difficulties	early	in	a	child’s	life,	particu-
larly	during	times	of	high	stress,	have	been	found	to	predict	the	

Chapter	3).	There	is	as	of	yet	no	established	genetic	pattern	that	
predicts	presence	of	asthma	or	defines	its	severity.

Allergy
Studies	of	school	children	in	Melbourne,	Australia	by	Williams	
and	McNicol9	have	indicated	increases	in	both	the	incidence	of	
asthma	and	asthma	severity	with	increases	in	number	of	posi-
tive	 skin	 tests	 and	 total	 serum	 IgE.	 The	 relationship	 between	
allergy	and	asthma	has	more	recently	been	highlighted	by	the	
importance	of	aeroallergen	sensitivity	in	the	progression	of	fre-
quent	intermittent	wheezing	to	persistent	asthma	in	young	chil-
dren.10	 Several	 large	 epidemiological	 studies	 have	 clearly	
indicated	the	importance	of	aeroallergen	sensitization	in	asthma	
development	among	populations	at	risk.	Sensitization	to	house	
dust	mite	and	mold	was	a	predictor	of	asthma	in	rural	Chinese	
individuals	selected	on	the	basis	of	having	at	least	two	siblings	
with	 physician-diagnosed	 asthma.11	 In	 a	 similar	 study,	 total	
serum	 IgE	 levels	 and	 positive	 skin	 tests	 to	 aeroallergens	 were	
correlated	with	current	wheezing.12	This	association	was	present	
in	children	from	nonatopic,	asymptomatic	probands,	as	well	as	
in	 the	 expected	 atopic	 asthmatic	 probands,	 suggesting	 that	
much	 of	 the	 increase	 in	 asthma	 prevalence	 is	 associated	 with	
specific	IgE	sensitization	and	is	occurring	in	persons	previously	
considered	to	be	at	low	risk	for	developing	asthma	or	atopy.

Demographic and Environmental Factors
Studies	comparing	the	populations	of	East	and	West	Germany	
showed	 the	 prevalence	 of	 hay	 fever	 and	 asthma	 to	 be	 signifi-
cantly	 higher	 in	West	 German	 children,	 suggesting	 that	 envi-
ronmental	 factors	may	explain	 the	difference	 in	prevalence	 in	
these	ethnically	similar	populations.13	Early	exposure	to	infec-
tions	 (e.g.	 being	 in	 a	 daycare	 environment	 early	 in	 life)	 or	

Factor
Disease 
Development

Disease 
Severity

Atopy ++++ ++++
Allergen exposure ++ ++++
Rhinitis ++ ++
Sinusitis ? +++
Infection (viral) + ++++
Gastroesophageal reflux − ++
Environmental factors
Intrauterine tobacco smoke ++ ?

Passive tobacco smoke + ++
Air pollution − ++
Psychological factors 

(including stress)
+ ++++

Socioeconomic status ++ ++++
Adherence − ++++
Obesity Adolescent females ++
Diet ? ?
Exercise ? ++*
Drugs (including ASA/NSAIDs) − ++†

*While exercise is a common precipitant of asthma symptoms, 
improved physical conditioning can reduce asthma severity.

†Consider in the context of asthma, nasal polyposis and severe sinus 
disease.

TABLE 
34-1 

Factors which Influence Disease  
Development and Severity
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The	 role	 of	 Mycoplasma pneumoniae	 or	 Chlamydia pneu-
moniae	 infections	 in	 the	 underlying	 pathogenesis	 of	 asthma	
has	been	suggested	(see	Chapter	31).	A	conclusive	association	
between	 development	 of	 C. pneumoniae	 or	 M. pneumoniae	
infection	and	onset	of	asthma,	or	even	an	association	between	
the	presence	of	the	organism	and	more	severe	disease,	remains	
to	be	established	in	large	prospective	studies.

Diet
Several	studies	have	 identified	relationships	between	maternal	
and	infant	diets	and	subsequent	asthma	risk.42	Studies	in	birth	
cohorts	have	found	that	higher	maternal	intakes	of	vitamin	D	
during	pregnancy	from	both	foods	and	supplements	were	asso-
ciated	with	an	almost	60%	reduction	of	asthma	and	recurrent	
wheezing	in	3-	to	5-year-old	children.43,44	Other	studies	identi-
fied	a	relationship	between	a	high	dietary	intake	of	vitamins	C,	
A,	 and	 E	 with	 higher	 levels	 of	 lung	 function.	 A	 longitudinal	
analysis	 of	 decline	 in	 forced	 expiratory	 volume	 in	 1	 second	
(FEV1)	over	a	9-year	period	 in	adults	 found	the	decline	 to	be	
lower	 amongst	 those	 with	 a	 higher	 average	 vitamin	 C	 intake,	
but	 no	 relationship	 to	 magnesium	 or	 vitamins	 A	 or	 E.45	 The	
relationship	between	diet	and	atopy	is	not	clearly	understood,	
although	 there	 is	 some	 evidence	 for	 a	 relationship	 between	
concentrations	of	vitamin	E	and	both	allergen	skin	sensitization	
and	IgE	concentrations.46

Natural History of Asthma
PERSISTENCE AND PROGRESSION OF DISEASE 
INTO ADULTHOOD

The	 course	 of	 asthma	 through	 childhood	 and	 adolescence	 is	
variable.	More	severe	asthma	is	likely	to	persist	from	childhood	
into	adulthood	without	remission,	with	only	15%	of	children	
with	 severe	 asthma	 experiencing	 remission	 by	 age	 50	 years.47	
Another	important	tendency	in	the	natural	history	is	for	symp-
toms	to	remit	in	adolescence	only	to	return	again	in	adulthood.	
In	general,	the	amount	of	wheezing	in	early	adolescence	seems	to	
be	a	guide	for	severity	in	early	adult	years,	with	73%	of	those	with	
few	 symptoms	 at	 age	 14	 years	 continuing	 to	 have	 little	 or	 no	
asthma	at	age	28	years.48	Similarly,	68%	of	those	with	frequent	
wheezing	at	14	years	still	experienced	recurrent	asthma	at	age	28	
years.	Most	subjects	with	frequent	wheezing	at	21	years	contin-
ued	to	have	comparable	asthma	at	28	and	50	years.	In	addition	to	
the	importance	of	symptoms,	the	childhood	degree	of	bronchial	
responsiveness	combined	with	a	low	FEV1	was	also	related	to	the	
outcome	of	asthma	in	adulthood.49	While	many	children	become	
asymptomatic	in	adolescence,	pulmonary	function	deficits	asso-
ciated	with	asthma	and	wheeze	increase	throughout	childhood,50	
and	a	significant	proportion	of	children	free	of	symptoms	and	
with	normal	FEV1	and	even	FEV1/forced	vital	 capacity	 (FVC)	
ratios,	continue	to	have	increases	in	bronchial	reactivity.51	This	
bronchial	hyperresponsiveness	is	an	independent	risk	factor	for	
development	of	a	 low	FEV1	and	associated	symptoms	in	early	
adulthood.52	What	is	perhaps	most	concerning	about	the	persis-
tence	of	childhood	disease	into	adulthood	is	the	development	of	
chronic	airflow	obstruction,	with	loss	of	bronchodilator	respon-
siveness53	and	a	decline	in	FEV1	over	time,	that	is	greater	in	adults	
with	 asthma	 than	 in	 asymptomatic	 peers.54	 These	 findings	
suggest	that	asthma,	even	uncomplicated	by	cigarette	smoking,	
may	be	a	precursor	of	a	chronic	obstructive	pulmonary	disease	
(COPD)-like	syndrome	in	adults.

onset	of	asthma	in	childhood.21	Thus,	strain	in	the	family,	both	
in	 terms	 of	 conflicts	 among	 family	 members	 and	 impact	 of	
illness	 on	 family	 relationships,	 could	 be	 associated	 with	 both	
increased	asthma	prevalence	and	poor	asthma	outcomes.

One	 psychological	 pathway	 that	 has	 been	 suggested	 to	
explain	associations	of	SES	with	asthma	is	the	differential	expe-
riences	 of	 stress	 faced	 by	 children	 of	 low	 and	 high	 SES.	 In	
healthy	 children,	 low	 SES	 has	 been	 associated	 with	 more	 fre-
quent	exposure	to	stressful	life	events,	and	children	who	live	in	
low	 SES	 neighborhoods	 are	 more	 likely	 to	 report	 witnessing	
incidences	of	violence.	Low	SES	also	has	been	associated	with	
more	negative	stress	appraisals.27

Obesity
Obesity	is	linked	with	the	development	and	severity	of	asthma	in	
both	children	and	adults,	and	weight	reduction	improves	asthma	
severity	and	symptoms.28,29	Similar	to	the	results	in	industrial-
ized	 countries,	 Celedon	 and	 colleagues	 found	 an	 association	
between	overweight	and	presence	of	asthma	or	airway	hyperre-
sponsiveness	 among	 adults	 in	 China	 with	 either	 physician-
diagnosed	asthma	or	airway	responsiveness	to	methacholine.30	
They	 also	 found	 an	 association	 between	 underweight	 (body	
mass	index	[BMI)	16	kg/m2	or	less)	and	asthma,	which	could	be	
the	result	of	an	effect	of	asthma	symptoms	on	nutrition	or	an	
effect	of	previous	weight	loss	and	development	of	asthma.

The	 relationship	 between	 obesity	 and	 asthma	 observed	 in	
adults	has	also	been	most	often	observed	in	adolescent	females,	
but	not	in	males.	Girls	who	were	overweight	or	obese	at	age	11	
years	were	more	likely	to	have	current	wheezing	at	ages	11	and	
15	years,	but	not	at	ages	6	to	8	years.	The	relationship	between	
obesity	 and	 asthma	 is	 strongest	 among	 females	 beginning	
puberty	before	age	11	years.	Females	who	become	overweight	
or	obese	between	6	and	11	years	are	seven	times	more	likely	to	
develop	 new	 asthma	 symptoms	 at	 age	 11	 and	 13	 years.31	 The	
mechanism	of	 increased	asthma	with	obesity	 is	not	clear.	The	
strong	gender	differences	observed31,32	suggest	that	overweight	
status	 itself	does	not	produce	 the	asthma,	as	a	direct	effect	of	
weight	is	not	seen	in	both	boys	and	girls.	Longitudinal	studies31	
suggest	that	there	is	a	more	fundamental	relationship,	as	most	
of	the	asthma	in	obese	adolescent	girls	was	new-onset	asthma.	
In	a	study	of	young	adults	with	asthma,33	a	lower	level	of	physi-
cal	 activity	 did	 not	 explain	 the	 association	 between	 the	 inci-
dence	 of	 asthma	 and	 gain	 in	 weight.	 Poor	 asthma	 control	 in	
obese	children	with	asthma	may	be	overestimated	since	obesity	
is	 associated	 with	 enhanced	 perception	 of	 nonspecific	 symp-
toms	 such	 as	 dyspnea	 that	 results	 from	 altered	 mechanical	
properties	of	the	chest	wall.34

Infection
Viral	respiratory	infections	are	present	in	up	to	85%	of	children	
with	 exacerbated	 asthma.35	 In	 addition	 to	 worsening	 asthma,	
there	may	be	a	more	fundamental	relationship	between	infec-
tion	 and	 the	 development	 of	 asthma.	 Such	 a	 relationship	 has	
been	 suggested	 by	 the	 finding	 of	 a	 higher	 than	 expected		
incidence	 of	 bronchial	 hyperresponsiveness	 in	 children	 who	
had	 whooping	 cough,	 croup	 or	 bronchiolitis	 in	 their	 early		
years	of	 life.36	Children	hospitalized	with	respiratory	syncytial	
virus	 bronchiolitis	 are	 at	 increased	 risk	 for	 asthma	 at	 school	
age,37–39	and	this	risk	appears	to	persist	to	early	adulthood.40	In	
addition,	wheezing	in	the	context	of	rhinovirus	infection	during	
the	preschool	years	is	also	a	significant	risk	factor	for	asthma	at	
school	age.41
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arrival	 is	 often	 associated	 with	 psychological	 problems	 in	 the	
family	 or	 child,	 but	 can	 be	 associated	 with	 shortcomings	 in	
availability	of	medical	care.

While	there	have	been	significant	efforts	toward	understand-
ing	the	reasons	for	the	occurrence	of	fatal	and	near-fatal	asthma	
episodes,	the	identification	of	patients	at	risk	for	dying	remains	
an	art	with	no	single	set	of	criteria	able	to	identify	all	patients	
who	will	die.	Prior	history	of	severe	events,	especially	respira-
tory	 failure	 requiring	 intubation,	 is	 an	 obvious	 risk	 factor.	
However,	 while	 as	 many	 as	 25%	 of	 patients	 with	 a	 history	 of	
respiratory	failure	die	in	a	3-	to	5-year	follow-up,	most	patients	
who	die	have	not	had	a	previous	episode	of	respiratory	failure.59	
Most	 studies	 indicate	 that	 a	 high	 proportion	 of	 patients	 who	
have	died	have	had	severe	asthma,	but	the	number	of	patients	
with	severe	disease	is	large	and	only	1%	to	3%	will	die	over	an	
extended	 follow-up	 period.	 The	 importance	 of	 psychological	
factors	in	poor	outcomes	from	asthma20	 indicates	that	patient	
and	family	factors	resulting	in	psychological	dysfunction	need	
to	be	identified	as	well.

There	 are	 certain	 time	 intervals	 when	 risk	 of	 fatality	 is	
increased.	For	example,	patients	may	need	extra	care	and	com-
munication	 in	 periods	 following	 hospitalization,	 as	 enhanced	
bronchial	 hyperresponsiveness	 persists	 after	 hospitalization	
much	 longer	 than	 abnormalities	 in	 spirometry,	 and	 oral	 ste-
roids	will	be	being	weaned,	further	increasing	risk.	Hospitaliza-
tions	that	occur	in	spite	of	optimally	prescribed	therapy	are	of	
special	concern.

Differential Diagnosis of Asthma
The	 differential	 diagnosis	 of	 cough	 and	 wheeze	 is	 extensively	
reviewed	in	Chapters	27,	32,	and	37.

Evaluation
Figure	34-1	presents	an	algorithm	for	evaluation	of	a	school-age	
child	or	adolescent	who	presents	with	chest	symptoms	of	cough,	
wheeze,	shortness	of	breath,	chest	tightness	or	chest	pain.

HISTORY

Historical	elements	should	include	specific	symptoms,	their	fre-
quency	and	severity,	triggering	factors	and	response	to	therapy.	
Age	of	onset	of	symptoms	is	important,	as	80%	of	patients	with	
asthma	 experience	 symptoms	 within	 the	 first	 5	 years	 of	 life.	
Thus,	the	adolescent	presenting	with	recent	onset	of	symptoms	
without	a	prior	history	warrants	further	evaluation	of	alterna-
tive	 diagnoses.	 Since	 asthma	 is	 a	 disorder	 characterized	 by	
repeated	episodes	of	at	least	partially	reversible	airflow	obstruc-
tion,	failure	of	symptoms	to	improve	with	treatment	including	
bronchodilators	and	corticosteroids	should	prompt	evaluation	
for	other	processes,	either	a	nonasthma	diagnosis	or	a	co-morbid	
condition	complicating	underlying	asthma.

A	 short	 series	 of	 questions	 focussing	 on	 recent	 symptom	
frequency	 is	extremely	 informative	 in	assessing	 the	child	with	
asthma.	The	Asthma	Control	Test	(ACT)	serves	this	purpose,60,61	
and	when	completed	at	each	follow-up	asthma	visit,	can	serve	
as	a	rapid	appraisal	of	asthma	control	over	time.

Additional	 history	 should	 focus	 on	 identification	 of	 other	
co-morbid	conditions	that	may	worsen	asthma	severity,	includ-
ing	 allergen	 exposure,	 rhinitis,	 sinusitis	 and	 gastroesophageal	
reflux.	Furthermore,	an	assessment	of	underlying	psychosocial	

DURATION OF DISEASE IS ASSOCIATED  
WITH DEGREE OF ABNORMALITY  
IN PULMONARY FUNCTION

Longer	duration	of	asthma	was	associated	with	lower	levels	of	
lung	function	in	children	with	mild-to-moderate	asthma	aged	
5	 to	 12	 years.55	 This	 association	 was	 independent	 of	 levels	 of	
atopy,	 presence	 of	 household	 allergens	 and	 prior	 use	 of	 anti-
inflammatory	medications.	Duration	of	asthma	was	associated	
with	 lower	 levels	of	both	pre-	and	post-bronchodilator	values	
for	FEV1	and	FEV1/FVC	ratio.55	While	the	values	for	FEV1	both	
pre-	 and	 post-bronchodilation	 were	 well	 within	 the	 normal	
range	 for	 children	 (93.9%	 predicted	 and	 102.8%	 predicted,	
respectively),	more	than	50%	of	children	with	asthma	had	low	
FEV1/FVC	ratios,	suggesting	that	airway	obstruction	is	present	
and	worsens	even	with	relatively	mild-to-moderate	asthma.	The	
degree	of	bronchial	hyperresponsiveness	in	these	children	was	
also	related	to	the	duration	of	disease.56	Since	level	of	pulmo-
nary	function	and	degree	of	bronchial	hyperresponsiveness	are	
independent	predictors	of	abnormal	levels	of	lung	function	in	
adults	 who	 had	 childhood	 asthma,	 it	 is	 apparent	 that	 longer	
duration	of	disease	in	childhood	and	its	associated	abnormali-
ties	of	lung	function	predispose	adults	to	disease.

Morbidity and Mortality
In	2010,	6.4%	of	US	children	experienced	a	self-reported	asthma	
attack,	 with	 no	 significant	 decrease	 in	 incidence	 since	 19971,2	
in	spite	of	the	much	improved	therapies	available.	Between	2001	
and	2009,	the	rate	of	outpatient	office	visits	remained	relatively	
stable	at	351	visits/10,000	population/year.1,2

Emergency	department	visits	among	children	aged	5	 to	14	
years	increased	by	approximately	8%	from	2001	to	2009,	with	
nearly	10%	of	 children	aged	5	 to	14	years	 seeking	emergency	
department	care	yearly.12	Rates	among	blacks	are	almost	3-fold	
higher	 than	 rates	 for	 whites.	Asthma	 is	 the	 leading	 admitting	
diagnosis	to	children’s	hospitals,2	and	blacks	have	greater	than	
3-fold	more	hospitalizations	than	whites.	Rates	of	hospitaliza-
tions	in	5-	to	14-year-old	children	remained	stable	from	1980	
to	 2009,	 and	 were	 more	 than	 3-fold	 lower	 than	 for	 younger	
children.	A	significant	proportion	of	hospitalizations	are	repeat	
hospitalizations,	with	rehospitalizations	accounting	for	20%	to	
25%	of	hospitalizations	in	a	signal	year	and	up	to	43%	of	hos-
pitalizations	 in	 one	 urban	 children’s	 hospital	 within	 a	 5-	 to	
10-year	period.57	A	lifetime	history	of	hospitalizations	was	asso-
ciated	 with	 family	 impacts	 (greater	 family	 strain	 and	 family	
conflict,	greater	financial	strain),	as	well	as	caregiver	character-
istics	of	greater	personal	strain	and	beliefs	about	not	being	able	
to	manage	one’s	child’s	asthma.58	 Individual	characteristics	of	
the	 caregiver	 (lower	 sense	 of	 mastery,	 being	 less	 emotionally	
concerned	 by	 asthma)	 predicted	 greater	 likelihood	 of	 future	
asthma	hospitalizations.58

The	rate	of	deaths	due	to	asthma	in	5-	to	14-year-old	chil-
dren	increased	more	than	2-fold	from	1980	(1.8	per	million)	to	
1995	(3.4	per	million)	before	stabilizing	through	2002	(2.4	per	
million)	and	then	increasing	in	2004	to	2.6	per	million	and	2.8	
per	 million	 in	 2009.1,2	 Blacks	 have	 many	 more	 deaths	 from	
asthma	than	whites	(2.9-fold	in	2009).	While	the	death	rate	in	
children	is	relatively	small	compared	to	that	in	other	age	groups,	
physicians	find	that	many,	if	not	most,	of	these	deaths	are	pre-
ventable,	with	the	major	reason	for	death	being	late	arrival	to	
health	care	associated	with	poor	use	of	oral	corticosteroids.	Late	
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in	excluding	entities	that	comprise	the	differential	diagnosis	of	
asthma.	Serum	immunoglobulin	levels	(IgG,	IgM	and	IgA)	may	
be	helpful	in	evaluating	for	defects	in	humoral	immunity	pre-
disposing	 to	 recurrent	 lower	 respiratory	 tract	 illness.	 Sweat	
chloride	analysis	is	required	to	exclude	cystic	fibrosis.	Children	
with	bronchiectasis	along	with	chronic	otitis	media	and	sinus-
itis	may	warrant	an	evaluation	of	ciliary	structure	and	function.	
A	 purified	 protein	 derivative	 (PPD)	 skin	 test	 is	 helpful	 in	
excluding	mycobacterial	infection.

ASSESSMENT FOR ALLERGIC SENSITIZATION

Evaluation	for	allergen-specific	IgE,	either	by	percutaneous	skin	
testing	or	 in	vitro	 testing,	 should	be	part	of	 the	evaluation	of	
all	children	with	persistent	asthma,	as	proper	identification	of	
allergic	 sensitivities	 and	 instruction	 in	 environmental	 control	
measures	may	provide	significant	clinical	benefit.

RADIOLOGY

All	 children	 with	 recurrent	 episodes	 of	 cough	 and/or	 wheeze	
should	 have	 a	 chest	 radiograph	 (anteroposterior	 and	 lateral	

factors	 and	 adherence	 to	 the	 medical	 regimen	 may	 provide	
valuable	clues	as	 to	barriers	 in	delivery	and	receipt	of	asthma	
care.

PHYSICAL EXAMINATION

Findings	may	include	an	increased	anteroposterior	chest	diam-
eter	in	severe	disease	and	expiratory	wheezes	and	prolongation	
of	the	expiratory	phase	during	exacerbation.	Presence	of	nasal	
polyposis	 should	 prompt	 an	 evaluation	 for	 cystic	 fibrosis,	
regardless	of	the	age	of	the	child,	as	cystic	fibrosis	remains	the	
leading	cause	of	polyps	in	childhood.	The	primary	focus	of	the	
exam	 should	 include	 careful	 evaluation	 to	 assure	 absence	 of	
findings	 suggestive	 of	 other	 diseases,	 such	 as	 the	 presence	 of	
crackles,	digital	clubbing	and	hypoxemia,	as	well	as	to	uncover	
factors	that	worsen	disease,	including	nasal	and	sinus	disease.

LABORATORY EVALUATION

Peripheral	blood	eosinophilia	and/or	elevated	serum	IgE	levels	
are	often	found	in	children	with	asthma	and	can	be	helpful	in	
the	evaluation	of	severe	disease.	Laboratory	evaluation	is	helpful	

Figure 34-1 Algorithm for establishing diagnosis in children with recurrent cough and wheeze. CXR – chest x-ray, FEV1 –forced expiratory volume 
in 1 second, PEF – peak expiratory flow, PFT – pulmonary function test, GER – gastroesophageal reflux. 
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by	 bronchial	 wall	 inflammation,66	 sputum	 eosinophila67	
and	 airway	 hyperresponsiveness.68	 FeNO	 levels	 increase	 as	
asthma	control	deteriorates69	and	decrease	with	treatment	with	
agents	 which	 reduce	 airway	 inflammation,	 including	 inhaled	
corticosteroids	(ICSs)70–72	and	leukotriene	receptor	antagonists	
(LTRAs).73–75

CHALLENGE TESTING

Some	children	present	with	atypical	features	of	asthma	and	may	
pose	 greater	 challenges	 in	 confirming	 an	 asthma	 diagnosis.	
Thus,	 use	 of	 bronchial	 challenges	 with	 agents	 that	 provoke	
bronchoconstriction	may	be	helpful	in	the	diagnosis	and	man-
agement	of	the	child	with	atypical	symptoms,	poor	response	to	
asthma	medications	or	 lack	of	a	response	to	a	bronchodilator	
during	spirometry.	Agents	used	 for	bronchoprovocation	chal-
lenges	 include	 methacholine,	 mannitol,	 histamine,	 adenosine,	
allergen,	cold	air	and	exercise.	Methacholine	challenge	has	been	
widely	used	in	epidemiological	and	clinical	trials	of	childhood	
asthma	and	has	demonstrated	an	excellent	safety	record.	Chal-
lenge	studies	should	be	performed	in	laboratories	familiar	with	
such	procedures.

BRONCHOSCOPY

In	 children	 with	 particularly	 severe	 disease	 or	 with	 poor	
response	 to	 conventional	 therapy,	 direct	 visualization	 of	 the	
airways	along	with	bronchoalveolar	lavage	(BAL)	may	provide	
important	clinical	information.	Such	examinations	may	reveal	
the	presence	of	previously	undiagnosed	foreign	body	aspiration	
or	other	intrinsic	airway	mass,	infection,	extrinsic	airway	com-
pression,	evidence	of	chronic	aspiration,	as	well	as	indicators	of	
airway	inflammation	(such	as	eosinophilia	or	neutrophilia).

Evaluation and Management  
of Factors which Increase  
the Severity of Disease
OVERVIEW

The	most	common	precipitating	 factors	are	respiratory	 infec-
tions	and	weather	changes.	Drawing	attention	to	these	factors	
can	 prompt	 patients	 to	 start	 increased	 treatment	 early	 in	 an	
exacerbation,	as	they	will	be	looking	for	increasing	symptoms	
that	 occur	 as	 an	 infection	 starts	 or	 as	 weather	 is	 changing	
rapidly.	Exercise	is	also	commonly	identified	as	an	exacerbating	
factor.	Interestingly,	although	it	is	known	that	exposure	to	aller-
gens	and	irritants	can	worsen	asthma,	such	exposures	are	much	
less	commonly	recognized	as	important.

EXPOSURE TO INHALANT ALLERGENS

Exposure	 and	 allergic	 sensitization	 to	 cockroach	 allergen	 was	
associated	with	a	significantly	greater	risk	of	asthma	hospital-
ization	 and	 greater	 healthcare	 utilization	 among	 476	 children	
aged	4	to	9	years	who	participated	in	the	National	Cooperative	
Inner-City	 Asthma	 Study.76	 Allergic	 sensitization	 to	 the	 mold	
Alternaria	has	been	identified	as	a	significant	allergen	in	terms	
of	 increasing	airway	hyperresponsiveness77	and	was	associated	
with	 a	 nearly	 200-fold	 increased	 risk	 of	 respiratory	 arrest		
due	 to	 asthma,78	 emphasizing	 the	 importance	 of	 determining	

views)	 to	 aid	 in	 exclusion	 of	 other	 diagnostic	 entities.	 Radio-
graphic	findings	that	may	be	seen	with	asthma	include	hyper-
expansion,	 increased	 anteroposterior	 diameter,	 peribronchial	
cuffing	 and/or	 areas	 of	 atelectasis	 (any	 lobe	 or	 subsegment		
can	be	involved).	Findings	of	chronic	changes,	including	bron-
chiectasis,	 should	 lead	 to	 further	 evaluation	 of	 alternate	
diagnoses.

PULMONARY FUNCTION TESTS

With	the	help	of	well-trained	and	experienced	pulmonary	func-
tion	technicians,	children	as	young	as	4	to	5	years	of	age	should	
be	 capable	 of	 performing	 spirometry.	 Spirometry	 measures	
FVC,	FEV1,	the	ratio	of	FEV1/FVC,	as	well	as	other	measures	of	
airflow	including	the	forced	expiratory	flow	between	25%	and	
75%	of	FVC	(FEF25–75).	The	FEV1	is	the	most	commonly	used	
and	reproducible	measure	of	pulmonary	function,	whereas	the	
FEF25–75	demonstrates	much	more	intrapatient	variability.	Stan-
dards	are	widely	available	 for	most	 spirometric	measures	and	
allow	for	correction	for	patient	age,	gender,	race	and	height.	The	
FEV1/FVC	ratio	is	an	indicator	of	airflow	obstruction	and	may	
be	more	sensitive	in	identifying	airflow	abnormalities	in	asthma	
than	 the	 FEV1,	 as	 most	 children	 with	 asthma	 have	 an	 FEV1	
within	the	normal	range,	even	in	the	presence	of	severe	disease	
(see	section	on	Classification	of	asthma	severity).

Asthma	is	characterized	by	airflow	obstruction	that	is	at	least	
partially	reversible	by	a	bronchodilator.	Thus,	spiromety	is	often	
performed	before	and	20	minutes	following	administration	of	
a	bronchodilator	such	as	albuterol.	An	increase	in	the	FEV1	of	
at	least	12%	is	considered	to	represent	a	significant	change	and	
exceeds	that	seen	in	nonasthmatic	individuals,	although	recent	
evidence	suggests	that	lower	levels	of	bronchodilator	response	
(≥8–9%)	 may	 be	 more	 appropriate	 cut-offs	 in	 identifying	
asthma	in	children.62,63

Particular	attention	should	be	given	to	 the	 inspiratory	and	
expiratory	flow-volume	loops,	as	they	are	extremely	helpful	in	
excluding	other	patterns	of	airway	obstruction.64,65	For	example,	
fixed	airway	obstruction	(abnormalities	on	both	the	expiratory	
and	 inspiratory	 loops)	 can	 be	 seen	 with	 a	 mediastinal	 mass	
compressing	 a	 large	 airway	 or	 variable	 extrathoracic	 airway	
obstructive	process	(abnormalities	just	on	the	inspiratory	loop)	
is	 seen	with	vocal	 cord	dysfunction	 (VCD).	Asthma	produces	
variable	 intrathoracic	 obstruction	 (abnormalities	 on	 just	 the	
expiratory	 loop).	 Patients	 with	 VCD	 without	 asthma	 do	 not	
demonstrate	 intrathoracic	 airway	 obstruction,	 but	 may	 show	
blunting	or	truncation	of	the	inspiratory	loop	consistent	with	
variable	 extrathoracic	 obstruction.	 Variability	 between	 spiro-
metric	 trials	 is	 not	 uncommon	 in	 patients	 with	 VCD,	 often	
consisting	of	normal	and	abnormal	inspiratory	loops	during	a	
single	session.

In	addition	to	spirometry,	other	tests	of	pulmonary	function	
may	aid	in	the	evaluation	of	the	child	with	asthma	that	is	dif-
ficult	 to	 diagnose	 or	 control.	 Patients	 with	 asthma	 generally	
demonstrate	normal	total	lung	capacity	(TLC)	on	lung	volume	
testing	by	plethysmography,	but	may	demonstrate	evidence	of	
air	 trapping	as	 shown	by	elevated	 residual	volumes	 (RV)	and	
RV/TLC	 ratio.	 Measurement	 of	 diffusing	 capacity	 of	 carbon	
monoxide	 (DLCO)	 is	 normal	 in	 patients	 with	 asthma,	 and	
abnormalities	in	DLCO	should	prompt	evaluation	for	interstitial	
lung	diseases.

Fractional	 exhaled	 nitric	 oxide	 (FeNO)	 is	 a	 noninvasive	
marker	 related	 to	 asthmatic	 airway	 inflammation	 as	 reflected	
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environment	 or	 other	 obvious	 historical	 features.	 Although	
many	patients	present	with	symptoms	of	upper	airway	disease	
along	with	asthma,	some	have	sinusitis	as	a	significant	contribu-
tor	to	difficult-to-control	asthma	but	with	a	paucity	of	symp-
toms	suggestive	of	sinusitis.

Radiographic	examination	of	the	paranasal	sinuses	in	chil-
dren	hospitalized	for	acute	asthma	exacerbations	is	positive	in	
30%	to	60%	of	children,	partly	depending	upon	the	diagnostic	
technique	used	(Water’s	view	radiograph	or	computed	tomog-
raphy	of	the	sinuses).	The	effect	of	antibiotic	treatment	of	bac-
terial	sinusitis	on	asthma	control	has	been	examined	in	several	
clinical	 studies	 and	 shown	 to	 reduce	 asthma	 medication	 use,	
decrease	 asthma	 symptoms	 and	 improve	 bronchial	 hyperre-
sponsiveness.90,91	(see	Chapter	26).	Duration	of	antibiotic	treat-
ment	 should	be	 individualized,	but	 should	continue	until	 the	
patient	is	symptom-free	for	at	least	7	days.

GASTROESOPHAGEAL REFLUX

Gastroesophageal	 reflux	 (GER)	 is	 common	 among	 patients	
with	asthma.	In	adults	with	asthma	the	estimated	prevalence	of	
GER	approaching	80%.92	Studies	of	 the	prevalence	of	GER	in	
pediatric	patients	with	asthma	are	limited,	but	a	reported	64%	
incidence	of	a	positive	pH	probe	study	in	a	group	of	25	children	
with	asthma93	suggests	that	GER	may	also	be	common	among	
children	with	asthma.

In	our	experience	most	young	children	and	even	adolescents	
with	GER	do	not	 report	 symptoms	classically	associated	with	
GER	 in	 adults,	 including	 heartburn,	 chest	 pain,	 dysphagia	 or	
hoarseness.	In	fact,	children	rarely	complain	of	symptoms	even	
in	the	presence	of	significant	GER	demonstrated	by	pH	probe	
studies.	 Thus,	 a	 high	 level	 of	 suspicion	 of	 underlying	 GER	 is	
necessary	 in	 the	 evaluation	 of	 the	 child	 with	 severe	 asthma,	
especially	 uncontrolled	 asthma	 associated	 with	 nocturnal	
symptoms.	 However,	 a	 recent	 trial	 in	 children	 with	 persistent	
asthma	 without	 symptoms	 of	 GER	 did	 not	 demonstrate	 a	
benefit	of	gastric	acid	suppression	with	omeprazole	in	terms	of	
asthma	symptom	control,	even	among	children	with	evidence	
of	GER	by	pH	probe	study.94

ENVIRONMENTAL EXPOSURES  
(INCLUDING TOBACCO SMOKE)

Passive	exposure	to	tobacco	smoke	is	a	clear	exacerbating	factor	
in	 asthma,	 with	 increases	 in	 asthma	 prevalence	 and	 asthma	
severity	among	children	exposed	to	parental	smoking.95	Mater-
nal	smoking	is	associated	with	small	but	statistically	significant,	
and	 probably	 clinically	 important,	 deficits	 in	 pulmonary		
function	 among	 school	 children.	 Since	 most	 smokers	 begin	
smoking	 during	 the	 adolescent	 years,	 active	 personal	 tobacco	
smoke	 exposure	 must	 be	 considered	 in	 all	 adolescents	 with	
asthma,	 especially	 when	 the	 clinical	 course	 becomes	 more	
severe.	 Cigarette	 smoking	 has	 been	 reported	 to	 be	 associated	
with	 mild	 airway	 obstruction	 and	 slowed	 growth	 of	 lung		
function	in	adolescents	without	asthma.96	Furthermore,	asthma	
has	been	linked	to	an	accelerated	rate	of	decline	 in	FEV1	over	
time,	and	this	rate	is	even	greater	among	asthmatic	individuals	
who	smoke.54

Many	 patients	 report	 that	 their	 asthma	 is	 triggered	 by	
‘weather	 changes.’	 Weather	 changes	 may	 be	 accompanied	 by	
changes	 in	 airborne	 allergen	 exposures.	 However,	 multiple	
studies	 have	 failed	 to	 find	 a	 definitive	 link	 between	 airborne	

underlying	 allergic	 sensitivities	 in	 patients	 with	 asthma	 and	
providing	patients	with	accurate	and	practical	advice	on	aller-
gen	avoidance	techniques.

The	 Childhood	 Asthma	 Management	 Program,	 comprised	
of	1,041	children	aged	5	to	12	with	mild-to-moderate	asthma,	
found	 that	 allergic	 sensitization	 to	 tree	 pollen,	 weed	 pollen,	
Alternaria,	cat	dander,	dog	dander	or	indoor	molds	was	associ-
ated	with	greater	airway	hyperresponsiveness	to	methacholine,	
although	only	sensitivity	to	dog	and	cat	dander	and	the	outdoor	
fungus	Alternaria	had	independently	significant	relationships.79	
A	 cross-sectional	 analysis	 of	 a	 birth	 cohort	 of	 562	 children	
studied	at	11	years	of	age	found	that	bronchial	hyperresponsive-
ness	 significantly	 correlated	 with	 higher	 levels	 of	 total	 serum	
IgE.80	 Burrows	 and	 co-workers81	 found	 a	 close	 relationship	
between	total	serum	IgE	and	both	the	severity	and	persistence	
of	bronchial	 responsiveness	 in	a	 longitudinal	 study	of	adoles-
cents	and	adults.	Together	these	findings	further	the	importance	
of	control	of	these	allergens	in	attenuating	asthma	symptoms.

A	 number	 of	 studies	 have	 followed	 children	 with	 asthma	
through	 childhood	 and	 adolescence	 into	 adulthood.	 Conclu-
sions	 from	 the	 study	 in	 Melbourne,	 Australia	 indicate	 that	
severity	 of	 asthma	 in	 adulthood	 is	 related	 to	 the	 presence	 of	
increased	levels	of	atopy	in	childhood,	with	the	presence	of	an	
atopic	condition	in	childhood	shifting	the	risk	of	asthma	in	later	
life	toward	more	severe	outcomes.9

There	is	a	clear	association	between	sensitization	to	pets	and	
current	 wheezing	 and	 bronchial	 hyperresponsiveness.82	 Dhar-
mage	and	co-workers	found	that	a	high	level	of	cat	allergen	in	
floor	dust	was	associated	both	with	an	increased	risk	of	being	
sensitized	to	cats	and	the	presence	of	current	asthma.82	In	the	
Childhood	 Asthma	 Management	 Program	 (CAMP)	 popula-
tion,	 children	 sensitized	 to	 dog	 and	 exposed	 to	 high	 levels	 of	
dog	 allergen	 and	 sensitized	 to	 cat	 and	 exposed	 to	 high	 levels		
of	 cat	 allergen	 had	 a	 clearly	 increased	 risk	 of	 nocturnal	
awakenings.83

In	contrast,	there	is	evidence	of	a	lower	risk	of	asthma	among	
children	exposed	to	pets	in	early	life	compared	with	unexposed	
children.84	Other	studies	find	that	individuals	living	with	a	pet	
have	significantly	less	asthma	or	less	severe	bronchial	hyperre-
sponsiveness.85	Studies	showing	protection	from	pet	ownership	
are	confounded	by	the	likelihood	that	subjects	with	less	severe	
asthma	 can	 keep	 the	 pets,	 whereas	 subjects	 with	 more	 severe	
disease	are	unable	to	hold	pets.

RHINITIS

Rhinitis	is	common	in	children	with	asthma,	with	estimates	of	
up	 to	 80%	 of	 patients	 with	 asthma	 reporting	 upper	 airway	
symptoms.	Whereas	most	rhinitis	that	worsens	asthma	is	aller-
gic,	perennial	rhinitis	in	nonatopic	subjects	can	be	a	risk	factor	
for	more	severe	asthma.86	Topical	nasal	steroid	therapy	for	aller-
gic	 rhinitis	 has	 also	 been	 shown	 to	 attenuate	 the	 increase	 in	
bronchial	hyperresponsiveness	during	the	grass	pollen	season,87	
as	well	as	decrease	the	risk	of	emergency	department	visits88	or	
hospitalizations	for	asthma.89	Thus,	treatment	plans	for	patients	
with	 asthma	 and	 allergic	 rhinitis	 should	 consist	 of	 optimal	
management	of	concomitant	allergic	rhinitis	(see	Chapter	24).

SINUSITIS

Sinusitis	is	often	discovered	in	the	search	for	factors	responsible	
for	an	overall	worsening	of	asthma	unexplained	by	changes	of	
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stress	 that	 is	 often	 involved	 in	 producing	 or	 exacerbating	 the	
problem	(from	psychology).	In	our	experience,	a	combination	
of	speech	therapy	and	psychological	evaluation	is	necessary	for	
successful	 therapy	 for	 VCD.	 Maintenance	 therapy	 for	 VCD	
includes	minimization	of	medication	use	for	co-morbid	condi-
tions	frequently	confused	with	VCD	(i.e.	asthma).

PSYCHOLOGICAL FACTORS

Psychological	factors	may	be	as,	or	even	more,	important	than	
medical	 factors	 in	 determining	 outcomes	 of	 asthma,	 particu-
larly	in	children	with	more	severe	asthma.	In	a	group	of	children	
with	severe	asthma,	50%	had	levels	of	fitness	in	the	significantly	
abnormal	range.100	Psychological	functioning	as	determined	by	
structured	 interviews	 significantly	 correlated	 with	 cardiopul-
monary	function,	but	medical	characteristics	did	not.100	Similar	
to	the	findings	in	studies	of	fitness	levels,	school	performance101	
and	gross	and	fine	motor	coordination,102	while	generally	in	a	
normal	 range	 (in	 contrast	 to	 the	 findings	 of	 fitness),	 overall	
correlated	with	psychological	functioning	but	not	the	medical	
characteristics	 of	 the	 asthma.	 Depression	 symptoms,	 cigarette	
smoking	 and	 cocaine	 use	 occurred	 more	 frequently	 in	 youth	
reporting	 current	 asthma	 than	 in	 youth	 without	 asthma.103	
These	results	indicate	a	need	to	screen	adolescents	with	asthma	
for	depression.

At	the	level	of	characteristics	of	the	individual	caregiver,	the	
beliefs	 that	 parents	 hold	 about	 their	 ability	 to	 manage	 their	
child’s	asthma	and	the	quality	of	life	that	they	maintain	while	
caring	for	a	child	with	asthma	may	be	associated	with	asthma	
hospitalizations.104	A	health	education	intervention	study	con-
ducted	 to	 improve	 asthma	 management	 skills	 and	 to	 build	
family	 self-confidence	 in	 the	 ability	 to	 manage	 asthma	 found	
that	 families	 that	 participated	 in	 the	 intervention	 reported	
better	 attack	 management	 strategies	 and	 preventive	 strategies	
compared	to	a	control	group.105	Adults	with	asthma	who	have	
greater	confidence	or	 trust	 in	 the	care	 they	receive	 from	their	
doctor	 report	 having	 better	 controlled	 asthma	 and	 are	 more	
likely	 to	 have	 mild,	 as	 opposed	 to	 severe,	 asthma.106	 Thus,	
parents	who	believe	strongly	that	they	cannot	adequately	care	
for	their	child’s	asthma	may	be	more	likely	to	bring	their	child	
to	the	hospital	repeatedly	for	acute	episodes.

POOR ADHERENCE TO THE MEDICAL REGIMEN

Most	 patients	 receive	 suboptimal	 benefit	 from	 any	 given	 pre-
scribed	 asthma	 regimen.	 This	 is	 often	 reflected	 as	 inadequate	
asthma	control,	and	often	leads	to	prescription	of	higher	doses	
or	additional	 controller	medications	based	upon	 the	assump-
tion	that	the	medication	prescribed	accurately	reflects	the	med-
ication	the	patient	actually	takes.	However,	since	most	patients	
miss	substantial	amounts	of	medications,	even	when	participat-
ing	 in	 research	 studies	 examining	 medication	 adherence,107	
practitioners	 must	 focus	 on	 patient	 education	 regarding	 the	
importance	of	asthma	medication	use	as	directed	and	provision	
of	 a	 written	 plan	 of	 action	 which	 is	 practical	 for	 the	 patient.	
Complex	regimens	consisting	of	several	medications	given	fre-
quently	during	the	day	are	less	likely	to	be	followed	when	com-
pared	to	simple	regimens	with	less	frequent	dosing	requirements.	
When	 discussing	 asthma-related	 information	 and	 setting	
appropriate	and	achievable	 short-	and	 long-term	goals,	excel-
lence	 in	 communication	 and	 development	 of	 a	 partnership	
between	 healthcare	 providers	 and	 patients	 is	 essential	 in	

outdoor	 allergen	 levels	 (except	 for	 an	 occasional	 mold)	 and	
worsening	 asthma	 symptoms.	 Thus,	 the	 true	 link	 between	
weather	 changes	 and	 asthma	 attacks	 remains	 unknown.	 In	
addition	 to	allergen	exposure,	epidemiological	 studies	 suggest	
an	association	between	levels	of	air	pollutants,	including	ozone,	
nitrogen	 oxides,	 carbon	 monoxide	 and	 sulfur	 dioxide,	 and	
symptoms	or	exacerbations	of	asthma.

VOCAL CORD DYSFUNCTION

Vocal	 cord	 dysfunction	 (VCD),	 a	 functional	 respiratory	 tract	
disorder	 resulting	 from	 paradoxical	 adduction	 of	 the	 vocal	
cords,	complicates	the	diagnosis	and	management	of	common	
respiratory	tract	problems,	including	asthma.97	The	recognition	
of	VCD	in	a	patient	with	atypical	or	difficult-to-control	asthma	
is	 critical	 in	 minimizing	 symptoms	 and	 potential	 side-effects	
associated	 with	 treatment	 of	 severe	 asthma.	 The	 symptoms		
of	 VCD	 are	 not	 unique	 to	 the	 disorder	 and	 include	 cough,	
wheeze,	stridor,	dyspnea,	hoarseness	and	choking.	Some	patients	
report	difficulty	swallowing	or	tightness	in	the	chest	or	throat.	
Patients	with	VCD	often	report	difficulty	‘getting	air	in’	due	to	
paradoxical	adduction	of	the	vocal	cords	during	inspiration,	in	
contrast	to	difficulty	with	exhalation	as	reported	by	asthmatics.	
However,	 patients	 with	 significant	 exacerbation	 of	 asthma		
do	 have	 diffuse	 airway	 narrowing	 and	 can	 have	 significant	
inspiratory	limitation,	which	can	dominate	their	perception	of	
breathing	difficulties.	Cough	is	a	common	feature	of	VCD	and	
must	be	differentiated	from	cough	due	to	asthma	or	from	post-
nasal	 drainage	 due	 to	 rhinosinusitis.	 Patients	 with	 VCD	 fre-
quently	 complain	 of	 tightness	 in	 the	 throat	 and/or	 chest	 and	
may	speak	in	a	hoarse	voice.	Nocturnal	symptoms	are	uncom-
mon	 in	 uncomplicated	VCD,	 but	 may	 occur	 in	 patients	 with	
both	VCD	and	asthma.	Exercise	is	a	frequent	precipitant	of	both	
VCD	and	asthma.

Upon	presentation	 in	an	emergency	department,	 increased	
work	of	breathing	and	decreased	aeration	caused	by	VCD	can	
be	difficult	to	distinguish	from	asthma.	A	report	provides	evi-
dence	that	a	normal	level	of	oxygen	saturation	can	be	a	clue	that	
the	cause	of	the	distress	is	VCD	rather	than	asthma.98

Spirometry	and	inhaled	provocation	challenges	assist	in	the	
differentiation	between	VCD	and	asthma.	Asthma	typically	pro-
duces	abnormalities	in	the	expiratory	phase	of	the	flow-volume	
loop,	 whereas	 VCD	 results	 in	 inspiratory	 loop	 abnormalities,	
such	as	blunting	or	 truncation	of	 the	 inspiratory	 loop	due	 to	
variable	extrathoracic	airflow	obstruction.	Respiratory	imped-
ance	 during	 inspiration,	 as	 assessed	 by	 impulse	 oscillometry,	
has	been	reported	to	differentiate	between	patients	with	VCD	
and	normal	controls.99	Provocation	challenges,	either	pharma-
cological	 (methacholine	or	histamine)	or	 exercise,	 are	 helpful	
in	determining	the	presence	or	absence	of	airways	hyperrespon-
siveness,	a	feature	characteristic	of	asthma.	Exercise	challenges	
frequently	reproduce	clinical	symptoms	and	spirometric	abnor-
malities	consistent	with	VCD.	If	this	approach	fails	to	establish	
the	diagnosis	or	if	the	patient	does	not	respond	to	appropriate	
therapy,	 direct	 visualization	 of	 paradoxical	 vocal	 cord	 move-
ment	during	symptomatic	periods	may	be	helpful	in	confirm-
ing	 the	 diagnosis	 of	 VCD.	 Characteristic	 findings	 include	
adduction	 of	 the	 true	 vocal	 cords	 during	 inspiration	 with	 a	
diamond-shaped	opening	at	the	posterior	aspect	of	the	glottis.	
Once	 the	 diagnosis	 of	 VCD	 has	 been	 established,	 attention	
should	 focus	 on	 reassurance,	 maneuvers	 directed	 at	 laryngeal	
relaxation	 (from	 speech	 therapy)	 and	 discovering	 underlying	
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Although	 most	 previous	 national	 and	 international	 guide-
lines	provide	lung	function	measures	that	are	suggested	as	those	
which	correspond	to	each	level	of	asthma	severity,	these	param-
eters	do	not	appear	to	be	entirely	appropriate	for	the	classifica-
tion	of	childhood	asthma,	since	most	children	with	persistent	
asthma,	 even	 severe	 asthma,	 have	 FEV1	 measures	 within	 the	
normal	 range	 (≥80%	 predicted).112	 Current	 guidelines	 have	
improved	on	this	by	including	the	FEV1/FVC	ratio	as	an	addi-
tional	lung	function	parameter	to	help	assess	asthma	severity.111	
Thus,	clinicians	and	researchers	should	focus	upon	a	combina-
tion	of	symptom	frequency	and	medication	use	in	assigning	a	
level	 of	 asthma	 severity	 rather	 than	 relying	 solely	 on	 isolated	
measures	of	lung	function	(either	FEV1	or	PEF)	as	the	primary	
determinants	of	asthma	severity.

Once	asthma	therapy	has	been	initiated,	the	ongoing	assess-
ment	 of	 asthma	 control	 becomes	 central	 to	 disease	 manage-
ment.	 Asthma	 control	 is	 defined	 as	 the	 degree	 to	 which	 the	
manifestations	of	asthma	are	minimized	by	 therapeutic	 inter-
vention	and	the	goals	of	therapy	are	met.	Three	levels	of	control	
(well-controlled,	 not	 well-controlled,	 and	 very	 poorly	 con-
trolled)	 provide	 for	 gradations	 of	 control	 (Table	 34-3)	 and	
emphasize	 the	 need	 to	 re-evaluate	 patients	 at	 every	 visit	 and	
adjust	strategy	if	asthma	is	not	well-controlled	or	is	very	poorly	
controlled.	The	concepts	of	impairment	and	risk	are	central	in	
the	determination	of	the	level	of	control.	Similar	to	the	assess-
ment	 of	 asthma	 severity,	 the	 impairment	 domain	 for	 control	
includes	daytime	symptom	frequency,	nocturnal	symptom	fre-
quency,	 interference	 with	 exercise	 and	 pulmonary	 function,	
while	the	risk	domain	includes	exacerbations	requiring	systemic	
corticosteroids,	 progressive	 loss	 of	 lung	 function	 or	 reduced	
lung	 growth,	 or	 risk	 of	 adverse	 effects	 of	 medications.	 The	
incorporation	of	the	use	of	standardized	and	validated	tools	to	
assess	asthma	control,	such	as	the	Asthma	Control	Test60,61	and	
Asthma	 Control	 Questionnaire,113	 can	 identify	 and	 monitor	
patients	whose	level	of	asthma	control	falls	below	the	goals	of	
therapy,	prompting	consideration	of	adjustment	of	therapy.

To	maximize	the	outcome	of	asthma	therapy,	goals	must	be	
high	 and	 be	 clearly	 communicated	 to	 the	 child	 and	 family.	
Achievable	goals	for	nearly	all	children	with	asthma	are	outlined	
in	 Box	 34-1.	 Routine	 reassessment	 of	 patient	 attainment	 of	
these	goals	is	a	critical	component	of	ongoing	asthma	care.

Perception of Bronchoconstriction
Presence	of	symptoms	is	an	important	determinant	of	severity	
determinations.	 Interpretation	 of	 symptom	 histories	 must	 be	
undertaken	 in	 the	 context	 of	 over-reporting	 in	 anxious	 indi-
viduals,	 under-reporting	 in	 children	 who	 do	 not	 want	 to	 be	
bothered	by	limitations	that	may	be	imposed	if	symptoms	were	
fully	 reported,	 and	 under-reporting	 in	 children	 who	 do	 not	
perceive	 their	 level	 of	 bronchoconstriction,	 either	 acutely		
or	chronically.	The	last	of	these	possibilities	is	the	most	worri-
some	 because	 patients	 with	 asthma	 who	 have	 difficulty		
perceiving	 significant	 airway	 obstruction	 appear	 to	 be	 at	 risk	
for	 severe	 outcomes,	 such	 as	 hospitalization	 or	 even	 death.	
Review	of	studies	in	the	literature	on	this	subject	do	not	provide	
clear	 guidelines	 on	 which	 patients	 should	 be	 considered	 as		
possibly	being	unable	to	perceive	bronchoconstriction,	indicat-
ing	 that	 lung	 function	 should	 be	 measured	 at	 regular	 office	
visits	and	the	relationship	between	 level	of	 lung	 function	and	
current	 symptoms	 discussed.	 The	 finding	 of	 a	 discrepancy	
between	the	level	of	lung	function	and	current	symptoms	can	

establishing	 the	 foundation	 for	asthma	care	and	adherence	 to	
the	recommended	treatment	approach.

The	developmental	level	of	the	child	complicates	adherence	
in	 the	pediatric	population.	Children’s	understanding	of	 their	
asthma	 and	 the	 steps	 necessary	 to	 control	 the	 disease	 evolve	
over	 time.	Thus,	 the	 action	plan	 for	 each	child	must	be	 indi-
vidualized	 based	 upon	 the	 child’s	 developmental	 stage.	While	
children	begin	to	acquire	basic	asthma	decision-making	abili-
ties	by	the	ages	of	8	years,	they	remain	unable	to	manage	their	
asthma	independently	until	about	16	years	of	age.

OBESITY

Weight	reduction	in	obese	patients	with	asthma	has	been	asso-
ciated	with	improvement	of	lung	function	and	other	indicators	
of	 lung	 status.108	 Similar	 to	 the	 importance	 of	 monitoring	
height	in	children	with	asthma,	both	as	an	indicator	of	general	
wellness	 and	 the	 effects	 of	 medications	 used	 to	 treat	 asthma,	
comprehensive	care	in	children	with	asthma	includes	monitor-
ing	weight	acquisition	and	encouraging	weight	reduction.	Rec-
ognition	that	obesity	may	produce	respiratory	symptoms	that	
mimic	 but	 do	 not	 actually	 represent	 asthma	 is	 essential34	 to	
avoid	 inappropriate	 and	 unnecessary	 escalations	 of	 asthma	
therapy.

EXERCISE

Exercise-induced	asthma	(EIA)	may	lead	to	decreased	partici-
pation	in	physical	activities	due	to	either	exertional	limitation	
or	fear	of	symptom	development.	This	may	explain	the	finding	
that	children	with	asthma	are	less	physically	fit	than	their	non-
asthmatic	 peers.109	 Despite	 these	 facts,	 asthma	 should	 not	 be	
perceived	as	a	limitation	on	physical	fitness,	as	evidenced	by	the	
prevalence	of	asthma	among	Olympic	athletes	approximating	
twice	that	of	the	general	population.110	Increased	aerobic	fitness	
decreases	EIA,	as	better	conditioned	individuals	require	smaller	
increases	in	heart	rate	and	ventilation	for	a	given	task.109	Thus,	
although	EIA	may	still	occur,	more	physical	work	can	be	done	
before	it	begins	(see	Chapter	36).

Classification of Asthma Severity  
and Control
Asthma	severity	is	currently	classified	as	either	intermittent	or	
persistent	disease	 (Table	34-2).	While	 the	distinction	between	
intermittent	and	persistent	disease,	and	even	between	the	various	
levels	of	persistent	disease,	is	arbitrary,	it	serves	as	a	framework	
for	severity	classification	and	ultimately	treatment	recommen-
dations.	Asthma	severity	is	most	easily	assessed	in	a	patient	not	
receiving	long-term	control	therapy	as	this	reflects	the	intrinsic	
intensity	of	the	disease	process.	The	assessment	of	asthma	sever-
ity	 requires	 determination	 of	 morbidity	 in	 the	 domains	 of	
impairment	and	risk,	where	impairment	reflects	the	frequency	
and	 intensity	 of	 symptoms	 and	 functional	 limitation	 experi-
enced,	and	risk	reflects	the	likelihood	of	asthma	exacerbations.	
Four	major	features	of	asthma	–	daytime	symptom	frequency,	
nocturnal	 symptom	 frequency,	 interference	 with	 exercise	 and	
pulmonary	function	–	define	levels	of	severity	in	the	impairment	
domain,	 and	 exacerbations	 requiring	 systemic	 corticosteroids	
define	severity	 in	the	risk	domain.	Nocturnal	symptoms	are	a	
particularly	important	marker	of	more	severe	disease.111
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COMPONENT OF CONTROL

CLASSIFICATION

Well-Controlled Not Well-Controlled Very Poorly Controlled

Impairment Symptoms ≤2 days/week >2 days/week Throughout the day
Nighttime Awakenings ≤2/month 1–3/week ≥4/week
Interference with normal activity None Some limitation Extremely limited
Short-acting β2-agonist use for symptom control ≤2 days/week >2 days/week Several times per day
FEV1 or peak flow >80% predicted/

personal best
60–80% predicted/

personal best
<60% predicted/

personal best
Validated Questionnaires
ATAQ 0 1–2 3–4
ACQ ≤0.75 ≥1.5 N/A
ACT ≥20 16–19 ≤15

Risk Exacerbations (consider frequency and severity) 0–1/year 2–3/year >3/year
Progressive loss of lung function Evaluation requires long-term follow-up
Treatment-related adverse effects Medication side-effects can vary in intensity form none to very 

troublesome and worrisome. The level of intensity does not 
correlate to specific levels of control but should be considered 
in the overall assessment of risk

From Program NAEaP. Expert Panel Report III: Guidelines for the diagnosis and management of asthma. Bethesda, MD: US Department of 
Health and Human Services; 2007.

TABLE 
34-3 Classification of Asthma Control in Youths ≥12 Years of Age and Adults

Adapted from Program NAEaP. Expert Panel Report III: Guidelines 
for the Diagnosis and Management of Asthma. Bethesda, MD: 
US Department of Health and Human Services; 2007.

BOX 34-1 GOALS OF ASTHMA TREATMENT

REDUCING IMPAIRMENT

• Prevent chronic and troublesome symptoms (e.g. coughing 
or breathlessness in the daytime, in the night or after 
exertion)

• Require infrequent use (≤2 days a week) of short-acting β2-
agonist for quick relief of symptoms (not including prevention 
of exercise-induced bronchospasm)

• Maintain (near) normal pulmonary function
• Maintain normal activity levels (inducing exercise and other 

physical activity and attendance at work or school)
• Meet patients’ and families’ expectations of and satisfaction 

with care

REDUCING RISK

• Prevent recurrent exacerbations of asthma and minimize the 
need for emergency department visits or hospitalizations

• Prevent loss of lung function; for children, prevent reduced 
lung growth

• Minimal or no adverse effects of therapy

be	an	important	part	of	the	education	and	planning	for	future	
exacerbations;	 a	 child	 with	 no	 symptoms	 but	 with	 low	 lung	
function	 needs	 to	 be	 aware	 that	 any	 symptoms	 might	 mean	
severe	 problems	 are	 present.	 Such	 a	 child	 is	 one	 who	 might	
benefit	 from	 regular	 use	 of	 a	 peak	 flow	 meter,	 not	 stopping	
measurements	when	well	as	most	children	tend	to	do.

Treatment of Childhood Asthma
Achieving	optimal	control	of	asthma	requires	a	comprehensive	
approach	that	addresses	the	underlying	pathophysiological	dis-
turbances.	Thus,	in	addition	to	the	pharmacological	approach	
to	 asthma,	 one	 must	 minimize	 exposure	 to	 asthma	 triggers,	
including	 environmental	 allergens	 (see	 Chapter	 22)	 and	

nonspecific	airway	irritants	(such	as	tobacco	smoke),	and	treat	
concomitant	medical	conditions	which	influence	asthma	sever-
ity	(such	as	GER	and	rhinosinusitis).	Equally	important	is	pro-
viding	asthma	education	and	support	for	the	child	and	family	
in	the	process	of	chronic	disease	management.

Severity-Based Asthma Management
Once	asthma	has	been	diagnosed	and	a	level	of	severity	based	
upon	the	algorithm	assigned,	attention	should	shift	toward	the	
development	 of	 a	 comprehensive	 treatment	 plan	 (see	 Table	
34-3).	A	central	element	to	any	treatment	regimen	is	a	written	
action	plan,	which	provides	the	child	and	family	with	a	clearly	
defined	 approach	 towards	 asthma	 management,	 including	
medications	for	routine	daily	use	and	a	rescue	plan	for	exacer-
bations,	 including	 medication	 modifications	 and	 signs	 of	
asthma	 symptom	 progression	 which	 should	 prompt	 contact	
with	the	healthcare	provider	or	seeking	of	emergency	care.

Pharmacological Management
Currently,	asthma	medications	are	divided	into	two	major	cat-
egories	–	 those	 that	provide	 rapid	 relief	of	asthma	symptoms	
(quick	relievers)	and	those	that	serve	to	decrease	airway	inflam-
mation	 and	 improve	 asthma	 on	 an	 ongoing	 basis	 (long-	
term	 controllers).	 The	 choice	 of	 medications	 for	 a	 given		
patient	depends	upon	the	level	of	asthma	severity	and	control	
(Figure	34-2).

Intermittent	asthma	is	managed	with	as	needed	use	of	short-
acting	 β2-agonists	 by	 inhalation.	 However,	 all	 patients	 with	
persistent	asthma	should	receive	one,	or	potentially	a	combina-
tion	of,	controller	medication(s)	that	possess	anti-inflammatory	
properties.

Controller Medications
The	inflammatory	nature	of	persistent	asthma	supports	the	use	
of	 medications	 aimed	 at	 decreasing,	 and	 ideally	 eliminating,	
airway	 inflammation.	 Thus,	 agents	 with	 anti-inflammatory	
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Figure 34-2 Stepwise approach for managing children with asthma. (A) 5–11 years of age. (B) ≥12 years of age. SABA – short-acting β-antagonist, 
ICS – inhaled corticosteroid, LTRA – leukotriene receptor antagonist, LABA – long-acting β-antagonist, EIB – exercise-induced bronchoconstriction. 
(From Program NAEaP. Expert Panel Report III: Guidelines for the diagnosis and management of asthma. Bethesda, MD: US Department of Health 
and Human Services; 2007.)

Intermittent
Asthma

Patient Education and Environmental Control at Each Step

Quick Relief Medications for All Patients
• SABA as needed for symptoms. Intensity of treatment depends on severity of symptoms. Up to 
 three treatments at 20-minute intervals as needed. Short course of systemic corticosteroids may be 
 needed.
• Caution: increasing use of β-agonists, or use >2 times/week for symptom control
 (not prevention of EIB) indicates inadequate control and the need to step up treatment.

Persistent Asthma: Daily Medication
Consult with asthma specialist if step 4 care or higher is required

Consider consultation at step 3

        Step 6
Preferred:
High-dose ICS 
+ LABA + oral
corticosteroid

Alternative:
High-dose ICS +
either LTRA or
theophylline +
oral
corticosteroid

          AND

Omalizumab 
may be 
considered for
patients who 
have allergies

Step up if
needed

(first check
adherence

and
environmental

control)

Assess
control

Step down if
possible (and
asthma is well

controlled
at least

3 months)

        Step 5
Preferred:
High-dose ICS +
LABA 

Alternative:
High-dose ICS +
either LTRA or
theophylline

         AND

Omalizumab 
may be 
considered for
patients who
have allergies

      Step 4
Preferred:
Medium-dose
ICS + LABA 

Alternative:
Medium-dose
ICS + either
LTRA or,
theophylline

        Step 3
Preferred:
Medium-dose 
ICS
        OR
Low-dose ICS
either LABA,
LTRA or
theophylline

       Step 2
Preferred:
Low-dose ICS

Alternative:
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Cromolyn,
nedocromil, or
theophylline

     Step 1
Preferred:
SABA prn
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Quick Relief Medications for All Patients
•  SABA as needed for symptoms. Intensity of treatment depends on severity of symptoms. Up to three
   treatments at 20-minute intervals as needed. Short course of systemic corticosteroids may be needed.
• Caution: increasing use of β-agonists, or use >2 times/week for symptom control 
  (not prevention of EIB) indicates inadequate control and the need to step up treatment.

Persistent Asthma: Daily Medication
Consult with asthma specialist if step 4 care or higher is required

Consider consultation at step 3

        Step 6
Preferred:
High-dose ICS
+ LABA + oral
corticosteroid

          AND

Omalizumab may
be considered for
patients who 
have allergies

Step up if
needed

(first check
adherence

and
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control)

Assess
control
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possible (and
asthma is well

controlled
at least
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        Step 5
Preferred:
High-dose ICS 
+ LABA 

          AND

Omalizumab 
may be 
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patients who
have allergies

      Step 4
Preferred:
Medium-dose
ICS + LABA 

Alternative:
Medium-dose
ICS + either
LTRA,
theophylline
or zileuton

        Step 3
Preferred:
Medium-dose 
ICS
        OR
Low-dose ICS
+ LABA
Alternative:
Low-dose ICS
+ either LTRA,
theophylline
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       Step 2
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Low-dose ICS

Alternative:
Cromolyn,
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theophylline
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Preferred:
SABA prn
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The	effect	of	ICS	therapy	on	growth	during	childhood	has	
been	 extensively	 studied.	 However,	 many	 of	 the	 conclusions	
from	 these	 investigations	 are	 difficult	 to	 fully	 appreciate,	 as	
many	studies	are	of	short-to-intermediate	durations	(generally	
ranging	 from	 8	 to	 12	 weeks	 to	 1	 year).	 ICS	 therapy	 has	 been	
shown	 to	 result	 in	 short-term	 reductions	 in	 rates	 of	 linear	
growth	 in	children,	an	effect	which	 is	most	evident	 in	prepu-
bertal	 children.	 These	 effects	 are	 dose-	 and	 drug-dependent,	
with	 no	 significant	 effect	 on	 growth	 when	 low	 doses	 (100–
200	µg/day	 of	 fluticasone	 propionate)	 are	 used	 for	 up	 to	 1	
year.72,120	 CAMP	 demonstrated	 that	 children	 receiving	 ICS	
therapy	for	4	to	6	years	grew	an	average	of	1.1	cm	less	than	those	
receiving	 placebo.	 The	 growth	 effect	 was	 in	 the	 first	 year	 of	
treatment	 without	 additional	 effect	 as	 treatment	 continued.	
When	adult	height	was	predicted	using	standardized	measures	
based	 upon	 current	 height,	 current	 age,	 bone	 age	 and	 age	 at		
first	 menses	 (for	 females),	 the	 ICS-treated	 children	 and	 the	
placebo-treated	children	had	similar	projected	final	heights.114	
However,	the	effect	of	ICS	therapy	on	growth	persisted	5	years	
after	regular	ICS	therapy	was	discontinued,	with	evidence	that	
the	effect	is	more	pronounced	in	girls	than	boys;115	similar	find-
ings	have	been	reported	 in	other	populations.121–123	Follow-up	
of	 the	 CAMP	 population	 until	 achievement	 of	 adult	 height	
demonstrated	that	the	initial	decrease	in	attained	height	associ-
ated	with	the	use	of	ICSs	persisted	as	a	reduction	in	final	adult	
height,	 although	 the	 decrease	 was	 neither	 progressive	 nor	
cumulative.124

Numerous	studies	have	examined	the	effect	of	ICS	therapy	
on	 HPA	 axis	 function	 with	 conflicting	 results.	 While	 the		
available	 evidence	 suggests	 that	 low-to-moderate	 dose	 ICS	
therapy	 is	 generally	 not	 associated	 with	 alterations	 in	 HPA		
function,125,126	 the	 long-term	 effects	 of	 high-dose	 ICS	 therapy	
in	 growing	 children	 remain	 unclear.	 The	 interaction	 between		
ICS	 use	 and	 bone	 mineral	 density	 (BMD)	 was	 studied		
thoroughly	in	CAMP;	ICS	therapy	has	the	potential	to	reduce	
bone	 mineral	 accretion	 in	 male	 children	 progressing	 through	
puberty,	 although	 the	 ability	 of	 ICS	 to	 reduce	 the	 need	 for		
oral	 corticosteroid	 therapy	 (and	 the	 attendant	 reduction		
in	 BMD)	 largely	 outweighs	 this	 small	 risk.127	 The	 effect	 of	
high-dose	 ICS	 therapy	 on	 BMD	 in	 growing	 children	 remains	
uncertain.

There	has	been	some	concern	that	ICSs	may	cause	the	course	
of	 chicken	 pox	 to	 worsen,	 based	 upon	 case	 reports	 of	 death	
from	chicken	pox	in	individuals	on	high	doses	of	oral	steroids.	
There	have	been	no	deaths	with	ICSs	alone,	but	clinicians	caring	
for	 children	 with	 persistent	 asthma	 should	 assure	 varicella	
immunity,	 either	 through	 prior	 natural	 infection	 or	 through	
vaccination,	and	be	prepared	to	minimize	ICS	use	and	to	add	
antiviral	 agents	 should	 chicken	 pox	 occur	 in	 individuals	 on	
ICSs.

LEUKOTRIENE MODIFIERS

The	 cysteinyl	 leukotrienes	 (LTC4/LTD4/LTE4)	 are	 mediators	
produced	by	eosinophils	and	mast	cells	and	trigger	many	pro-
cesses	 central	 to	 asthma	 –	 mucus	 secretion,	 bronchoconstric-
tion	and	increased	vascular	permeability.	The	clinical	effects	of	
agents	which	modulate	leukotriene	activity	confirm	the	role	of	
these	 mediators	 in	 the	 pathophysiology	 of	 asthma.	 Clinical	
trials	have	demonstrated	the	positive	effects	of	LT	antagonism	
on	pulmonary	function	and	clinical	outcomes	in	children	with	
asthma.128

properties	are	essential	in	the	treatment	plan	of	all	children	with	
persistent	asthma.

INHALED CORTICOSTEROIDS

Inhaled	corticosteroids	(ICSs)	are	the	most	effective	long-term	
controller	 medication	 for	 asthma	 in	 childhood.	 ICS	 therapy	
leads	to	significant	improvement	in	asthma	control	as	reflected	
by	reductions	in	asthma	symptom	frequency	and	severity,	exac-
erbation	rates,	hospitalizations,	asthma	death,	quality	of	life	and	
airway	hyperresponsiveness.	Short-term	studies	of	ICS	therapy	
have	reported	improvements	in	measures	of	lung	function	and	
reduction	in	inflammatory	cells	and	other	markers	of	 inflam-
mation	within	the	airways.

The	CAMP,	the	largest	and	longest	prospective	clinical	trial	
of	 ICS	 therapy	 in	 children,	 examined	 the	 effect	 of	 three		
treatment	 strategies	 in	 1,041	 children	 with	 mild-to-moderate	
asthma.114	 Children	 received	 either	 (1)	 an	 ICS	 (budesonide	
200	µg	bid),	or	(2)	a	nonsteroidal	agent	with	anti-inflammatory	
properties	 (nedocromil	 sodium	 4	mg	 bid)	 or	 (3)	 a	 matching	
placebo	for	an	average	of	4.3	years	of	continuous	therapy.	All	
children	 received	 albuterol	 as	 needed	 for	 symptoms,	 and	 oral	
steroids	 for	exacerbations.	The	primary	outcome	of	 the	study	
was	the	FEV1	after	bronchodilator	following	a	mean	of	4.3	years	
of	therapy.	Children	treated	with	ICSs	demonstrated	an	initial	
rise	in	FEV1	over	the	first	6	to	12	months	of	the	trial,	but	upon	
completion	 of	 the	 trial	 the	 ICS	 group	 and	 the	 placebo	 group	
did	 not	 differ	 in	 terms	 of	 FEV1.	 Children	 who	 received	 ICS	
therapy	experienced	numerous	clinical	benefits	not	experienced	
by	children	who	received	placebo,	including	significant	improve-
ment	in	airway	hyperresponsiveness,	fewer	asthma	symptoms,	
less	 albuterol	 use,	 more	 days	 without	 an	 asthma	 episode,	 a	
longer	 time	 until	 need	 for	 oral	 corticosteroids	 for	 an	 asthma	
exacerbation,	fewer	courses	of	oral	corticosteroids,	fewer	urgent	
care	visits	and	hospitalizations,	and	less	need	for	supplemental	
ICS	therapy	due	to	poor	asthma	control.	The	clinically	mean-
ingful	improvements	in	control	of	asthma	achieved	during	con-
tinuous	 treatment	 with	 ICSs	 do	 not	 persist	 after	 continuous	
treatment	is	discontinued.72,115,116

Guidelines	for	asthma	management	suggest	that	 increasing	
levels	of	asthma	severity	or	poor	asthma	control	require	increas-
ing	 doses	 of	 ICSs	 to	 achieve	 disease	 control.	 Several	 studies	
support	 a	 dose-response	 relationship	 for	 ICSs.	 However,	 this	
relationship	is	nonlinear	and	is	complicated	by	the	dose-side-
effect	relationship.	Low	doses	of	ICSs	(as	low	as	200	µg/day	of	
budesonide117	 or	 50	µg	 bid	 of	 fluticasone	 propionate118)	 have	
been	demonstrated	to	be	effective	in	controlling	asthma	in	chil-
dren	with	persistent	asthma.	Furthermore,	 each	child	 is	 likely	
to	 demonstrate	 an	 individual	 ICS	 dose-response	 relationship,	
as	demonstrated	in	adults.119	In	addition,	the	rates	of	improve-
ment	 of	 individual	 measures	 of	 asthma	 control	 vary,	 with	
symptom	control	and	peak	flow	measures	generally	responding	
to	low-dose	ICS	therapy	within	2	to	4	weeks,117	while	treatment	
with	higher	doses	 for	 longer	 periods	 of	 time	are	necessary	 to	
maximize	 the	 effect	 on	 airway	 hyperresponsiveness.114	 Thus,	
ICS	 dosing	 must	 be	 tailored	 to	 the	 individual	 patient’s	 needs	
and	response	to	therapy.

In	general,	 ICS	therapy	is	well-tolerated	by	the	majority	of	
patients.	However,	potential	side-effects	of	ICS	therapy	include	
the	effects	of	ICSs	upon	skeletal	growth	and	bone	density,	alter-
ation	 of	 the	 hypothalamic-pituitary-adrenal	 (HPA)	 axis	 and	
local	side-effects	including	oral	candidiasis	and	hoarseness.
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of	 a	 LABA	 to	 patients	 uncontrolled	 on	 ICSs	 compared	 to	
increasing	the	dose	of	the	ICS	alone.137,138	The	PACT	trial	also	
included	a	combination	therapy	arm	consisting	of	fluticasone	
(100	µg	 once	 daily)	 plus	 the	 LABA	 salmeterol	 (50	µg	 twice	
daily).72	 This	 combination	 of	 once-daily	 ICS	 therapy	 plus	 a	
twice-daily	 LABA	 was	 associated	 with	 comparable	 asthma	
control	to	the	twice-daily	fluticasone	approach	in	terms	of	the	
proportion	of	asthma	control	days	and	Asthma	Control	Ques-
tionnaire	scores,	but	was	inferior	to	fluticasone	alone	in	terms	
of	 changes	 in	 lung	 function,	 airway	 hyperresponsiveness	 and	
exhaled	nitric	oxide	levels.	Among	children	with	asthma	inad-
equately	controlled	by	an	ICS	alone,	the	addition	of	a	LABA	led	
to	improved	lung	function	and	symptom	control	compared	to	
placebo.139	In	contrast,	one	study	found	no	advantage	with	the	
addition	of	salmeterol	to	low-dose	ICS	therapy	compared	with	
a	doubling	of	the	ICS	dose	in	children	with	mild-to-moderate	
asthma.140	Studies	in	adults	also	suggest	that	LABAs	may	facili-
tate	ICS	reduction	in	patients	whose	asthma	is	controlled	on	a	
moderate-to-high	 dose	 of	 ICS.112,141	 While	 the	 addition	 of	 a	
LABA	 to	 an	 ICS	 improves	 lung	 function,	 a	 recent	 Cochrane	
Review	 concluded	 that	 there	 is	 no	 evidence	 to	 date	 that	 the	
addition	of	a	LABA	to	ICS	therapy	reduces	significant	asthma	
exacerbations	 in	children.142	However,	 in	a	 recent	 trial	among	
children	 aged	 6	 to	 17	 years	 with	 asthma	 not	 controlled	 with	
low-dose	 ICS	monotherapy,	 the	addition	of	 the	LABA	salme-
terol	 to	 low-dose	 ICS	 was	 more	 likely	 to	 provide	 a	 better	
response	than	the	addition	of	an	LTRA	or	doubling	the	dose	of	
ICS,138	 and	 treatment	 with	 ICS	 +	 LABA	 was	 associated	 with	
the	 fewest	 exacerbations.	 The	 addition	 of	 LABA	 therapy	 may	
increase	the	risk	of	rare	life-threatening	or	fatal	asthma	exacer-
bations,	 and	 thus	 should	 be	 carefully	 considered	 in	 children	
with	asthma	inadequately	controlled	with	ICS	therapy	alone.111	
More	clinical	trials	are	necessary	to	fully	determine	the	role	of	
LABAs	in	the	management	of	persistent	asthma	in	childhood.	
However,	the	compelling	evidence	of	the	efficacy	of	ICS	+	LABA	
therapy	in	older	children	and	adults	has	led	to	the	recommen-
dation	 of	 a	 combination	 of	 ICS	 and	 LABAs	 as	 the	 preferred	
therapy	in	children	aged	5	years	and	older	whose	asthma	sever-
ity	and/or	control	indicate	the	need	for	Step	4	care	(see	Figure	
34-2).111

CROMOLYN AND NEDOCROMIL

Cromolyn	sodium	and	nedocromil	sodium	are	inhaled	agents	
that	are	alternatives	to	ICSs	in	the	management	of	mild	persis-
tent	asthma	in	children.	Both	drugs	have	been	shown	to	possess	
anti-inflammatory	 properties	 through	 nonsteroidal	 mecha-
nisms,	although	the	exact	mechanisms	for	their	actions	remain	
unclear.	Both	agents	are	effective	in	the	short-term	prevention	
of	 exercise-induced	 bronchospasm.	 Several	 clinical	 trials	 have	
suggested	beneficial	effects	with	regular	administration	of	cro-
molyn,	although	a	meta-analysis	suggests	that	there	 is	 insuffi-
cient	evidence	to	support	the	use	of	cromolyn	as	maintenance	
therapy	 for	 asthma.143	 Nedocromil	 (8	mg/day)	 therapy	 for	
approximately	 4	 years	 in	 children	 with	 mild-to-moderate	
asthma	 resulted	 in	 a	 reduction	 in	 oral	 corticosteroid	 use	 and	
urgent	care	visits	for	asthma	compared	to	placebo/albuterol	for	
symptoms	only,	but	did	not	affect	lung	function	or	rescue	alb-
uterol	use	compared	with	placebo.114	These	agents	are	generally	
well-tolerated,	with	cough,	sore	throat	and	bronchoconstriction	
being	the	most	common	side-effects	to	cromolyn.	Nedocromil	

Montelukast,	 a	 selective	 leukotriene	 receptor	 1	 antagonist,	
improved	 pulmonary	 function,	 reduced	 rescue	 albuterol	 use,	
improved	quality	of	life	and	decreased	peripheral	blood	eosino-
phil	counts	over	an	8-week	period	in	children	aged	6	to	14	years	
with	moderate	asthma	compared	with	placebo.128	Montelukast	
has	also	been	 shown	 to	 inhibit	 exercise-induced	bronchocon-
striction	in	children	with	mild-to-moderate	asthma.129	In	addi-
tion	 to	 having	 positive	 effects	 as	 monotherapy,	 leukotriene	
modifiers	 (LTMs)	 appear	 to	 have	 additive	 properties	 when	
given	with	ICSs.130,131

The	inflammatory	nature	of	asthma	currently	demands	that	
controller	 medications	 possess	 anti-inflammatory	 properties.	
While	 the	 data	 regarding	 the	 anti-inflammatory	 attributes	 of	
LTMs	 is	 limited	 compared	 to	 those	 of	 ICSs,	 several	 studies	
strongly	suggest	 that	 these	agents	decrease	markers	of	allergic	
airway	inflammation,	including	peripheral	blood128	and	sputum	
eosinophils,132	nitric	oxide	in	exhaled	air,75,133	bronchial	hyper-
reactivity134	and	cellular	 infiltrates	 in	BAL	fluid	following	seg-
mental	allergen	challenge.135

While	 the	 long-term	 effects	 of	 antileukotriene	 therapy	 are	
unknown,	these	agents	possess	desirable	clinical	and	biological	
properties	and	deserve	consideration	in	children	with	all	levels	
of	persistent	asthma.	These	agents	have	excellent	safety	records	
in	children	and	the	oral	delivery	system	makes	these	agents	easy	
to	administer	to	children.	Evidence	supporting	ICSs	as	the	pre-
ferred	 maintenance	 therapy	 over	 montelukast	 in	 school-age	
children	with	mild	persistent	asthma	(Step	2)	has	come	 from	
several	 sources.	A	multicenter,	 randomized,	double-blind	 trial	
demonstrated	that	clinical	outcomes,	pulmonary	responses	and	
inflammatory	 biomarkers	 improved	 more	 with	 fluticasone	
100	µg	twice	daily	compared	to	daily	montelukast	 in	children	
aged	6	to	17	years	with	mild-to-moderate	persistent	asthma.116	
The	Pediatric	Asthma	Controller	Trial	(PACT),	a	year-long,	ran-
domized,	double-blind	trial	in	children	aged	6	to	14	years	with	
mild-to-moderate	 persistent	 asthma	 also	 demonstrated	 the	
superiority	of	the	ICS	fluticasone	over	montelukast	therapy	for	
asthma	control	days,	exacerbations,	quality	of	life	and	pulmo-
nary	 function.72,136	 Based	 upon	 these	 data,	 current	 guidelines	
support	 the	 use	 of	 LTRAs	 as	 an	 alternative	 to	 ICSs	 as	 mono-
therapy	in	mild	persistent	asthma	as	well	as	adjunctive	therapy	
in	moderate-to-severe	asthma.111

LONG-ACTING β-AGONISTS

Two	 long-acting	 β2-adrenergic	 agonists	 (LABAs),	 salmeterol	
and	formoterol,	have	been	demonstrated	to	be	safe	and	effective	
agents	 in	children,	both	in	terms	of	bronchodilation	and	pre-
vention	 of	 exercise-induced	 bronchospasm.	 Their	 onsets	 of	
action	differ,	with	formoterol	having	an	onset	similar	to	that	of	
albuterol	 (3	 minutes),	 while	 salmeterol	 has	 a	 slower	 onset	 of	
action	 (10–20	 minutes).	 Following	 administration	 of	 a	 single	
dose,	both	agents	demonstrate	durations	of	action	of	up	to	12	
hours.	Following	regular	twice	daily	administration,	broncho-
dilation	 remains	 effective;	 however,	 a	 level	 of	 tolerance	 (or	
tachyphylaxis)	develops,	manifested	as	a	loss	of	bronchoprotec-
tive	 properties	 to	 stimuli	 such	 as	 exercise,	 methacholine	 and	
allergen,	 although	 the	 clinical	 relevance	 of	 these	 findings	 is	
unclear.

The	complementary	actions	of	ICSs	and	LABAs	suggest	that	
these	 agents	 should	 be	 effective	 when	 used	 in	 combination.	
Extensive	data	in	adults	confirm	the	superiority	of	the	addition	
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allergic	rhinoconjunctivits	without	asthma	led	to	fewer	asthma	
symptoms	 after	 3	 years	 of	 therapy,	 suggesting	 that	 SIT	 can	
reduce	 the	 development	 of	 asthma	 in	 children	 with	 seasonal	
allergic	rhinoconjuctivitis.153

OMALIZUMAB

A	humanized	monoclonal	antibody	directed	against	IgE	(anti-
IgE	or	omalizumab)	rapidly	and	significantly	reduces	circulat-
ing	 levels	 of	 IgE.	 Repeated	 subcutaneous	 administration	 of	
omalizumab	has	been	demonstrated	to	be	safe154	and	effective	
in	permitting	reduction	of	ICS	dosing	while	preventing	asthma	
exacerbations	in	placebo-controlled	trials	in	both	adults155	and	
children156	 with	 moderate-to-severe	 persistent	 allergic	 asthma	
receiving	ICSs,	as	well	as	 improving	asthma-related	quality	of	
life.157	 Omalizumab	 is	 currently	 approved	 as	 an	 adjunctive	
therapy	for	children	aged	12	years	and	older	with	moderate-to-
severe	 persistent	 allergic	 asthma	 whose	 symptoms	 are	 inade-
quately	controlled	with	ICS	therapy,	and	the	National	Asthma	
Education	 and	 Prevention	 Program	 (NAEPP)	 Guidelines	
support	its	use	when	Step	5	or	6	care	is	indicated.111

Quick Reliever Medications
β2-ADRENERGIC AGONISTS

Rapid	 acting	 inhaled	 β2-adrenergic	 receptor	 agonists	 are	 the	
most	 effective	 bronchodilator	 agents	 currently	 available	 and	
serve	as	the	preferred	treatment	for	acute	symptoms	and	exac-
erbations	of	asthma	as	well	as	the	prevention	of	exercise-induced	
asthma.	 These	 agents	 stimulate	 the	 β2-adrenergic	 receptors	
located	 on	 bronchial	 smooth	 muscle	 and	 trigger	 a	 signaling	
cascade	 culminating	 in	 the	 generation	 of	 intracellular	 cyclic	
adenosine	 monophosphate	 (cAMP).	 In	 addition	 to	 relaxation	
of	 airway	 smooth	 muscle,	 β2-agonists	 stimulate	 mucocilliary	
transport,	 modulate	 the	 release	 of	 mast	 cell	 mediators	 and	
decrease	edema	formation.

β2-Agonists	 are	 available	 for	 inhalation	 (by	 metered	 dose	
inhalers	 and	 nebulizers),	 oral	 administration	 (syrup	 and	
sustained-release	 tablets)	 and	 parenteral	 (subcutaneous	 and	
intravenous)	administration.	 Inhalation	 is	 the	preferred	 route	
of	delivery	as	it	maximizes	efficacy	and	minimizes	side-effects.	
Several	 different	β2-agonists	 are	 currently	 available,	 and	 have	
comparable	 efficacy	 and	 safety	 properties.	 The	 single	 isomer	
preparation	of	albuterol,	levalbuterol,	has	the	theoretical	advan-
tage	 of	 possessing	 bronchodilatory	 properties	 (R-isomer	 of	
albuterol)	 without	 the	 presence	 of	 the	 nonbronchodilatory	
isomer	(S-albuterol).	Clinical	trials	with	this	agent	demonstrate	
minimal	 clinically	 relevant	 differences	 in	 bronchodilation	 or	
side-effects	 related	 to	β-adrenergic	 receptor	 stimulation,	 such	
as	tachycardia,	tremor	and	decreases	in	serum	potassium	levels,	
compared	to	racemic	albuterol.158

ANTICHOLINERGIC AGENTS

Potential	mechanisms	by	which	cholinergic	pathways	contrib-
ute	 to	 asthma	 pathophysiology	 include	 bronchoconstriction	
through	increased	vagal	tone,	increased	reflex	bronchoconstric-
tion	 due	 to	 stimulation	 of	 airway	 sensory	 receptors,	 and	
increased	acetylcholine	release	induced	by	inflammatory	medi-
ators.159	 Patients	 with	 asthma	 experience	 lesser	 degrees	 of	

is	 more	 commonly	 associated	 with	 bad	 taste,	 headache	 and	
nausea	than	cromolyn.

THEOPHYLLINE

Theophylline	 acts	 as	 an	 inhibitor	 of	 phosphodiesterase,	
although	at	therapeutic	serum	levels	phosphodiesterase	inhibi-
tion	 is	 weak	 yet	 bronchodilation	 occurs.	 Theophylline	 also	
inhibits	 the	effects	of	adenosine,	a	molecule	known	to	 induce	
airway	narrowing.

Theophylline	 is	 more	 effective	 than	 placebo	 in	 controlling	
asthma	symptoms	and	pulmonary	function,	and	is	particularly	
effective	 in	 preventing	 nocturnal	 asthma	 symptoms.	 Current	
guidelines	suggest	theophylline	as	an	alternative	to	ICSs	in	chil-
dren	with	mild	persistent	asthma	and	as	an	add-on	therapy	with	
a	low-dose	ICS	in	children	with	moderate-to-severe	asthma.111	
Patients	may	experience	deterioration	of	asthma	control	follow-
ing	withdrawal	of	theophylline	from	their	regimen.144,145

Theophylline	has	the	potential	for	significant	toxicity	occur-
ring	 with	 increasing	 serum	 concentrations.	 The	 benefits	 of		
theophylline	may	be	recognized	at	lower	serum	levels	than	pre-
viously	recommended	(a	target	range	of	5–15	µg/mL).111	Serum	
drug	level	monitoring	is	needed	with	doses	above	12	mg/kg	or	
if	side-effects	occur.	Theophylline	metabolism	is	age	dependent,	
with	younger	children	having	greater	rates	of	metabolism	than	
older	children	and	adolescents.	Drug	interactions	may	lead	to	
decreased	theophylline	metabolism,	and	thus	increased	serum	
levels	(such	as	macrolide	antibiotics	[erythromycin,	clairithro-
mycin],	 cimetidine,	 ciprofloxacin)	 or	 increased	 theophylline	
metabolism,	and	thus	lower	serum	levels	(such	as	carbamaze-
pine,	phenobarbital,	phenytoin,	and	rifampin).	Febrile	illnesses	
may	result	in	decreased	theophylline	clearance,	whereas	tobacco	
and	 marijuana	 smoking	 result	 in	 accelerated	 clearance.	 Side-
effects	 of	 theophylline	 are	 often	 dose	 dependent	 and	 include	
anorexia,	nausea,	emesis	and	headache.	The	effects	of	theophyl-
line	on	psychomotor	functioning	and	school	performance	have	
been	examined	and	have	generally	shown	no	significant	nega-
tive	on	learning	or	behavior.146

ALLERGEN IMMUNOTHERAPY

Specific	immunotherapy	(SIT)	is	the	repetitive	parenteral	injec-
tion	of	allergen	extracts	to	reduce	the	manifestations	of	allergy	
caused	by	natural	exposure	to	those	allergens.147,148

Allergen-specific	immunotherapy	has	been	demonstrated	to	
have	beneficial	effects	in	the	management	of	childhood	asthma,	
including	 effects	 on	 symptom	 control,	 medication	 use	 and	
airway	hyperresponsiveness.149	A	recent	meta-analysis	examin-
ing	the	efficacy	of	allergen-specific	immunotherapy	concluded	
that	 there	 is	 moderate	 strength	 evidence	 that	 subcutaneous	
immunotherapy	improves	asthma	symptoms	and	high	strength	
evidence	 that	 sublingual	 immunotherapy	 improves	 asthma	
symptoms.150	Furthermore,	the	majority	of	studies	demonstrat-
ing	 efficacy	 of	 subcutaneous	 immunotherapy	 involved	 single	
allergen	 immunotherapy,	 whereas	 most	 children	 with	 asthma	
are	 polysensitized.151,152	 Allergen	 immunotherapy	 should	 not	
be	 initiated	 in	 patients	 with	 asthma	 that	 is	 not	 stable	 to	
pharmacotherapy.149

SIT	 of	 monosensitized	 children	 may	 prevent	 the	 develop-
ment	 of	 both	 additional	 sensitivities	 and	 asthma.147	 Specific	
immunotherapy	to	pollens	in	children	aged	6	to	14	years	with	
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Patients	must	be	instructed	as	to	the	early	and	accurate	recogni-
tion	of	changes	in	asthma	status,	as	early	intervention	is	likely	
to	lessen	the	severity	and	rate	of	progression	of	the	episode.	An	
algorithm	 which	 serves	 as	 the	 basis	 for	 the	 action	 plan	 and	
allows	for	telephone	triage	and	recommendations	is	shown	in	
Figure	34-3.

At	 the	 onset	 of	 asthma	 symptoms,	 including	 cough,	 chest	
tightness,	wheeze,	shortness	of	breath,	or	with	a	decline	in	PEF	
below	 80%	 of	 personal	 best,	 initial	 therapy	 should	 include	
administration	 of	 a	 rapid-acting	 bronchodilator	 such	 as	 alb-
uterol,	either	via	a	metered	dose	inhaler	(with	a	spacer	device)	
or	nebulizer.	This	treatment	may	be	repeated	up	to	three	times	
in	the	first	hour,	with	PEF	measured	before	and	after	each	alb-
uterol	administration.	Patients	who	demonstrate	rapid	improve-
ment	 following	 this	 intervention	 should	 be	 closely	 followed	
over	 the	 ensuing	 hours	 and	 days	 for	 signs	 of	 recurrence	 of	
symptoms,	with	a	particular	attention	to	nocturnal	awakenings.	
Given	the	potential	for	progression	of	symptoms,	addition	(or	
increasing	the	dose)	of	an	ICS	is	often	recommended.	Increased	
use	 is	continued	until	baseline	status	 is	achieved	and	then	for	
an	additional	7	to	10	days	because	of	the	time	needed	for	resolu-
tion	of	the	increased	inflammation	produced	during	the	exac-
erbation.	 Failure	 of	 this	 rescue	 approach	 to	 markedly	 reduce	
symptoms	and	improve	PEF	to	>80%	of	personal	best	should	
lead	to	institution	of	systemic	corticosteroids.	Several	protocols	
for	administration	of	oral	corticosteroids	are	commonly	used.	
One	such	approach	 is	 to	give	prednisone,	2	mg/kg/day	(up	to	
60	mg)	for	5	days.	The	approach	used	in	the	CAMP	trial,	2	mg/
kg/day	(up	to	60	mg)	for	2	days	followed	by	1	mg/kg/day	(up	
to	30	mg)	for	2	days,166	decreased	overall	steroid	exposure	and	
was	 very	 effective	 in	 resolving	 exacerbations	 in	 patients	 with	
mild-to-moderate	asthma.	This	should	be	accompanied	by	fre-
quent	reassessment	of	clinical	status	and	PEF	as	well	as	albuterol	
every	4	to	6	hours,	more	frequently	if	needed.	Patients	who	do	
not	improve	with	this	approach	are	experiencing	moderate-to-
severe	exacerbation	and	may	need	further	evaluation	and	inter-
vention,	generally	in	the	physician’s	office	or	in	the	emergency	
department.	 Signs	 of	 worsening	 respiratory	 distress	 should	
prompt	emergent	evaluation	and	therapy.

Conclusions and Summary
Asthma	can	significantly	 impact	on	the	quality	of	 life	of	both	
children	and	 their	 families.	Careful	 attention	 to	 the	details	of	
determining	 severity	and	applying	an	appropriate	 therapeutic	
regimen	 can	 control	 asthma	 symptoms	 in	 almost	 all	 children	
(see	Key	Concepts).	 In	determining	 severity	and	applying	 the	
appropriate	regimen,	it	is	essential	to	establish	good	communi-
cation	about	the	goals	of	therapy	and	to	understand	the	family	
dynamics	 to	 assure	 the	 family	 can	 adhere	 to	 the	 therapeutic	
regimen	prescribed.	Ongoing	evaluation	based	on	communica-
tion	of	current	symptoms,	with	regular	assessment	of	the	fam-
ily’s	ability	to	adhere	to	therapeutic	recommendations	and	the	
appropriateness	 of	 recommendations,	 is	 necessary	 for	 long-
term	control	of	the	disease	and	minimization	of	side-effects	of	
medications.	 Review	 of	 actions	 to	 take	 during	 exacerbation,	
using	the	Asthma	Action	Plan	as	the	central	mechanism	of	com-
munication,	is	part	of	regular	visits	for	asthma.

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

bronchodilation	with	anticholinergic	agents	 (such	as	atropine	
and	ipratropium	bromide)	than	with	β2-agonists.	There	is	pres-
ently	no	indication	for	anticholinergic	agents	as	a	component	
for	 long-term	 asthma	 control.	 Evidence	 supports	 the	 use	 of	
ipratropium	bromide	in	conjunction	with	inhaled	β2-agonists	
in	the	emergency	department	during	moderate-to-severe	acute	
exacerbations	 of	 asthma	 in	 children.160,161	 This	 effect	 is	 most	
evident	in	patients	with	very	severe	exacerbations.	Addition	of	
ipratropium	 has	 been	 shown	 to	 decrease	 rates	 of	 hospitaliza-
tion160	and	duration	of	time	in	the	emergency	department.161

SYSTEMIC CORTICOSTEROIDS

Systemic	 steroids	 are	 valuable	 in	 gaining	 control	 of	 asthma	
symptoms	in	patients	under	poor	control.	Although	the	onset	
of	 action	 of	 systemic	 corticosteroids	 is	 slower	 than	 that	 of	
inhaled	bronchodilators,	 there	 is	evidence	 that	corticosteroids	
have	a	faster	onset	of	action	than	that	suggested	by	their	primary	
mechanisms	 of	 action,	 namely	 inhibiting	 the	 function	 of	
inflammatory	cells	and	the	secretion	of	cytokines,	chemokines	
and	other	proinflammatory	mediators.	Corticosteroids	rapidly	
up-regulate	β2-adrenoreceptor	 number	 and	 improve	 receptor	
function,	likely	leading	to	clinical	improvement	within	4	hours	
of	administration.

Systemic	corticosteroids	hasten	the	resolution	of	acute	exac-
erbations	 of	 asthma.	 Corticosteroid	 administration	 in	 the	
emergency	department	decreases	admission	rates	for	asthma162	
and	shortens	the	length	of	stay	in	hospital.	Dosing	recommen-
dations	 for	 acute	 asthma	 range	 from	 1	 to	 2	mg/kg	 of	 body	
weight	per	day	of	prednisone.	There	is	no	significant	difference	
in	 the	 efficacy	 of	 oral	 or	 parenteral	 corticosteroids	 in	 acute	
asthma,163	unless	the	child	is	unable	to	tolerate	oral	medications	
due	to	vomiting.	Given	the	well-described	side-effect	profile	of	
repeated	or	continuous	use	of	systemic	corticosteroids,	dosing	
should	always	be	minimized.	Rare	patients	with	severe	asthma	
may	require	regular	corticosteroid	therapy	to	gain	or	maintain	
disease	control.	In	these	situations,	alternate-day	dosing	is	asso-
ciated	 with	 fewer	 adverse	 effects,	 but	 a	 very	 small	 percentage		
of	 patients	 with	 severe	 disease	 may	 still	 require	 daily	 steroid	
administration.	Side-effects	associated	with	chronic	corticoste-
roid	 use	 in	 severe	 asthma	 include	 hypertension,	 cushingoid	
features,	decreased	morning	 serum	 cortisol	 levels,	 osteopenia,	
growth	 suppression,	 obesity,	 hypercholesterolemia	 and	 cata-
racts.164	There	is	no	evidence	for	clinically	significant	HPA	axis	
suppression	following	short	‘bursts’	of	systemic	corticosteroids	
for	acute	exacerbations	of	asthma,	and	tapering	is	not	required	
with	courses	of	10	to	14	days	or	less	in	duration.	Furthermore,	
there	 is	 no	 evidence	 for	 increased	 susceptibility	 to	 common	
acute	infections.165

Management of Acute  
Asthma Episodes
Asthma	exacerbations	occur	frequently	and	may	occur	even	in	
the	context	of	regular	use	of	long-term	controller	therapy.	Most	
exacerbations,	 especially	 those	 which	 are	 mild	 in	 nature,	 can	
generally	 be	 managed	 without	 difficulty	 at	 home.	 However,	
success	 in	 outpatient	 care	 of	 acute	 asthma	 demands	 excellent	
preparation,	 including	 a	 written	 set	 of	 instructions	 to	 help	
guide	the	patient	and	his/her	family.	The	Asthma	Action	Plan	
is	 the	 central	 component	 for	 home	 asthma	 management.	

http://www.expertconsult.inkling.com
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Figure 34-3 Algorithm for treatment of acute asthma symptoms. PEF – peak expiratory flow, ED – emergency department, PCP – primary care 
physician. (Courtesy of BJC Health System/Washington University School of Medicine, Community Asthma Program, January 2000.)

Assess symptoms/peak flow

Follow this plan for After Hours patients only. Nurse may decide not to follow this home management plan if:
• Parent does not seem comfortable with or capable of following plan
• Nurse is not comfortable with this plan, based on situation and judgment
• Nurse’s time does not allow for callbacks
In all cases, tell parent to call 9-1-1 if signs of respiratory distress occur during the episode
NOTE: If action plan has already been attempted without success, go to “RED ZONE - poor response” or
“YELLOW ZONE - incomplete response” as symptoms indicate.

YELLOW ZONE
Mild-to-moderate exacerbation
PEF 50−80% predicted or personal best
or
Signs and symptoms
• Coughing, shortness of breath or chest
 tightness (correlate imperfectly with severity
 of exacerbation), or
• Unable to sleep at night due to asthma, or
• Decreased ability to perform usual activities
• With or without wheezing

RED ZONE
Severe exacerbation
PEF � 50% predicted or personal best or
Signs and symptoms
• Very hard time breathing; constant coughing
• Trouble walking or talking due to asthma (unable to
 complete sentences; only using 2- to 3-word phrases)
• Nails blue
• Suprasternal or supraclavicular retractions
• Abuterol not relieving symptoms within 10−15 minutes
• With or without wheezing

Instructions to patient
Inhaled short-acting β2-agonist:
• 2-4 puffs of inhaler or nebulizer treatment every 20 minutes up to 3 times in 1 hour
• Assess asthma symptoms and/or peak flow 15−20 minutes after each treatment
• Nurse to call family after 1 hour
• If patient worsens during treatment, have parent call back immediately or call 9-1-1

GREEN ZONE - Good response
Mild exacerbation
PEF � 80% predicted or personal
 best
or
Signs and symptoms
• No wheezing, shortness of breath,
 cough or chest tightness, and
• Response to β2-agonist 
sustained for 4 hours

YELLOW ZONE - Incomplete 
response
Moderate exacerbation PEF
50−80% predicted or  personal best
or
Signs and symptoms
• Persistent wheezing, shortness of 
 breath, cough or chest tightness

RED ZONE - Poor response
Severe exacerbation
PEF � 50% predicted or personal best
or
Signs and symptoms
• Marked wheezing, shortness of breath,
 cough, or chest tightness
• Distress is severe and nonresponsive
• Response to β2-agonist last 
� 2 hours
Instructions to patient
• Proceed to ED, or call ambulance or
 9-1-1 and repeat treatment while
   waiting

Instructions to patient
• May continue 2−4 puffs (or 
 nebulizer) β2-agonist every 
 3−4 hours for 24−28 hours prn
• For patients on inhaled steroids,
 double dose for 7−10 days
• Contact PCP within 48 hours
 for instructions

Instructions to patient
• Take 2−4 puffs (or nebulizer) β2-
 agonist every 2−4 hours for 24−48 
 hours prn
• Add oral steroid*
 (see contraindications below)
• Contact PCP urgently
 (within 24 hours) for instructions

Instructions to patient
IMMEDIATELY:
• Take 4−6 puffs (or nebulizer) β2-
 agonist
• Start oral steroids* if available (see 
 contraindications below)
• Instruct parent to call back in 5
 minutes after treatment finished
• If still in RED ZONE proceed
 to ED, or call ambulance or 9-1-1
 and repeat treatment while waiting
• If in YELLOW ZONE, move to 
 YELLOW ZONE protocol (top left box)

 Documentation faxed or given to PCP within 24 hours; phone or verbal contact sooner as indicated.
* Ask patient about preexisting conditions that may be contraindications to oral steroids (including type 1 diabetes, active chicken
 pox, chicken pox exposure or varicella vaccine within 21 days, MMR within 14 days). If so, nurse to contact PCP before
 initiating steroids. Oral steroid dosages: Child: 2 mg/kg/day, maximum 60 mg/day, for 5 days.

Date:
Signature
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KEY POINTS

• High rates of school absenteeism affect a child’s ability 
to learn. Every school day in the USA 36,000 children 
and youth miss school because of asthma.

• Asthma has the potential to affect academic perfor-
mance, starting at a young age.

• Several school-centered models have been evaluated 
and demonstrated benefits in asthma-related outcomes. 
Evaluated activities include asthma screening, asthma 
case identification, supervised administration of mainte-
nance asthma medication, case management, care coor-
dination among students, families, healthcare providers 
and schools, self-management asthma education pro-
grams, creating asthma friendly and supportive schools, 
and asthma care programs delivered through school-
based health clinics.

• Asthma management at schools is important for pedi-
atric pulmonologists and allergists, pediatricians, family 
care providers, and healthcare professionals providing 
quality asthma care. The variability of asthma care prac-
tices makes it necessary for clinicians to learn what is 
happening at their patients’ schools and to advocate for 
appropriate services.

Introduction
Asthma	 is	a	 common	chronic	childhood	condition	associated	
with	 significant	 morbidity,	 high	 rates	 of	 school	 absenteeism,	
and	excessive	costs	for	the	individual	and	society.	Every	school	
day	in	the	USA	36,000	children	and	youths	miss	school	because	
of	 asthma.1	 High	 rates	 of	 school	 absenteeism	 affect	 a	 child’s	
ability	to	learn.	A	healthy	student	with	well-controlled	asthma	
is	 a	 student	 ready	 to	 learn	 and	 to	 be	 a	 full	 participant	 in	 the	
school	experience,	including	physical	activity	and	sports.

The	history	of	asthma	programs	in	schools	dates	back	about	
30	 years;	 thus,	 a	 significant	 body	 of	 literature	 exists	 that	 has	
evaluated	 a	 variety	 of	 strategies	 directed	 at	 improving	 overall	
asthma	 management	 in	 order	 to	 reduce	 asthma-associated	
morbidity.	The	purpose	of	this	chapter	is	to	review	the	literature	
in	terms	of	the	rationale	for	school-centered	interventions,	bar-
riers	 identified	 in	 school	 settings,	 strategies	 implemented	and	
evaluated,	 strengths	 and	 limitations	 of	 the	 literature,	 future	
directions	for	research	and	how	asthma	care	providers	can	be	
effective	team	players.

Why Center on Schools?
As	mentioned,	asthma	is	a	leading	cause	of	school	absenteeism,	
but	 this	 is	not	equally	distributed	among	 those	with	asthma.2	

School	 absenteeism	 is	 associated	 with	 family	 income.	 Recent	
research	 highlights	 that	 students	 attending	 schools	 with		
the	 highest	 proportions	 of	 low-income	 students	 were	 more	
likely	 to	 miss	 school	 because	 of	 asthma.3	 Additional	 risk	
factors	 for	 high	 absenteeism	 rates	 included	 younger	 age,		
frequent	experience	of	asthma	symptoms	and/or	using	asthma	
medications.

Asthma	 has	 the	 potential	 to	 affect	 academic	 performance,	
starting	 at	 a	 young	 age.	 A	 prospective	 cohort	 study	 in	 New	
Zealand	observed	that	entering	school	with	asthma	was	associ-
ated	 with	 low	 academic	 achievement.4	 Entering	 school	 with	
asthma	reliably	predicted	low	reading	level	achievement	inde-
pendent	of	known	co-variates	such	as	high	absenteeism,	minor-
ity	status,	male	gender,	single-parent	family,	low	socioeconomic	
status	and	poor	academic	skills	at	school	entry.	Data	from	the	
U.S.	National	Interview	Survey	noted	that	children	with	asthma	
missed	three	times	more	school	and	had	a	1.7	times	greater	risk	
of	having	a	learning	disability	compared	to	well	children.5

Basch6	expanded	our	understanding	of	this	area	with	a	sys-
tematic	 review	 that	 identified	 that	 asthma	 directly	 and	 indi-
rectly	affects	academic	achievement	of	school-aged	youth.	The	
results	of	this	study	indicated	that	asthma	affects	the	student’s	
motivation	 to	 learn.	 Identified	 causal	 pathways	 that	 could		
affect	academic	achievement	included	cognition,	high	absentee-
ism,	school	connectedness	and	dropping	out.6	Asthma	and	the	
causal	pathways	have	interactive	and	synergistic	effects	that	rep-
resent	a	complex	situation	that	must	be	addressed	collectively	
through	a	coordinated	and	partnered	approach.	Taken	together,	
this	 work	 suggests	 the	 need	 for	 school-level	 interventions	 to	
decrease	asthma-related	absenteeism,	especially	in	schools	with	
a	high	proportion	of	low-income	families.

Partnering	 with	 schools	 provides	 opportunities	 to	 reach	
most	 children	 with	 asthma	 and	 those	 at	 the	 highest-risk	 of	
asthma	burden	in	need	of	assistance.	Because	schools	provide	
reliable	 access	 for	 reaching	 large	 numbers	 of	 children	 with	
asthma,	they	have	become	a	targeted	setting	for	quality	asthma	
care	programs	and	initiatives.	In	addition,	schools	are	often	the	
only	setting	of	affordable	health	care	for	low	income	and	ethnic	
minority	 youth	 because	 of	 limited	 access	 to	 medical	 care.	
Schools	are	often	advocated	as	the	ideal	setting	for	health	educa-
tion,	 health	 services	 and	 the	 development	 of	 supportive	 net-
works	and	collaborations.	Accordingly,	school	settings	are	ideal	
settings	for	reaching	high-risk	children	and	youth	with	asthma	
and	 for	 reducing	 asthma	 health	 disparities.	 Several	 school-
centered	 models	 have	 been	 evaluated	 and	 have	 included	 a	
variety	and	combination	of	activities:	asthma	screening,	asthma	
case	 identification,	 supervised	 administration	 of	 maintenance	
asthma	 medication,	 case	 management,	 care	 coordination	
among	 students,	 families,	 healthcare	 providers	 and	 schools,		
self-management	asthma	education	programs,	creating	asthma	
friendly	 and	 supportive	 schools,	 and	 asthma	 care	 programs	
delivered	through	school-based	health	clinics.
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several	ways	and	therefore	home	plans	may	not	be	acceptable	
or	 sufficient	 for	 the	 school	 setting.	 Common	 problems	 of	
home-based	 asthma	 action	 plans	 are	 that	 they	 often	 lack	 a	
release	for	sharing	health	information	among	school	personnel	
and	the	student’s	healthcare	providers,	and	lack	the	signed	indi-
cation	 from	 a	 parent/guardian	 and	 healthcare	 provider	 for		
self-carrying	the	inhaler	or	the	need	for	assistance	with	medica-
tion	 administration.	 Additionally,	 because	 the	 action	 plan	 is	
seen	 as	 a	 medical	 order	 in	 schools,	 the	 inclusion	 of	 the	 use		
of	 maintenance	 asthma	 medication	 (typically	 containing	 an	
inhaled	 steroid)	 is	 problematic,	 as	 it	 is	 interpreted	 that	 the	
school	 nurse	 is	 required	 to	 administer	 the	 medication	 daily	
(often	twice	daily).	This	latter	issue	creates	additional	problems	
for	 the	 school	 in	 that	 it	 has	 insufficient	 personnel	 for	 daily,	
supervised,	administration	of	maintenance	asthma	medications	
for	all	students	with	asthma	and	it	requires	reliance	on	families	
to	 supply	 schools	 with	 maintenance	 asthma	 medications	 as	
schools	do	not	have	funds	to	supply	these	medications.	Often	
families	 have	 insufficient	 funds	 to	 purchase	 asthma	 mainte-
nance	 medications	 for	 home	 use	 let	 alone	 funds	 to	 purchase	
extra	medication	to	be	kept	at	school;	a	steroid	inhaler	can	cost	
hundreds	of	dollars.

Several	studies	highlight	 that	 these	 two	crucial	elements	 to	
successful	 asthma	 management	 in	 schools	 are	 not	 being	 ful-
filled.11,12	A	recent	study	involving	five	Alabama	school	districts	
observed	that	not	one	student	with	physician-confirmed	asthma	
had	a	complete	school	asthma	care	plan/action	plan	on	file	at	
the	 school.	 Reported	 rates	 of	 students	 with	 asthma	 having	 a	
quick-relief	 inhaler	 at	 school	 ranged	 from	 14%	 to	 39%	 of		
students	 with	 asthma.12,13	 This	 work	 suggests	 that	 the	 gap	
between	 policy	 and	 practice	 is	 dramatic	 and	 potentially	 life	
threatening.	Federal	laws	exist	and	many	states	and	school	dis-
tricts	have	legislation	and	policies	in	place	permitting	students	
to	 possess	 quick-relief	 inhalers	 and/or	 to	 receive	 support		
from	school	personnel	in	the	storage	and	administration	of	the	
medication.14	However,	school	district	policies	typically	require	
completion	 of	 an	 asthma	 care	 plan	 for	 school	 or	 standard		
forms	and	authorizing	signatures	of	students’	parents/guardians	
and	 physicians/healthcare	 providers.	 A	 study	 in	 Minnesota	
developed	 and	 implemented	 a	 secure	 portal	 designed	 for		
the	electronic	exchange	of	an	asthma	action	care	plan	between	
providers	 and	 schools.	 School	 nurses	 reported	 that	 this		
initiative	 resulted	 in	 more	 efficient	 asthma	 management	 and	
school	 nurse	 self-confidence	 in	 managing	 an	 individual	 stu-
dent’s	 asthma.15	 This	 type	 of	 intervention	 deserves	 additional	
investigation.

Physical Activity at School
Most	 students	 with	 asthma	 report	 experiencing	 symptoms	
during	 physical	 activity	 at	 school,	 prompting	 them	 to	 initiate	
the	 self-care	 activities	 of	 sitting	 out	 the	 activity,	 visiting		
the	 school	 nurse	 and/or	 drinking	 water.16	 Barriers	 reported	
by	 students	 to	 participating	 in	 physical	 activity	 include	 the		
lack	 of	 a	 school	 asthma	 care	 plan	 or	 action	 plan	 detailing		
asthma	 management	 steps	 for	 physical	 activity,	 such	 as	 pre-
treatment,	lack	of	accessible	quick-relief	inhalers,	poor	asthma	
control,	 and	 stigma	 associated	 with	 symptoms	 caused	 by		
physical	activity	and	with	using	asthma	inhalers.16	Most	work	
in	 the	area	has	been	 limited	 to	describing	 the	 issue	with	 little	
attention	focused	on	increasing	participation	in	physical	activ-
ity	in	schools.

Asthma Management Challenges  
in Schools
INSUFFICIENT HEALTH TEAM STAFFING  
AT SCHOOLS

Although	 school	 settings	 have	 several	 advantages	 over	 clinic	
settings	in	providing	asthma	care,	there	are	several	distinct	chal-
lenges	that	must	be	considered.	Given	the	prevalence	of	asthma	
and	the	shortage	of	health	personnel	in	schools,	it	is	not	surpris-
ing	that	once	students	are	identified	as	having	asthma,	schools	
lack	 the	 facilities	 for	 appropriate	 evaluation	and	 treatment.	A	
US	 national	 survey	 conducted	 as	 part	 of	 the	 School	 Health		
Policies	and	Programs	Study	revealed	that	only	36%	of	schools	
had	a	full-time	school	nurse	and	that	only	19%	of	health	coor-
dinators	 in	 the	 school	 setting	 received	 professional	 develop-
ment	for	asthma	care,7	suggesting	that	not	only	do	schools	have	
a	 shortage	 of	 health	 personnel,	 but	 that	 these	 personnel	 also	
have	 significant	 knowledge	 gaps	 in	 asthma	 care.	 A	 survey	 of	
parents	confirmed	that	learning	gaps	exist	for	school	personnel	
and	 parents	 expressed	 a	 desire	 for	 teachers	 and	 staff	 to	 have	
higher	levels	of	knowledge	and	understanding	to	support	their	
children.8

POOR COMMUNICATION

A	major	obstacle	to	successful	asthma	management	in	schools	
is	 poor	 communication	 among	 students,	 families,	 healthcare	
providers	 and	 schools.	 Surveys	 and	 interviews	 with	 school	
nurses,	 school	 personnel,	 parents	 and	 healthcare	 providers	
identified	 communication	 as	 the	 greatest	 challenge.9,10	 Most	
parents	of	students	with	asthma	never	speak	to	the	school	nurse	
and	 too	 often	 school	 nurses	 learn	 of	 a	 student’s	 diagnosis	 of	
asthma	when	he/she	presents	to	the	office	with	asthma	symp-
toms	 and	 informs	 the	 nurse	 of	 the	 diagnosis.9	 Although	 all	
parties	 recognize	 that	 students	 require	 individualized	 instruc-
tions	 and	 information	 to	 support	 asthma	 management	 at	
school,	this	is	not	happening.10	School	nurses	also	identified	the	
lack	of	parental	support	and	involvement	as	a	significant	barrier	
to	 successful	 management.	 Often	 there	 is	 also	 role	 confusion	
and	 unclear	 policies	 and	 practices	 for	 managing	 asthma	 at	
schools	 that	 could	 be	 addressed	 through	 clearer	 communica-
tion	 by	 schools	 of	 existing	 policies	 and	 protocols.	 If	 asthma	
management	 is	 to	 improve,	 it	 is	crucial	 that	 improvements	 in	
communication	occur	among	these	parties.

School Asthma Care Plans and Easily 
Accessible Rescue Therapy
Two	key	elements	for	successful	asthma	management	in	school	
settings	 are	 (1)	 beginning	 the	 school	 year	 with	 a	 completed	
school	asthma	care	plan	and	(2)	an	on-site	quick	relief	inhaler	
that	 is	 preferably	 carried	 by	 the	 student.	 The	 purpose	 of	 the	
written	asthma	care	plan	is	to	outline	asthma	management	steps	
at	schools	and	to	serve	as	a	type	of	medical	order	for	schools.	
It	is	required	so	that	students	experiencing	symptoms	can	use	
their	 quick-acting	 inhaler	 kept	 at	 school	 to	 relieve	 symptoms	
quickly,	thus	enabling	them	to	return	to	class	and	avoid	having	
to	leave	the	school	for	treatment	or	to	wait	in	the	nurse’s	office	
while	a	family	member	brings	in	the	inhaler.	Asthma	care	plans	
for	 schools	 differ	 from	 asthma	 action	 plans	 for	 home	 use	 in	
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dosages	by	both	study	physicians	and	students’	physicians,	and	
school	nurse	provision	of	daily	maintenance	controller	therapy	
on	 school	 days.	 Because	 adherence	 to	 asthma	 medications	 is	
typically	 below	 50%,	 it	 is	 an	 important	 factor	 in	 achieving	
asthma	control.	These	studies	have	typically	observed	improve-
ments	 in	medication	adherence	and	asthma-related	outcomes	
such	as	symptoms-free	days,	asthma	control,	reduced	number	
of	 exacerbations	 and	 school	 absenteeism.25–27	 In	 one	 of	
the	 larger	 randomized	 controlled	 studies,	 the	 improvements	
observed	 were	 marginal	 and	 not	 as	 consistent	 as	 in	 the	 other	
studies.27	 Similarly,	 one	 study	 only	 noted	 improvements	 in	
those	not	exposed	to	second-hand	smoke.25	An	important	con-
sideration	when	determining	 the	generalizability	and	applica-
tion	of	this	work	is	that	the	success	of	this	intervention	may	be	
related	 to	 the	 study	 physicians	 supporting	 asthma	 guideline-
recommended	care	and	that	supervised	medication	use	may	not	
have	the	desired	benefit	if	the	level	of	treatment	is	not	consistent	
with	the	level	of	asthma	control.

CASE MANAGEMENT AND CARE 
COORDINATION

Case	management	involves	spending	time	contacting	and	then	
patiently	 and	 persistently	 working	 with	 the	 family	 to	 build	 a	
trusting	relationship.	Care	coordination	services	ensure	timely,	
coordinated	 care	 to	 provide	 appropriate	 levels	 of	 health,	 psy-
chosocial	and	support	services,	and	continuity	of	care	through	
ongoing	assessment	of	the	client’s	and	family	members’	needs.	
Care	coordination	and	case	management	activities	include:	an	
initial	assessment	of	service	needs;	development	of	a	compre-
hensive,	individualized	plan;	coordination	of	services	required	
to	implement	the	plan;	monitoring	of	the	client	and	family	to	
assess	the	plan’s	effectiveness;	and	re-evaluation	and	revision	of	
the	 plan	 as	 necessary.	 Case	 management	 strategies	 applied	
through	 schools	 to	 higher	 risk	 students	 with	 asthma	 hold	
promise.	Many	of	the	school-centered	interventions	evaluated	
have	included	case	management	as	an	element	of	the	interven-
tion.13,19,22–31	 The	 case	 management	 activity	 most	 frequently	
reported	 was	 working	 with	 the	 family	 followed	 by	 contacting	
healthcare	 providers.	 Extensive	 care	 coordination	 and	 case	
management	services	are	typically	only	needed	by	students	who	
continue	to	experience	poorly	controlled	asthma	despite	having	
the	usual	support	systems.	Benefits	observed	included	improved	
asthma	 control,	 reduced	 use	 of	 healthcare	 services	 related	 to	
asthma	exacerbations	and	reduced	school	absenteeism.13,19,22–31	
However,	 many	 of	 the	 studies	 highlighted	 that	 a	 great	 deal		
of	 effort	 is	 needed	 to	 engage	 the	 community	 asthma	 care	
providers.

Information Technology 
Infrastructure
Information	technology	that	permits	data	sharing	is	an	impor-
tant	component	of	an	infrastructure	to	promote	coordination	
of	 care	 across	 schools,	 families	 and	 healthcare	 providers	 to	
achieve	successful	asthma	management.	A	project	in	the	Char-
lotte	Mecklenburg	Schools	suggests	that	databases	maintained	
by	nurses,	asthma	program	staff	and	school	personnel	can	be	
successfully	integrated	into	a	single	asthma	program	evaluation	
database.	Benefits	reported	as	a	result	of	their	shared	database	
included	an	ability	to	identify	students	with	an	elevated	level	of	

School-Centered Implemented  
and Evaluated Strategies
Poor	 and	 minority	 children	 experience	 the	 greatest	 asthma	
morbidity	and	are	also	 least	 likely	 to	receive	adequate	asthma	
care.2	As	a	way	to	target	these	high-risk	children,	school-centered	
asthma	 care	 management	 programs	 have	 been	 evaluated,	
mainly	in	inner	cities.	A	variety	of	strategies	have	been	evalu-
ated	and	 typically	 involve	 some	degree	of	partnership	among	
school	 personnel,	 community	 health	 providers	 and	 families.	
The	types	of	direct	services	implemented	and	evaluated	vary	in	
strategy,	 targeted	 audiences	 for	 intervention	 and	 human	
resources	for	staffing	the	intervention.	The	focus	of	these	inter-
ventions	 was	 to	 increase	 the	 quality	 of	 asthma	 care,	 but	 the	
process	 to	achieve	 this	goal	varied	 from	direct	asthma	service	
provision,	case	management	and	care	coordination	to	asthma	
self-management	educational	programs	and	creating	support-
ive	school	environments.

HUMAN RESOURCE SUPPLEMENTATION  
OF THE SCHOOL HEALTH TEAM

To	address	the	shortage	of	trained	health	professionals	on	site	
at	schools,	strategies	evaluated	have	included	adding	physicians	
and	other	community	healthcare	providers,	and	extending	the	
hours	 of	 school	 nurses	 to	 full-time.	 Although	 not	 evaluated	
through	a	controlled	study,	it	was	observed	that	a	program	that	
provided	 a	 consulting	 physician	 a	 half	 day	 per	 week	 to	 work	
with	school	nurses	increased	the	delivery	of	quick-relief	medi-
cations	at	 school	 instead	of	home,	which	 led	 to	reductions	 in	
the	number	of	students	 leaving	school	or	requiring	a	911	call	
for	 urgent	 care,	 thus	 keeping	 them	 engaged	 in	 school	 activi-
ties.17	In	a	similar	non-randomized	controlled	study,	the	same	
trend	 for	 a	 reduction	 in	 sending	 students	 home	 because	 of	
asthma	 was	 reported,	 although	 the	 difference	 was	 very	 small	
(13.8%	 vs	 12.6%).18	 Similarly,	 in	 a	 quasi-experimental	 study,	
adding	a	full-time	school	nurse	versus	a	part-time	nurse	(often	
1	 day/week)	 to	 care	 for	 students	 with	 asthma,	 improvements	
were	noted:	a	decrease	in	absenteeism,	fewer	emergency	depart-
ment	visits	and	cost	savings.19	Healthcare	provider	support	can	
also	 be	 brought	 into	 the	 school	 through	 school-based	 health	
centers.	These	centers	provide	on-site	care	delivered	by	physi-
cians,	physician	assistants	or	nurse	practitioners	for	students	at	
school.	Two	studies	focusing	on	improving	asthma	care	through	
school-based	health	clinics	demonstrated	improvements	in	the	
need	 for	 emergency	 department	 visits,	 hospitalizations	 and	
school	 absenteeism.20,21	 Bringing	 a	 mobile	 health	 clinic	 to	 the	
school	 to	 provide	 healthcare	 staff,	 diagnostics	 and	 regularly	
scheduled	 visits	 is	 an	 alternative	 strategy	 to	 improve	 asthma	
outcomes,	again	leading	to	improvements	in	reducing	hospital-
izations,	 emergency	 department	 visits,	 asthma	 symptoms,	
rescue	inhaler	use	and	school	absenteeism.22–24

DIRECTLY OBSERVED THERAPY

Several	 small	 and	 larger	 randomized	 controlled	 studies	 have	
evaluated	the	benefits	of	directly	observed	asthma	maintenance	
therapy	 (primarily	 inhaled	 corticosteroids)	 by	 school	 nurses	
that	involved	the	partnership	and	coordination	of	care	among	
school	 nurses,	 primary	 care	 providers	 and	 families.	 The	
approach	involved	identifying	students	requiring	daily	mainte-
nance	 asthma	 therapy,	 review	 and	 agreement	 of	 therapy	 and	
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education	 event,	 and	 two-monthly	 reinforcement	 visits	 with	
behavioral	counseling	provided	by	a	nurse	and	dietetic	 intern	
to	increase	asthma	and	nutrition	knowledge,	asthma	and	nutri-
tional	 self-efficacy,	 asthma	 control	 and	 quality	 of	 life.	 Web-
based	 asthma	 self-management	 programs	 have	 also	 been	
developed	 to	 attract	 and	 educate	 adolescents	 with	 asthma.29	
Puff	City,	a	web-based	tailored	asthma	intervention	with	a	case	
manager,	led	to	improved	symptoms,	restricted	days	and	school	
absences;	 however,	 improvements	 in	 medical	 care	 were	 not	
observed.	With	 the	 exception	of	 a	 few	 studies,29,48,49	 this	work	
was	 completed	 through	 non-randomized,	 controlled	 study	
designs	 with	 relatively	 short	 follow-up	 periods.	 This	 area	 is	
worthy	of	studies	using	more	rigorous	study	designs.

Synthesizing	findings	in	this	area	is	difficult	due	to	the	het-
erogeneity	 of	 interventions,	 age	 of	 students,	 interventional	
populations	and	outcomes	assessed.	For	instance,	interventions	
varied	 in	 educational	 components,	 number	 and	 duration	 of	
sessions	and	personnel	type.	Target	populations	included	exclu-
sively	 students	with	asthma	or	 these	 students	 in	 combination	
with	one	or	more	of	 the	 following	groups:	parents/guardians,	
healthcare	 providers,	 classmates	 and	 school	 personnel.	 Study	
personnel	 providing	 the	 intervention	 ranged	 from	 certified	
asthma	 educators	 to	 school	nurses	 to	 health	 professional	 stu-
dents	 to	 lay	 providers.	 Teaching	 modalities	 also	 varied	 from	
individualized	 one-on-one	 teaching	 to	 group	 teaching	 to	
computer-based	programs.	Although	several	randomized	con-
trolled	trials	have	been	conducted,	 limitations	remain:	studies	
do	not	clearly	describe	usual	care;	several	studies	included	stu-
dents	with	mild	asthma	and	did	not	perform	subgroup	analyses	
to	 determine	 if	 asthma	 severity,	 asthma	 control,	 age,	 race/
ethnicity,	 socioeconomic	status	or	 location	(inner-city,	 subur-
ban,	city,	rural)	predicted	interventional	response;	studies	were	
often	limited	in	their	ability	to	draw	conclusions	about	differ-
ences	between	comparison	groups	due	to	a	lack	of	power	with	
smaller	 sample	 sizes;	 and	 studies	 did	 not	 include	 a	 follow-up	
period	to	determine	if	improvements	continue,	are	sustained	or	
regress.	Although	 results	 across	 studies	 have	 not	 been	 consis-
tent,	 systematic	 reviews	 suggest	 that	 school-centered	 asthma	
education	 has	 positive	 clinical,	 humanistic,	 health,	 economic	
and	academic	outcomes.44,45

Creating Asthma Friendly Schools
Asthma	friendly	schools	are	those	that	make	the	effort	to	create	
safe	 and	 supportive	 learning	 environments	 for	 students	 with	
asthma.	 Schools	 can	 create	 asthma	 friendly	 and	 supportive	
environments	 for	 learning	 and	 healthy	 development	 through	
the	implementation	of	policies	and	protocols.	Table	35-1	identi-
fies	 eight	 core	 elements	 and	 implementation	 tips	 for	 creating	
asthma	friendly	and	supportive	schools,	taken	from	the	work	of	
several	groups	and	organizations.11,51–56

In	 the	 USA,	 school	 nurse	 teams	 deliver	 most	 asthma	 care,	
although	only	one	third	of	schools	have	a	full-time	nurse	and	
one	 third	 have	 a	 full-time	 health	 paraprofessional.	 In	 the	
absence	of	health	service	staff,	main	office	staff	and	teachers	are	
required	 to	 manage	 flare-ups	 and	 medication	 administration.	
Deaths	from	asthma	in	schools	may	be	attributed	to	delays	in	
school	personnel	providing	assistance.57	Previous	studies	high-
light	inadequate	asthma	management	practices	in	schools	and	
asthma	 knowledge	 and	 skill	 gaps	 of	 school	 personnel.11,36,58–60	
Despite	 the	 importance	of	 intervention	 from	school	staff,	 few	
interventions	have	targeted	this	important	group.

need	 in	 order	 to	 receive	 priority	 care	 status	 from	 the	 asthma	
education	 program,	 and	 an	 ability	 to	 evaluate	 program	 out-
comes	that	were	not	possible	before	such	as	academic	perfor-
mance,	school	attendance,	school	behavior	and	quality	of	life.32	
Others	 have	 focussed	 on	 developing	 a	 web-based	 system	 to	
make	 previously	 evaluated	 effective	 programs	 that	 require	
intense	 study	 staff	 participation	 potentially	 sustainable	 and	
transferable	 because	 web-based	 systems	 are	 viewed	 as	 less	
expensive	 and	 more	 accessible.	 However,	 work	 is	 needed	 to	
determine	 if	 these	 assumptions	 are	 valid.	 A	 study	 in	 Denver	
Public	 Schools	 is	 currently	 underway	 to	 evaluate	 an	 asthma-
specific	 tab	 as	 part	 of	 the	 district’s	 electronic	 academic	 plat-
form.	 This	 system	 includes	 monitoring	 receipt	 of	 a	 school	
asthma	care/action	plan,	availability	of	an	on-site	quick-relief	
rescue	inhaler,	monitoring	of	at-risk	asthma	status,	monitoring	
of	 school	 absenteeism,	 calculating	 the	 percentage	 of	 school	
absenteeism,	 tracking	 visits	 to	 the	 school	 health	 office	 for	
asthma,	 and	 911	 calls	 for	 asthma.30,33	 Studies	 are	 needed	 to	
evaluate	the	effectiveness	and	added	value	of	information	tech-
nology	platforms	that	are	intended	to	improve	communication	
and	coordination	of	care	among	schools,	 families	and	health-
care	 providers,	 provide	 asthma	 care	 support	 to	 school	 nurses	
and	promote	sustainability,	while	reducing	costs.

Interventions to Improve Asthma 
Self-Management Skills
The	 National	 Heart,	 Lung	 and	 Blood	 Institute	 Expert	 Panel	
Guidelines	 for	 the	 Diagnosis	 and	 Management	 of	 Asthma	
stress	 the	need	 for	asthma	education	and	 the	development	of	
asthma	 management	 skills	 to	 achieve	 successful	 disease	
control.34	 A	 number	 of	 studies	 have	 assessed	 the	 effectiveness	
of	providing	asthma	education	 in	 schools.31,35–45	These	educa-
tional	 programs	 incorporate	 health	 education	 theories	 and	
asthma	 practice	 guidelines.	 Most	 school-based	 educational	
programs	 have	 focussed	 on	 building	 skills	 for	 elementary	
school-aged	 children	 and	 have	 demonstrated	 improvements	
in	 asthma	 knowledge,	 confidence/self-efficacy,	 asthma	 man-
agement	 skills	 and	 associated	 asthma	 morbidity	 outcomes,	
such	 as	 improved	 quality	 of	 life,	 and	 reduced	 symptoms,	
emergency	 department	 visits,	 urgent	 care	 visits,	 hospitaliza-
tions	and	school	absenteeism.31,35–45	Some	studies	have	extended	
these	benefits	to	improvements	in	school	grades	and	academic	
performance.37,38,44,45

Recently,	school-centered	asthma	education	efforts	have	tar-
geted	 adolescents	 of	 low	 income	 living	 in	 urban	 settings.46–50	
Studies	 in	 adolescents,	 an	 identified	 difficult-to-reach	 group,	
have	 demonstrated	 acceptance,	 involvement	 and	 retention	 by	
this	age	group:	over	75%	of	those	eligible	participated	and	over	
70%	 were	 retained.46,47	 Benefits	 observed	 included	 improved	
self-confidence	 in	 asthma	 management	 skills,	 appropriate	 use	
of	 controller	 and	quick-relief	 asthma	medications,	 fewer	days	
with	symptoms	and	activity	limitation,	fewer	interrupted	nights	
due	 to	 asthma,	 decreased	 hospitalizations,	 emergency	 depart-
ment	visits,	 and	 school	 absenteeism,	and	 improved	quality	of	
life.29,46–50	 Interventions	 are	 starting	 to	 address	 the	 complexity	
of	 and	 co-morbidities	 associated	 with	 asthma.	 A	 pilot	 study	
completed	in	Chicago	high	schools	combined	asthma	manage-
ment	 and	 nutrition	 and	 weight	 management	 for	 all	 students	
with	asthma,	regardless	of	weight.50	The	program	consisted	of	
nutrition	and	weight	management,	asthma	education,	a	family	
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Elements for Supportive Schools Implementation Tips

Identify and know which students have 
asthma

School health registration forms should ask explicitly about whether or not the student has 
asthma and uses asthma medications

Parents/guardians and students need to let schools know they are affected by asthma
School-wide screening to identify new cases of asthma is discouraged

Provide easy access to quick-relief asthma 
inhalers

Most schools do not stock quick-relief inhalers for students’ use, even for emergency use
Families need to ensure that their children with asthma have a quick-relief inhaler at school at 

all times. Even when schools encourage self-carrying of inhalers, as few as 14% of students 
have access to a quick-relief inhaler at school27

Know the school district form(s) that need to be completed and returned to ensure the 
student has easy access to his/her inhaler

Ensure students with asthma know how to correctly use the inhaler, the importance of not 
sharing their inhaler and the responsibilities associated with self-carrying their inhaler

Ensure that school staff are prepared to 
identify and handle worsening asthma 
and asthma emergencies

Each student with asthma needs a completed and submitted up-to-date asthma care plan or 
action plan appropriate for his/her school district

Schools should have a written protocol or plan for school staff to follow for identifying and 
responding to worsening asthma

Reduce exposure to environmental asthma 
triggers

Report asthma triggers on the individualized asthma care plan/action plan for school
Develop and implement Indoor Air Quality Management program for schools (www.epa.gov/

iaq/schools/):
• Schools and grounds are smoke free at all times
• Low scent and green products (cleaning, art supplies, etc.) are used
• Integrated pest management practices are followed

Facilitate full participation of students with 
asthma in all activities, including 
physical activity and play

Asthma should not be an excuse for not participating in gym class, sports or play during 
school recesses

School asthma care plans/action plans typically have a section dedicated to delineating steps 
to take for supporting participation in physical activity and recess

Clinicians need to ensure that students clearly understand the steps to take and that the plan 
is clearly communicated to the school to permit the student to be a full participant

Provide learning opportunities for 
students, parents/guardians and school 
staff

At least annual staff trainings are needed to review how to identify and respond to worsening 
asthma, accurately use asthma medications and manage asthma triggers in a school setting

School nurse health teams often have ‘teachable moment’ opportunities during office visits for 
worsening asthma or pretreatment sessions to reinforce the same asthma control messages 
as the asthma care provider, and for assessing and coaching for accurate technique along 
with other asthma management education topics and skills

Healthcare providers play an important role in providing educational opportunities for the 
school community including students, school personnel and parents

Coordinate and work with students, 
parents/guardians, healthcare 
professionals and community 
organizations to successfully manage 
asthma

A system exists for schools, families affected by asthma and healthcare providers to share 
information for keeping all parties informed. This system may be paper-based or electronic. 
Examples of system elements include: asthma care plans/action plans, alerts to healthcare 
providers and families when high rates of absenteeism have occurred, notifications to the 
family and healthcare provider related to excessive use of a rescue inhaler, and sharing 
discharge summaries with school nurses for urgent/emergency department visits and 
hospitalizations

TABLE 

35-1 Elements for Creating Asthma Friendly and Supportive Schools

Training	 school	 staff	 (administrators,	 secretaries,	 teachers,	
etc.)	in	the	recognition	of	and	appropriate	response	to	worsen-
ing	asthma	and	in	asthma	medications	led	to	improvements	in	
asthma	 knowledge	 and	 practice.36,61	 A	 randomized	 controlled	
study	in	130	elementary	schools	evaluated	a	multifaceted	inter-
vention,	‘The	Creating	Asthma	Friendly	Schools	Resource	Kit’,	
which	 involved	 education	 of	 the	 entire	 school	 community,	
support	 for	 policy	 changes	 and	 resources	 for	 asthma	 friendly	
schools,	 and	 reported	 improvements	 in	 school	 practices	 that	
created	 supportive	 and	 asthma	 friendly	 school	 environments.	
Improvements	were	noted	for	asthma	knowledge	and	skills	of	
school	 personnel	 and	 students,	 the	 percentage	 of	 school	 staff	
that	knew	the	students	with	asthma,	the	provision	of	easy	access	
to	inhalers	with	increases	in	students	self-carrying	their	quick-
relief	 inhaler,	 the	 existence	 and	 use	 of	 a	 school-wide	 process		
for	managing	worsening	asthma,	the	implementation	of	strat-
egies	to	reduce	exposure	to	triggers	and	to	permit	students	to	
be	full	participants	at	school,	and	the	use	of	strategies	to	support	
communication	 among	 families,	 schools	 and	 asthma	 care		

providers.36	 This	 work	 suggests	 that	 the	 potential	 benefit	 of	
interventions	 targets	 the	 whole	 school	 community;	 however,	
additional	work	to	determine	the	effectiveness	of	such	interven-
tions	is	needed.

Cost-Effectiveness of Strategies
Few	 school-centered	 studies	 have	 determined	 the	 cost-
effectiveness	of	these	types	of	interventions.	A	study	by	Noyes	
et	al62	demonstrated	 that	 their	 school-based	supervised	main-
tenance	asthma	therapy	program	could	be	economically	effec-
tive	for	children	aged	3–10	years	in	inner	city	schools:	$10	per	
one	extra	symptom-free	day.	The	reported	cost	of	the	program	
was	 $4,822	 per	 100	 children,	 which	 included	 personnel	 costs.	
The	program	resulted	in	about	$3,000	in	savings	to	schools	and	
the	healthcare	system.	They	noted	that	limiting	the	program	to	
students	having	the	most	persistent	asthma	symptoms	increased	
the	 cost-effectiveness.	 Another	 study	 looking	 at	 cost-effec-
tiveness	 of	 a	 school-based	 health	 center	 program	 noted	 that	

http://www.epa.gov/iaq/schools/
http://www.epa.gov/iaq/schools/
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well-controlled	 asthma.	 Although	 self-management	 behaviors	
improve,	students	have	little	control	over	environmental	expo-
sures	and	asthma	medications	prescribed	for	their	use.	Many	of	
these	studies	occurred	in	inner	cities	that	are	known	for	signifi-
cant	 trigger	exposures.	Research	by	Halterman	et	al25	 revealed	
that	only	 those	not	 living	 in	a	home	with	a	 smoker	benefited	
from	 intervention.	Lastly,	 students	with	asthma	can	only	 take	
their	asthma	control	so	far	on	their	own	as	they	must	rely	on	
and	work	with	their	asthma	care	provider.	If	their	provider	does	
not	assess	asthma	control,	prescribe	the	right	medications,	com-
plete	the	necessary	school	forms	and	provide	reinforced	asthma	
messaging,	the	student	loses	the	benefits.	Many	of	the	programs	
described	a	 lack	of	cooperation	with	community	asthma	care	
providers	at	several	levels.	A	review	by	Wheeler	et	al64	noted	that	
the	most	important	lesson	learned	from	school-centered	asthma	
programs	was	the	need	to	establish	strong	links	to	the	asthma	
care	providers	of	students.	Collectively,	research	demonstrates	
that	programs	that	either	provide	asthma	care	directly	at	school	
or	ensure	adequate	links	between	the	school	and	the	student’s	
asthma	care	provider	have	successfully	reduced	asthma	morbid-
ity.64	Schools	absolutely	need	the	involvement	and	cooperation	
of	asthma	care	providers	to	help	students	successfully	manage	
their	asthma.	Efforts	of	asthma	care	providers	and	schools,	indi-
vidually	and	collectively,	should	address	the	medical,	psychoso-
cial	 and	 educational	 needs	 of	 the	 child/youth.	 The	 synergy	
created	by	each	party	playing	an	active	role	in	asthma	manage-
ment	 assists	 students	 and	 their	 families	 to	 achieve	 asthma	
control	and	reduce	associated	morbidity.

Models	of	asthma	care	that	place	schools	at	the	center	or	core	
of	 the	 model	 are	 applicable	 nationwide	 and	 may	 serve	 as	 a	
model	for	managing	other	chronic	illnesses.

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

medical	savings	alone	could	not	offset	the	costs	of	implement-
ing	 and	 sustaining	 an	 asthma	 prevention	 program.	 However,	
when	 savings	 due	 to	 reduction	 in	 parent	 opportunity	 costs		
and	 premature	 child	 deaths	 were	 considered,	 the	 benefits	 of		
the	 program	 far	 exceeded	 the	 costs.63	As	 noted	 above,	 several	
studies	in	the	school	setting	have	demonstrated	that	case	man-
agement,	 self-management	 and	 educational	 programs	 are		
effective.	 However,	 these	 programs	 cost	 money	 to	 implement	
and	often	result	in	higher	medication	costs	owing	to	increased	
use	 of	 more	 expensive	 maintenance	 asthma	 inhalers,	 and		
more	 physician/healthcare	 provider	 visits	 for	 monitoring	 and	
follow-up.	 Information	 on	 the	 cost-effectiveness	 of	 school-
centered	 interventions	 is	 severely	 limited,	 and	 requires	 addi-
tional	study	and	reporting.

How can Community Asthma Care 
Providers Be an Essential Part  
of the Team?
Asthma	management	at	schools	is	important	for	pediatricians,	
family	 care	providers,	pediatric	pulmonologists	 and	allergists,	
and	healthcare	staff	working	with	physicians	to	provide	quality	
asthma	 care.	 The	 variability	 of	 asthma	 care	 services	 and	 pro-
grams	that	may	or	may	not	be	provided	in	schools	across	 the	
USA	makes	it	necessary	for	clinicians	to	learn	what	is	happening	
at	 their	 patients’	 schools	 and	 to	 advocate	 for	 appropriate	
services.

Asthma	 morbidity	 for	 children	 and	 youth	 can	 be	 signifi-
cantly	reduced	through	the	coordinated	efforts	of	asthma	care	
providers,	 families	 and	 schools.	Asthma	 care	 providers	 play	 a	
vital	role	in	preparing	and	supporting	children	and	youth	with	
asthma	and	their	families	to	manage	asthma	at	school	as	part	
of	the	overall	goal	of	achieving	successful	asthma	control.	Time	
is	often	limited	for	asthma	care	providers	so	it	is	important	to	
know	which	actions	will	have	the	greatest	benefits.	Table	35-2	
summarizes	 the	 literature	 reviewed	 and	 existing	 resources	 to	
provide	a	list	of	‘best	practice’	action	items	and	Box	35-1	provide	
existing	resources	for	busy	asthma	care	providers.64–67

Summary
Second	to	their	home,	youths	spend	the	largest	portions	of	their	
day	at	school	and	during	the	school	year,	the	largest	portion	of	
their	 wakeful	 hours.	 The	 Centers	 for	 Disease	 Control	 (CDC)	
and	multiple	studies	highlight	the	need	for	schools,	youths	with	
asthma	and	their	 families,	and	asthma	care	providers	 to	work	
together	to	control	asthma	through	school-centered	health	ser-
vices	and	education.	If	asthma	is	well	controlled,	students	will	
experience	fewer	school	absences	and	be	more	productive	and	
engaged	in	school.

What	 can	 school-centered	 programs	 accomplish?	 Several	
studies	 and	 systematic	 reviews	 have	 demonstrated	 that	 these	
programs	 improve	 student	 asthma	 knowledge,	 confidence	 in	
and	actual	practice	of	asthma	management	skills,	regular	use	of	
preventive	asthma	medications,	school	absenteeism,	school	per-
formance	and	urgent	and	emergent	asthma	care.	However,	not	
all	 studies	 demonstrated	 improvements	 in	 asthma	 outcomes.	
There	 are	 several	 potential	 reasons	 why	 benefits	 were	 not	
observed	 and	 possibly	 diluted:	 several	 interventions	 were		
provided	to	all	students	with	asthma	and	it	may	be	that	students	
with	 more	 moderate	 to	 severe	 or	 poorly	 controlled	 asthma		
reap	 larger	 benefits	 than	 students	 with	 intermittent	 or	

BOX 35-1 RESOURCES FOR BUSY CLINICIANS

WEBSITES TO ACCESS KEY RESOURCES

American Academy of Pediatrics
• School Health: www.schoolhealth.org
• Schooled in Asthma: www.aap.org/schooledinasthma
American Lung Association
• Asthma Friendly Schools Initiative Toolkit: http://www.

lung.org/lung-disease/asthma/creating-asthma-friendly- 
enviroments/asthma-in-schools/asthma-friendly-schools- 
initiative/

Centers for Disease Control
• School and Childcare Providers: http://www.cdc.gov/asthma/

schools.html
• Creating an Asthma Friendly School: http://www.cdc.gov/

HealthyYouth/asthma/creatingafs/
• Strategies for Addressing Asthma within a Coordinated 

School Health Program: http://www.cdc.gov/healthyyouth/
asthma/strategies/asthmacsh.htm.

Creating Asthma Friendly Schools (Asthma Plan of Action, 
Ontario Ministry of Health)

• Creating Asthma Friendly Environments for Youth: http://
www.asthmainschools.com

National Association of School Nurses
• Asthma resources and tools: https://www.nasn.org/Tools

Resources/Asthma
US Environmental Protection Agency
• Creating Healthy Indoor Environments in Schools. Tools for 

Schools: http://www.epa.gov/iaq/schools/
• Managing Asthma in the School Environment: http://www

.epa.gov/iaq/schools/managingasthma.html
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Actions Comments

Complete and share asthma care plans or action 
plans for schools

If your local school district has a standardized form, make sure this form is 
completed and returned to the school. As discussed above, the action plan used 
for home may not be suitable for the school setting. This form will allow the 
school health team to provide individualized care

Schedule a summer tune-up asthma visit This visit is extremely important for having the student start school ‘ready to go’. At 
this visit, assess asthma control, prescribe a second quick-relief inhaler for school 
use, and complete and review the asthma care/action plan for school use

Ensure students have a quick-relief inhaler for school 
use

Asthma flare-ups are often unexpected so it is key to have a quick-relief inhaler 
easily accessible at school. This typically involves having a second quick-relief 
inhaler for school use that is kept in the main office or on the student, so 
providing a back-up prescription is often necessary. Review the responsible use of 
the inhaler at school and assess and coach for accurate inhaler use

Encourage parents and students to share with the 
school community that the student has asthma

Schools are unable to support students to reach their full potential if they are not 
aware that a student has asthma. Explain to families the importance of letting the 
school know that the child/youth has asthma in the case of an asthma attack and 
the ability to use a quick relief inhaler to relieve symptoms

Request extra support for case management and 
care coordination for patients with poorly 
controlled asthma

Obtain written parental permission to send information to the school, to discuss the 
child’s/youth’s asthma condition with the school and to receive information from 
the school as required by FERPA (Family Educational Rights and Privacy Act). 
Contact the school nurse to discuss additional support that may be provided 
during school hours to support attainment of asthma control and to learn about 
and discuss previous exacerbations, use of the quick-relief inhaler, school 
absenteeism and participation level in school activities (gym class, recess, etc.)

Investigate what asthma resources exist at your local 
schools

If you have never worked directly with schools, check out valuable information at 
the following websites: American Academy of Pediatrics School Health 
(www.schoolhealth.org) and Schooled in Asthma (www.aap.org/schooledinasthma)

Know your state laws and local school policies 
concerning asthma

At a federal level, under Individuals with Disabilities Act, Section 504 of the 
Rehabilitation Act of 1973 and Title II of the Americans with Disabilities Act, 
students with asthma are able to have access to life-saving medications and care. 
Several states have their own legislation regarding asthma medications and school 
districts may have their own specific asthma care policies, protocols and forms.  
At a minimum, for those without a specific asthma policy, most school districts 
require completion and submission of a school medication administration form to 
permit inhalers to be carried by the student or stored at school

Partner with a local school nurse to hold an asthma 
education session

Get to know your local school nurses. They welcome support in providing education 
to other school nurses, school personnel, students with asthma and their families

Advocate for creating supportive school 
environments

Offer to help develop, revise and review asthma policies and protocols in schools, 
such as the guidelines or protocol for how to recognize and respond to worsening 
asthma. Consider becoming active on a school board or the school’s health and 
wellness committee
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KEY POINTS

• Prevalence of exercise-induced bronchoconstriction 
(with or without baseline asthma) may be as high as 20% 
of the population of casual exercisers, and much higher 
in specific risk groups.

• Initiating events in exercise-induced asthma include an 
osmotic insult to airway epithelial cells.

• Multiple indirect challenge tests are becoming available 
as surrogates for clinic-based exercise challenges.

• While novel therapeutics have not been developed for 
exercise-induced asthma, there is emerging data that 
dietary changes may offer therapeutic benefit.

• In patients requiring several medications for exercise-
induced asthma, practitioners should consider alterna-
tive diagnoses including upper airway obstruction.

Introduction
The ability to exercise comfortably is of central importance in 
the lives of patients of all ages. Exercise-induced bronchocon-
striction (EIB) and exercise-induced asthma (EIA) are two 
similar conditions which can significantly impair this ability. 
EIB is defined as transient airflow obstruction in response to an 
exercise stimulus. In patients with previously diagnosed asthma, 
the term EIA describes the same phenomenon.

These conditions are important for several reasons. From a 
public health standpoint, in an age when guidelines from several 
health oversight committees strongly advocate frequent and 
vigorous exercise, the most important impact of bronchospasm 
is its tendency to make exercise uncomfortable, decreasing the 
frequency, intensity and duration of exercise bouts in children 
and adults. Additionally, from a performance standpoint, bron-
chospasm may impair performance through either ventilatory 
limitation or dyspnea.

Our understanding of the pathophysiology of broncho-
spasm is evolving in an age of improved biometric analyses. 
This insight has led to improved diagnostic strategies and may 
continue to do so among different groups of patients across 
different ages and performance requirements. It may also lead 
to therapeutic advances and more personalized strategies.

This chapter focuses mainly on the clinical features, patho-
physiology, diagnostic strategies and treatments for EIA.  
When appropriate, the chapter makes specific reference to  
data applicable to isolated EIB. A section is devoted to specific 
groups of patients and athletes that require more individualized 

considerations. For completeness, it briefly reviews the epide-
miology and impact of EIA as well as the differential diagnosis 
of exertional dyspnea.

Epidemiology
The number of people that suffer from EIA is staggering. In 
2010, in the USA alone, over 25 million people were estimated 
to have asthma.1 Worldwide, an estimated 300 million people 
are affected.2 Specific high-risk groups include people of Puerto 
Rican, African American, and multiple race heritage as well as 
those living in urban areas or born to low-income parents.1,3,4 
The majority of these patients with baseline asthma describe 
characteristic symptoms associated with EIA.5

In addition to isolated asthma patients, the preterm birthrate 
is nearly 12% in the USA and the rate of associated chronic lung 
disease varies inversely with gestational age.6 Patients with 
chronic lung disease of prematurity are much more likely than 
controls to experience EIA.7

Prevalence estimates for isolated EIB vary, but may be as high 
as 20% of casual adult exercisers.8 Among athletes, this number 
can be much higher, depending on the specific sport studied 
and testing methodology employed.9,10 Excellent summaries of 
EIB prevalence studies among athletes have been published.11

Children are also affected by EIA, and prevalence varies by 
location and methodology from 4% to 20% in different 
studies.12,13 There is debate as to the existence of isolated EIB in 
young children because airway hyperreactivity is such a strong 
predictor of asthma onset at a future date, although many chil-
dren diagnosed with EIA do not show signs of respiratory 
disease outside of exercise.14

Impact
The burden of EIA takes many forms, including mortality and 
quantified morbidity. Death due to EIA is exceedingly rare, but 
has been reported.15 From the public health perspective, exercise 
avoidance due to EIA may be the most important burden on 
health. Children with untreated asthma have been shown to be 
less fit than age-matched controls.16 Moreover, asthma has been 
identified as a barrier to activity in children with measured 
inactivity, although this finding has not been replicated in all 
populations.17–19 The causal relationships between asthma and 
obesity are not fully understood, although both appear to affect 
each other. Moreover, there is reasonable fear that increased 
sedentary time in response to an asthma diagnosis or symptoms 
could lead to future increases in obesity, cardiovascular disease 
and death.20 From a cognitive perspective, in addition to asthma 
being a barrier to activity, EIA is associated with a decreased 
health-related quality of life.21
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derived 15S-hydroxyeicosatetranoic acid (proinflammatory) 
and decrease epithelial-derived prostaglandin E2 (PGE2) 
(anti-inflammatory).24,27

The osmotic, thermal, and mechanical stresses that occur 
during exercise indirectly cause bronchospasm via a complex 
and incompletely understood cascade involving multiple effec-
tor cells and mediators (Figure 36-1). In addition to epithelial 
sources, key mediators of bronchospasm have been linked to 
increased numbers of mast cells and eosinophils.24,28 A possible 
link between epithelial stress and effector cells is a combination 
of interleukin 33 (IL-33) and thymic stromal lymphopoietin, 
epithelial-derived mediators which affect mast cell differentia-
tion and release of cysteinyl leukotrienes (cysLTs) and PGD2.

29

cysLTs, derived from mast cells and eosinophils, have been 
strongly implicated in the pathogenesis of EIB, although  
their actions do not explain all observed bronchospasm.  
They have been detected in increased amounts in both exhaled 
breath condensate and sputum of patients with EIA.30,31 Clinical 
trials using leukotriene receptor antagonists (LTRAs) and leu-
kotriene synthesis inhibitors for prevention of bronchocon-
striction consistently demonstrate incomplete inhibition of 
bronchospasm.32,33

Histamine is also implicated in EIA. Released primarily from 
mast cells in response to an exercise stimulus, it is thought to 
mediate the initial events in EIA.34 Antagonism seems to prevent 
bronchospasm in response to surrogate challenge, but has not 
consistently shown clinical benefit in exercise challenges.35

There are mediators which may play protective roles in EIA, 
although much remains to be studied in this area. Lipoxin A4 
levels appear to decrease in patients with notable EIA compared 
to controls.36 Prostaglandins may play a role in EIA, as suggested 
by antagonism studies using cyclooxygenase inhibitors as well 
as in primary studies of the airway in EIA, but mechanisms are 
poorly understood.24,37 Prostaglandins have been most convinc-
ingly implicated by their role in modulating refractoriness to 
repeated exercise challenges (a phenomenon which will be 
described later), although the precise mechanisms are far from 
clear.37

Our understanding of the roles of sensory nerves and para-
sympathetic efferents is evolving. Neurokinins are released from 
sensory nerve fibers in response to a variety of stimuli, includ-
ing hyperosmolar stimuli. Among other functions, neurokinins 
can stimulate secretion of mucin 5AC.38 Parasympathetic inner-
vation, known to be involved in asthmatic responses due to the 
tendency for patients with asthma to demonstrate bronchocon-
striction in response to methacholine, likely plays a more vari-
able role in EIA across patients (as has been shown for decades).39 
Some of the variability may be a result of differences in baseline 
vagal tone across subjects.40,41

It is plausible to consider potential constitutive or induced 
differences in airway smooth muscle as predisposing factors to 
developing EIA for a variety of reasons, but there is a paucity 
of data regarding causal links in the area (especially in pure 
EIB).42 In addition to presumed mass-bronchoconstriction 
force mechanisms, the muscle itself may act to secrete mediators 
perpetuating inflammatory responses. Future research is needed 
in this area to clarify these possibilities as well as their relative 
importance to the overall clinical phenotype of EIA.

Refractoriness to EIA, the phenomenon in which repeated 
exercise challenge elicit a decremental bronchospastic response 
over a period of hours, may involve mediators other than those 
described above (although a precise mechanism is unknown). 

The effect of untreated or undertreated EIA on performance 
is somewhat more difficult to quantify for ethical reasons. It is 
common for patients to complain of symptoms related to exer-
cise and performance, but the effect of the bronchoconstriction 
that causes symptoms likely has variable effects on specific task 
performance. Possible causes of decreased performance related 
to bronchoconstriction include ventilatory limitation, increased 
work of breathing leading to decreased substrate delivery to 
performance muscles (without observed ventilatory limita-
tion), and performance limitation due to dyspnea.

Treated EIB seems to have minimal impact on performance. 
In Olympic competition, using medals as the outcome of per-
formance, there are no important differences between patients 
that carry a diagnosis of active asthma and nonasthmatic 
athletes.22

Pathophysiology
There has been considerable debate regarding the mechanisms 
leading to EIA in the last four decades. It is possible that there 
is no unifying theory explaining all laboratory and clinical 
observations in EIA, but rather multiple phenotypes of disease 
which may vary across ages, exposures and characteristics of the 
underlying asthma. It is recognized that the central event in EIB 
is rapid airway epithelial water loss extending to smaller genera-
tions of airways due to an inability of the upper airway to 
adequately condition inspired air. EIB can be largely blunted 
simply by inspiring warm humid air. Two competing, but not 
mutually exclusive, hypotheses explain many of the downstream 
clinical phenomena observed in EIB: the osmotic hypothesis 
and the thermal hypothesis.

According to the osmotic hypothesis, the airway epithelial 
water loss leads to an increased osmolarity of the airway surface 
lining fluid. In response to this change, water then flows from 
epithelial and subepithelial cells in order to maintain equilib-
rium. This secondary flow of water causes intracellular changes 
and leads to the release of mediators which ultimately lead to 
bronchoconstriction. In 2014, it appears that experimental  
evidence favors this osmotic hypothesis over the thermal 
hypothesis.

According to the thermal hypothesis, airway cooling and 
subsequent bronchial vasoconstriction are followed by a reac-
tive hyperemia. This vascular engorgement is considered to 
cause airway narrowing. Among other evidence consistent with 
this hypothesis are the interesting findings that inhalation of 
cold dry air or norepinephrine after exercise can attenuate 
EIB.23 It is important to note that airway warming and cooling 
are not required to trigger bronchospasm, an observation which 
has called into question the role of thermal change in EIA.

In addition to osmotic and thermal changes, the hyper-
pnea associated with exercise exposes the epithelium to 
increased mechanical stress as well as increased exposure to 
noxious agents. Airway desquamation is known to occur in 
response to exercise challenge in patients with EIA, although 
controls may also exhibit this phenomenon.24,25 There is 
evidence the oxidative stress at an epithelial level may be  
somewhat higher in patients that suffer from EIA.26 Through 
mechanisms that are not entirely elucidated, it is felt that dys-
functional injury repair mechanisms may predispose patients 
to both the acute and chronic changes seen in EIA. This is, in 
part, supported by observations that exercise challenges in 
patients with EIA, compared to controls, increase epithelial-
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events are rarely documented in the literature). Generally, chest 
pain, pallor and syncope are not features of the disease.

On physical examination, patients generally appear normal 
in a clinic setting. Given the high proportion of patients that 
suffer from baseline asthma and atopy, stigmata of asthma and 
atopic disease may be present. Cyanosis, an extreme barrel 
chest, auscultated crackles and clubbing are not features of EIA 
and suggest alternative diagnoses.

In terms of diagnostic testing commonly available in the 
clinic setting, findings are often completely normal, but like the 
physical exam, may suggest baseline asthma and atopy. Resting 
spirometry may be normal or suggest obstruction. Bronchodi-
lator response above resting spirometry may be present as well. 
Skin testing and exhaled nitric oxide testing are often positive. 
Chest radiography is generally normal, but may demonstrate 
hyperinflation. Definitive provocative testing is described in a 
later section.

The classic spirometric pattern demonstrated with bouts of 
exercise is one in which airflow may increase slightly during and 
immediately after exercise, decline to nadir values roughly 
10–15 minutes after exercise and spontaneously resolve to near-
baseline levels within 60 minutes. For unclear reasons, young 
children may demonstrate a slightly different pattern, with an 
earlier onset of measurable bronchoconstriction associated 
with a more depressed nadir.46

One feature of EIA that is distinct from most other causes 
of dyspnea is refractoriness. Patients often describe this as the 
ability to ‘run through asthma’. Many patients with EIA, follow-
ing an initial airway stress (which may or may not cause mea-
sured airway obstruction), can exercise without the degree of 

The mediators are likely similar to those induced by other indi-
rect airway challenges as cross-refractoriness is known to occur 
between hyperventilation and exercise as well as mannitol and 
exercise. However, refractoriness does not necessarily exist 
between indirect and direct challenges. Catecholamine release, 
while initially suspected, is not thought to play an important 
role.43 Prostaglandin release in response to indirect stimuli 
(implicated due to the ability of indomethacin to eliminate 
refractoriness) and tachyphylaxis of cysLT receptors are the 
most widely accepted mechanisms of refractoriness at this 
time.37,44

Characteristic Clinical Features
Patients describe EIA in terms of a variety of symptoms. Cough 
is generally the most common in study settings. Wheeze, chest 
tightness, disproportionate dyspnea for a given task and 
increased mucus production are also common symptoms.45 
Symptoms generally occur after at least 8 to 10 minutes of 
exercise and persist for 30 to 45 minutes. At times, patients 
describe a phenomenon in which symptoms improve after con-
tinued exercise (the spirometric physiology of which is detailed 
below). Symptoms may vary in terms of frequency and severity 
with multiple environmental and exercise-associated factors, 
specifically worsening in cold, dry environments with high 
allergen or pollutant content. Activities with high ventilatory 
requirements (e.g. cross country skiing) are more likely to 
trigger symptoms than activities with low ventilatory require-
ments (e.g. golf). Generally, patients do not describe loud, 
audible breathing, severe distress or cyanosis (although fatal 

Figure 36-1  Disease model of exercise-induced bronchoconstriction  (EIB) pathogenesis. Asthmatics with EIB have  increased concentrations of 
shed epithelial cells, cysteinyl leukotrienes (cysLTs) and cysLT-to-prostaglandin E2 (PGE2) ratio in induced sputum. Exercise challenge initiates the 
production of cysLTs, PGD2, and 15S-hydroxyeicosatetraenoic acid (15S-HETE), and a reduction in PGE2. An increase in secreted phospholipase A2 
group X (sPLA2-X) may increase the release of arachidonic acid (AA) by the epithelium or by adjacent inflammatory cells. Contraction of the airway 
smooth muscle and mucin  release occurs  in part  through retrograde axonal  transmission  in sensory nerves  that  release neurokinin A. 15-LO-1 – 
15-lipoxygenase-1; 5-LO – 5-lipoxygenase; COX – cyclooxygenase; cPLA2 – cytosolic phospholipase A2; MUC5AC – mucin 5AC; PL – phospholipids. 
(From Hallstrand TS, Henderson WR. Role of leukotrienes in exercise-induced bronchoconstriction. Curr Allergy Asthma Rep 2009;9:18–25. Copyright 
© 2009 by Current Medicine Group LLC, reproduced with permission.)
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typically associated with EIA. Inspiratory stridor can be present, 
but is not seen in all cases as it is likely a function of both the 
degree of obstruction and the instantaneous air flow rate. 
Regardless of stridor, hypoxemia is rare. The gold standard for 
diagnosis of these conditions is direct laryngoscopic visualiza-
tion, but the intermittent nature of the condition can present 
challenges. Some highly-specialized centers advocate the use of 
continuous laryngoscopy during exercise.53

Hypoxemia can be the cause of exertional dyspnea and per-
formance limitation in the absence of overt distress. It can be 
normal for well-trained athletes to achieve mild hypoxemia 
(from the high 80s to low 90s) even at sea level.54 Generally, 
more important hypoxemia is associated with a degree of cya-
nosis. Intrapulmonary shunts have been described as a potential 
cause of hypoxemia. In younger populations, undiagnosed con-
ditions leading to this degree of hypoxemia are rare (largely 
because cyanotic heart disease is detected at earlier ages).

Dysrhythmias have been described as a cause of exertional 
dyspnea. Generally, they should not be associated with cyanosis 
or hypoxemia. Rarely, muscle disease can manifest as dyspnea 
out of proportion to work rate.

The deconditioned patient presents challenges from a diag-
nostic perspective. There are no widely accepted criteria to 
quantitatively diagnose deconditioning. Moreover, a diagnosis 
of deconditioning does not exclude other causes of dyspnea.

Diagnostics
There are several diagnostic strategies used to confirm a diag-
nosis of EIA. Each has benefits and drawbacks when consider-
ing sensitivity, specificity, feasibility and cost.

In select cases, clinical history alone may be an option. It is 
clear that this is not an ideal option in patients capable of per-
forming more specific testing because history alone is associ-
ated with both over- and under-diagnosis of EIB.45 However, for 
young patients with developmental or musculoskeletal condi-
tions that prevent exercise testing or centers without the infra-
structure for specialized testing, this must be considered. In this 
context, empirical trials of bronchodilators before exercise aid 
in the diagnosis.

Exercise challenges are another option that should be con-
sidered in patients complaining of exertional dyspnea. In order 
to confirm a diagnosis, clinicians should observe a decline in 
the forced expiratory volume in one second (FEV1) of 10% to 
15% after exercise. Receiver-operator curves have demonstrated 
optimal threshold values for positive and negative test interpre-
tation, although individual considerations and testing condi-
tions must enter the diagnostic equation.55 Recent consensus 
guidelines recommend the use of a 10% decline in adults and 
a 12% decline in children as threshold values.56

There are several benefits to formal exercise testing. Exercise 
intensity, a variable which has been clearly demonstrated to 
affect the likelihood of triggering EIA, can be closely monitored 
in a laboratory setting. The availability of measurement equip-
ment is also an advantage. Additionally, patients can conceptu-
alize the challenge and accept the results as the challenge is more 
conceptually familiar than the other indirect airway challenges 
mentioned below.

The drawbacks of exercise challenges include the fact that 
ambient conditions are often not conducive to triggering bron-
chospasm because laboratories offer warm and relatively humid 
environments. Additionally, standard exercise protocols may 

bronchoconstriction typically experienced for a given task.47 As 
noted above, the mechanisms behind this phenomenon are 
unclear and are likely similar across multiple indirect airway 
challenges.

The existence of a second phase in EIA is controversial and 
will not be reviewed in this chapter.

Groups Requiring  
Special Consideration
Several individual groups of patients with EIA require special 
consideration due to the frequency and severity of symptoms. 
Winter sport athletes who participate in activities requiring 
high ventilation are particularly susceptible to EIA and isolated 
EIB.10 Warm weather endurance athletes suffer EIA and EIB at 
a somewhat lower rate.48 The reasons for this are likely related 
to the magnitude of osmotic stress induced by the activities 
involved.

In addition to endurance exercise and cold weather exercise, 
exercise in environments with a high degree of particulate pol-
lution is associated with high rates of EIA.49 This may particu-
larly affect those who exercise in an urban area and those who 
exercise at indoor facilities cleaned or serviced by machines that 
emit particulate matter, including ice polishers.

Swimmers, while experiencing warm humid air while exer-
cising, are exposed to high levels of a variety of compounds 
formed by the interaction of nitrogen-containing compounds 
and chlorine. In terms of acute bronchospasm, a high propor-
tion of competitive swimmers suffer from symptoms.9 Chronic 
effects are less clear, with some authors suggesting a role for 
chlorine as a causative agent for asthmatic phenotypes later in 
life.50

There are some young children who demonstrate severe EIA 
once old enough to perform spirometry. This seems to be asso-
ciated or predicted by airflow limitation detected during (rather 
than after) exercise bouts, a phenomenon described as ‘break-
through EIB.’ The mechanisms behind this severe decline are 
unclear. It is possible that the small airway caliber of children 
is to blame. It is also possible that large airway dysfunction plays 
a more important role than in older populations.51

Differential Diagnosis
The differential diagnosis of EIA is quite broad, although several 
competing causes of exertional dyspnea are quite rare, especially 
in younger populations.

It cannot be overstated that the most important diagnosis to 
consider in a patient with known or suspected EIA or EIB is 
poorly-treated baseline asthma, especially in younger popula-
tions. Bronchial hyperresponsiveness is strongly suggestive of 
asthma and predictive of the development of asthma.52

Inducible laryngeal obstruction at the glottic and supraglot-
tic level should be strongly considered in patients that do not 
respond to inhaled bronchodilators. This is an umbrella term 
that includes paradoxical vocal fold motion as well as prolapse 
of the arytenoid cartilages. Clinically, patients with these condi-
tions often describe rapid onset and resolution of symptoms 
when compared to typical cases of EIA. Rather than describe a 
typical refractory period, patients often describe worsening 
dyspnea with repetitive exercise. Symptoms often are associated 
with a high degree of distress as opposed to the mild discomfort 
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function measured as a post-exercise or post-surrogate chal-
lenge FEV1.

Since the last edition of this text, most progress with regards 
to asthma therapies has been with biological agents. These 
agents are not currently being studied for their effects on pre-
vention of EIB, mainly due to their cost as well as the cost and 
feasibility of the challenges associated with using exercise testing 
as a clinical trials outcome measure. While there have been rare 
case reports of successful therapy of exercise-induced anaphy-
laxis with omalizumab, it will likely be several years before we 
understand the full effect of biologicals on EIA.62 One can hope 
that, through improving underlying inflammation in patients 
with baseline asthma, the impact of EIA will be lessened through 
novel asthma therapies.

Most new therapeutic insights in EIA and EIB have been 
made in the area of adjunctive therapies, including dietary 
modifications (e.g. omega-3 fatty acids and low salt diets). A 
review of the available medications will precede discussion of 
behavioral strategies (Table 36-1).

Short-acting β-agonists (SABAs) have long been the main-
stay of prevention and treatment of EIA. Target receptors for 
these medications are present on mast cells and airway smooth 
muscle. In patients with recurrent symptoms, their use is rec-
ommended 15 minutes before activity and their effects persist 
for about 3 hours.63 They are effective in the majority of patients, 
but do not provide complete protection in roughly 20% of 
patients. Despite their efficacy, a consideration with these medi-
cations is the development of physiological tolerance to the 
medications.64 With this phenomenon in mind, it is recom-
mended that patients with frequent need for SABAs also use 
controller agents.

Inhaled steroids provide a small degree of acute protection 
against EIB, but are utilized mainly as a daily controller in 
baseline asthma.

LTRAs are known to decrease EIB when compared with 
placebo, increasing the nadir lung function after exercise chal-
lenge by as much as 8% to 10%. They have been strongly recom-
mended for patients incompletely controlled on SABAs alone 
or for those who use daily SABAs.56 While clearly not as effective 
as SABAs, LTRAs remain equally effective after 1 month of 
therapy, avoiding problems of medication tolerance.

Long-acting β-agonists (LABAs) provide protection against 
EIB that lasts for several hours. Similar to their short-acting 
analogs however, they induce tachyphylaxis.65 Baseline asthma 
guidelines strongly advocate against LABA monotherapy and 
EIB guidelines are similar in this regard.52,56 There is strong 
evidence to suggest that LABAs are effective in patients with 
asthma that is poorly controlled on inhaled steroids alone.52 EIA 

not be sufficient to trigger bronchospasm in all patients. The 
time course of achieving higher work rates and thus high ven-
tilatory rates as well as the duration of exercise challenge can 
both affect the sensitivity of the test. Challenges which are either 
too short or too long in duration may not result in a positive 
test. The mode of exercise also affects the sensitivity of the test 
in patients that have different ventilatory rates across different 
modes of exercise at the highest sustainable work rate.

As an alternative to laboratory testing, field testing has been 
advocated by several authors.57 When compared with laboratory-
based testing, field testing offers the advantages of cold, dry 
environments and exercise scenarios that are comparable to 
everyday activities. Drawbacks include the inability of the  
tester to closely monitor exercise intensity as well as of perform-
ing the challenge tests in close proximity to measurement 
equipment.

Outside of exercise, there are multiple inhaled challenges 
that can confirm a diagnosis of EIA. Methacholine challenge is 
a direct airway challenge, which can quantify the degree of 
airway hyperresponsiveness. Its benefits include broad avail-
ability as well as decades of use in hospital settings. However, 
methacholine causes bronchoconstriction through mechanisms 
not necessarily present in EIA. For this reason, overlap between 
patients with methacholine-induced airways hyperresponsive-
ness and pure EIB is not perfect.58

Eucapnic voluntary hyperventilation is a challenge that 
mimics the high ventilatory rates associated with exercise.59 In 
this challenge, the patient attempts to maintain maximum vol-
untary ventilation while breathing from a circuit which offers 
5% carbon dioxide. Its benefits include its lack of dependence 
on environmental conditions because the breathing circuit is 
isolated from the laboratory environment. Additionally, it 
bypasses the need for exercise equipment in the laboratory. Its 
drawbacks include its somewhat limited availability.

Hyperosmolar challenge with inhaled mannitol offers 
another means of assessing airways hyperresponsiveness.60 
Mannitol offers an indirect challenge and is thought to cause 
the same fluid shifts from the submucosal tissue to the airways 
surface lining fluid. Its benefits include its relatively high con-
cordance with properly-conducted exercise challenge and draw-
backs include its somewhat limited availability.

Therapeutics
There are several available therapeutic agents for EIA, which 
target a number of mediators and effector cells. Of interest, 
there is no single therapy that has been universally successful. 
The differences between patients with regard to treatment 
response may suggest that multiple physiological phenotypes of 
EIB exist, each with an ideal individualized therapy. There are 
multiple published guidelines to assist practitioners with 
decision-making regarding medications.56,61 The guidelines for 
EIA treatment are generally compatible with treatment of 
underlying asthma, although there are some notable areas of 
conflict which the practitioner should be aware of.

The title of this chapter implies that these therapies can 
improve performance. While this is presumably true in concept, 
the vast majority of clinical trials in the area of EIB do not assess 
performance directly. Moreover performance as an outcome 
will presumably vary in terms of assessment from sport to sport. 
For the purposes of this section, the reader can assume that 
medication efficacy is defined by its ability to preserve lung 

Pharmacologic Non-Pharmacologic and Dietary

Short-acting β-agonists Warm-up period

Inhaled corticosteroids Face and inspirate warming
Leukotriene receptor 

antagonists
Omega-3 fatty acid 

supplementation
Anticholinergics Low salt diet

Long-acting β-agonists
Mast cell stabilizing agents

TABLE 
36-1 

Available Treatments for Exercise-Induced 
Asthma
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medication for EIA (LTRA, MCSA or anticholinergics) in 
patients failing SABAs and inhaled steroids. One can imagine 
the challenge and expense of trying to find a sufficient number 
of patients failing these medications as documented by exercise 
or surrogate challenge to participate in a four-treatment 
(including placebo) cross-over trial. With this in mind, practi-
tioners must rely on judgment to sequentially select medica-
tions empirically. One therapeutic strategy was presented in the 
2012 American Thoracic Society Clinical Practice Guideline on 
EIA (Figure 36-2).56

In addition to medications which blunt EIA, there are a 
number of behavioral and dietary interventions that may be 
employed to improve performance. While each of these inter-
ventions comes at low financial cost, the decision to use these 
strategies should be based on comparisons between the burden 
of symptoms and the burden of treatment.

The refractory period has been used for decades to improve 
athletic performance and decrease symptoms. Given our evolv-
ing knowledge about cross-refractoriness, it may not be neces-
sary to actually exercise in order to induce refractoriness (and 
voluntary hyperventilation could be used as an alternative). In 
practice, however, exercise is still the most widely-used method 
to induce refractoriness. Generally, patients perform a vigorous 
warm up that is sufficient to induce high rates of ventilation 45 

guidelines have avoided specifically making recommendations 
about LABA use in patients who are poorly controlled at base-
line with respect to underlying asthma on inhaled steroids 
alone. Given the evidence that LTRAs are effective as adjuncts 
to inhaled steroids (when compared to LABAs), practitioners 
should strongly consider LTRAs before LABAs as add-on agents 
in patients for whom EIB has notably high impact.66

Mast cell stabilizing agents (MCSAs) have been demon-
strated to prevent EIB. While their use has fallen out of favor as 
a controller for baseline asthma, they remain a mainstay in 
many parts of the world for EIA. As with LTRAs, these medica-
tions are recommended in EIA that is not controlled on SABAs 
alone.56 Despite their efficacy, limited availability in the USA 
makes acquisition by patients a huge challenge.

Anticholinergics have long been used to prevent EIA and 
EIB. They are particularly recommended for use in patients 
with increased baseline vagal tone. Since this assessment is not 
readily available in clinical settings, and since elite athletes are 
considered to have increased vagal tone, it may be reasonable 
to strongly consider these medications in highly competitive 
athletes. One advantage is the widespread availability of these 
medications, including combination preparations with SABAs.

For reasons related to the feasibility of conducting clinical 
trials, there may never be definitive evidence for the preferred 

Figure 36-2  Diagnostic and treatment algorithm for exercise-induced bronchoconstriction (EIB). LABA – long-acting β2-agonist; LTRA – leukotriene 
receptor antagonist; MCSA – mast cell stabilizing agent; SABA – short-acting β-agonist; Dx – diagnosis; FEV1 – forced expiratory volume in 1 second. 
*Or surrogate challenge, e.g. hyperpnea or mannitol. (From Parsons JP, Hallstrand TS, Mastronarde JG, Kaminsky DA, Rundell KW, Hull JH et al. 
An official American Thoracic Society clinical practice guideline: exercise-induced bronchoconstriction. Am J Respir Crit Care Med 2013;187(9):1016–
27. Copyright © 2013 by the American Thoracic Society, reproduced.)
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• Is EIA one disease or many? Can we phenotype different 
groups of patients with EIB based on clinical or inflam-
matory features?

• Assuming that the ventilation associated with vigorous 
exercise induces epithelial stress, why do some athletes 
develop EIB and others do not? Can genetic studies help 
answer this question?

• What is the role of lipid mediators in EIA and 
refractoriness?

• What are the anatomical, epithelial or inflammatory 
causes for the severe EIA in certain children?

• Can environmental modification with regard to chemical 
exposure during swimming improve EIA?

• Can therapeutic strategies targeted toward the epithelium 
offer benefit in EIA?

Summary
Bronchospasm is a common phenomenon in patients with and 
without underlying asthma. It is a particular problem in winter 
sport athletes, swimmers and children. It can have considerable 
impact on exercise performance and may affect the likelihood 
that casual exercisers will participate in cardiovascular activities. 
Bronchospasm occurs after osmotic and other epithelial stress 
trigger a cascade of mediators, including cysLTs. It is a condition 
that can be commonly confused with other causes of dyspnea, 
most notably paradoxical vocal fold motion. Diagnosis depends 
on measurement of inducible expiratory airflow limitation and 
surrogate challenges are becoming increasingly available for 
exercise. Several therapeutic options exist, but short-acting 
β-agonists prior to exercise and control of underlying asthma 
remain the mainstays of therapy. Improved molecular research 
techniques will hopefully improve patient quality of life through 
the development of improved diagnostic and therapeutic tools.

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

to 60 minutes prior to participation in the event of interest. 
Since bronchospasm is not required to induce refractoriness, 
SABAs (which generally maintain efficacy for 3 hours) may be 
used prior to the warm up. Many specific strategies have been 
employed for the warm up (including 6-minute jogs at speeds 
sufficient to produce a heart rate in the 140–150 range, as well 
as interval sprints). For the most part, patients can fully recover 
from a fatigue standpoint before the event of interest. Patients 
are often asked to trial a number of strategies in order to opti-
mize performance.

Masks and headgear which can warm the face and inspired 
air as well as humidify inspired air can be helpful. This strategy 
presumably works by decreasing the osmotic stimulus of exer-
cise in cold conditions, but may also work through blunting 
vagal stimuli as well.

Dietary changes, including increased omega-3 fatty acids, 
low salt diets, and high vitamin C have been proposed as 
adjunctive therapies for EIA. Omega-3 acids demonstrate effi-
cacy in blunting EIA, as does a low salt diet (which appeared  
to demonstrate a dose-dependent effect).67,68 There is also 
some limited evidence to suggest that vitamin C can help blunt 
EIB.69

In summary, many therapies exist for EIA, but guidelines 
recommending specific preferred medications in patients failing 
SABAs and inhaled corticosteroids are unlikely in the near 
future. Despite the number of available medications, practitio-
ners should remember that only rare patients require more than 
a few of these medications to control EIA. As the number of 
medications used increases, so should the tendency to search 
for alternative diagnoses.

Areas for Future Research
As EIA is an intermittent phenomenon, it presents challenges 
to researchers. However, as molecular research techniques 
improve, so should our understanding of EIA. Several funda-
mental questions about the nature of EIA remain unanswered.70 
Among these are:
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KEY POINTS

• Problematic, severe asthma comprises wrong diagnosis 
(‘not asthma at all’), asthma with co-morbidities (‘asthma 
plus’), difficult asthma and true severe, therapy-resistant 
asthma. These patients should undergo a detailed, pro-
tocolized series of investigations.

• More than 50% of children referred to tertiary centers 
with problematic severe asthma in fact will be well con-
trolled if basic management is optimal; they do not 
require therapy with ‘beyond guidelines’ medications.

• Invasive investigation should be considered in children 
with apparent severe, therapy-resistant asthma to deter-
mine whether there is discordance between symptoms 
and inflammation; whether there is an unusual pattern 
of inflammation; whether the child is steroid responsive 
and to what extent; and whether there is fixed airflow 
limitation.

• Unlike adult severe asthma, pediatric severe, therapy-
resistant asthma is characterized by marked atopy and 
airway eosinophilia not neutrophilia, but without classic 
Th2 signature cytokine expression; the optimal monitor-
ing strategy is unclear; sputum cellularity is much more 
variable over time and titrating treatment against 
sputum eosinophil count is not useful.

• There is little or no evidence base for ‘beyond guide-
lines’ therapy in children who fail standard therapies 
including omalizumab.

Introduction
Refractory	asthma	is	rare	in	childhood	and	probably	accounts	
for	 less	than	5%	of	all	pediatric	asthma.1	It	may	be	becoming	
less	 common	 over	 time,	 possibly	 because	 of	 more	 effective	
modern	treatments.2	However,	this	group	accounts	for	an	enor-
mous	amount	of	morbidity	and	healthcare	costs,	and	even	mor-
tality,	 and	 so	 although	 rare,	 it	 is	 a	 very	 important	 topic.	 This	
chapter	describes	 the	assessment	of	children	aged	6	years	and	
older	using	the	Royal	Brompton	Hospital	approach	to	apparent	
refractory	 asthma.	 This	 personal	 practice	 is	 described	 as	 no	
evidence-driven	approach	exists.	The	reader	is	invited	to	judge	
the	value	of	these	protocols,	as	well	as	referring	to	a	recent	ERS/
ATS	 guideline.3	 Finally,	 recent	 research	 advances	 are	 briefly	
summarized.	Severe	preschool	wheeze	is	not	discussed	here.

Refractory Asthma: Basic Principles
The	 cardinal	 sin	 in	 asthma	 management	 is	 to	 continue	 to		
escalate	 and	 intensify	 asthma	 therapy	 in	 a	 child	 who	 is	 not	

responding	 to	 treatment,	without	posing	 the	question,	why	 is	
the	prescribed	treatment	not	working?	We	know	that	most	chil-
dren	 with	 asthma	 will	 respond	 very	 well	 to	 low-dose	 inhaled	
corticosteroids	(ICSs)	when	properly	administered,	sometimes	
in	combination	with	a	second	controller	such	as	long-acting	β2	
agonists	(LABAs)	or	leukotriene	receptor	antagonists	(LTRAs).4	
So,	when	faced	with	a	child	with	apparently	refractory	asthma,	
the	pediatrician	should	not	reach	again	for	the	prescription	pad,	
but	go	through	a	rigorous	protocol	to	determine	what	it	is	about	
the	child	and	his/her	asthma	that	means	the	anticipated	response	
is	not	happening.

Nomenclature
We	use	the	term	‘problematic severe asthma’	to	describe	children	
who,	 despite	 apparently	 optimal	 asthma	 management,	 have	
ongoing	symptoms	(Table	37-1).5–8	It	should	be	noted	that	this	
definition	 is	 arbitrary	 and	 not	 evidence	 based.	 Problematic	
severe	asthma	itself	comprises	four	categories,	the	management	
of	each	of	which	is	entirely	different	(Table	37-2).

The	 overall	 aim	 of	 these	 protocols	 is	 to	 determine	 if	 the	
individual	 child	 is	 truly	 a	 candidate	 for	 ‘beyond	 guidelines’	
therapy	or	can	be	better	managed	by	standard	approaches.

An	overlapping	approach	which	is	also	a	useful	conceptual	
framework	is	to	define	risk	by	considering	domains	of	asthma	
severity.	These	are:

1.	 Level	of	prescribed	treatment
2.	 Level	of	baseline	asthma	control	over	the	previous	month
3.	 Burden	and	nature	of	exacerbations	over	the	previous	6	

to	12	months
4.	 Risk	of	future	complications,	including	failure	of	normal	

airway	 growth	 (for	 which	 there	 is	 increasing	 evidence),	
risk	of	future	loss	of	control	and/or	exacerbations;	risk	of	
medication	side-effects.

Approach to the Child with 
Problematic Severe Asthma
The	first	step	is	as	always	a	full	history	and	physical	examina-
tion.	Close	attention	should	be	paid	to	the	nature	of	the	symp-
toms.	In	particular,	the	word	‘wheeze’	is	used	very	imprecisely,	
including	being	applied	to	crackling	noises,	upper	airway	noises	
and	even	stridor.9–13	The	possibility	 that	 the	child	does	not	 in	
fact	wheeze	should	be	considered	unless	and	until	a	physician	
has	heard	wheeze	with	a	stethoscope.14	Cough-variant	asthma	
is	 a	 popular	 diagnosis,	 but	 most	 children	 who	 cough	 do	 not	
have	asthma	or	 indeed	any	other	disease.15	The	decision	as	 to	
whether	 to	 investigate	 further,	 and	 what	 tests	 to	 perform,	 is	
driven	by	findings	on	history	and	examination.	The	two	classi-
cal	errors	are	failure	to	document	physician-heard	wheeze	and	
failure	 to	 document	 airflow	 obstruction	 which	 changes	 over	
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•	 Chronic symptoms:	(defined	as	the	use	of	short-acting	β2	
agonists	(SABAs)	on	at	least	3	days	a	week	for	at	least	3	
months)	despite	inhaled	corticosteroid	(ICS_	(beclomethasone	
equivalent	[BDP]	800	µg/day)	and	the	use	of	any	combinations	
of	long-acting	β2-agonists	(LABAs),leukotriene	receptor	
antagonists	(LTRAs)	and	low-dose	theophylline	(or	failed	trials	of	
at	least	two	of	these	add-on	therapies)

•	 Severe asthma attacks:	any	or	all	of:	one	admission	to	pediatric	
intensive	care,	the	need	for	more	than	two	intravenous	
treatments	in	the	previous	year,	and	the	use	of	two	or	more	
prednisolone	bursts	in	the	previous	year.	This	exacerbating	
pattern	is	not	inevitably	associated	with	poor	background	
control

•	 Airflow limitation:	FEV1	of	<80%	after	SABA	withhold,	or	an	
FEV1	of	<80%	despite	a	trial	of	systemic	steroids	and	acute	
administration	of	SABA	(persistent	airflow	limitation	[PAL])

•	 Disconnect of symptoms:	strictly,	the	child	presenting	with	
a	multitude	of	symptoms	with	no	objective	evidence	of	
uncontrolled	disease	may	belong	in	a	separate	disease	
category,	and	certainly	is	not	placed	in	severe	asthma	
guidelines.	Since	the	means	of	addressing	this	scenario	are	so	
very	similar,	inclusion	in	this	group	is	pragmatically	justified.	
The	reverse	scenario,	underreporting	of	symptoms,	is	also	
considered

TABLE 
37-1 

Criteria for ‘Problematic Severe Asthma’. 
More than One of These Scenarios May  
be Encountered in the Same Child2

1.	 Not asthma at all:	the	diagnosis	is	wrong
2.	 Asthma plus:	there	are	associated	co-morbidities	which	need	

to	be	addressed
3.	 Difficult asthma:	accounts	for	about	50%	of	those	in	whom	the	

first	two	categories	have	been	excluded.	This	diagnosis	
comprises	children	who	in	fact	need	to	get	the	basic	steps	of	
asthma	management	correct

4.	 Severe, therapy-resistant asthma:	these	children	appear	to	
have	ongoing	problems	with	asthma	despite	the	optimization	
of	all	the	basic	steps	of	asthma	management;	such	children	are	
candidates	for	‘beyond	guidelines’	therapy

TABLE 
37-2 

Differential Diagnosis of ‘Problematic  
Severe Asthma’

Class of Diagnosis Examples

Local	immunodeficiency Cystic	fibrosis,	primary	ciliary	
dyskinesia,	persistent	bacterial	
bronchitis

Systemic	
immunodeficiency

Any,	including	B	cell	and	T	cell	
dysfunction

Intraluminal	bronchial	
obstruction

Foreign	body,	carcinoid,	other	tumor

Intramural	bronchial	
obstruction

Bronchomalacia,	complete	cartilage	
rings,	intramural	tumor

Extraluminal	bronchial	
obstruction

Vascular	ring,	pulmonary	artery	sling,	
congenital	lung	cyst,	enlarged	
lymph	nodes	due	to	tumor	or	
tuberculosis,	other	mediastinal	
masses

Direct	aspiration Bulbar	or	pseudobulbar	palsy;	
laryngeal	cleft

Aspiration	by	direct	
contamination

H-type	fistula

Aspiration	secondary	to	
reflux

Any	cause	of	gastroesophageal	reflux,	
including	hiatus	hernia	and	
esophageal	dysmotility

Complications	of	
prematurity

Bronchomalacia,	structuring	secondary	
to	intubation,	vocal	cord	palsy	
secondary	to	surgery	for	patent	
arterial	duct

Congenital	heart	
disease

Bronchial	compression	from	enlarged	
cardiac	chambers	or	great	vessels;	
pulmonary	edema

Interstitial	lung	disease Any	not	presenting	with	neonatal	
respiratory	failure

Dysfunctional	breathing Vocal	cord	dysfunction,	
hyperventilation	syndromes

TABLE 
37-3 Differential Diagnoses of Severe Asthma

time	or	with	treatment.	There	has	been	an	increased	interest	in	
the	 diagnostic	 use	 of	 measurements	 of	 airway	 inflammation	
such	 as	 exhaled	 nitric	 oxide	 (FeNO),	 usually	 measured	 at	 a		
flow	rate	of	50	mL/s	 (FeNO50)	and	 induced	sputum	cytospin.	
Although	evidence	of	airway	inflammation	is	not	a	mandatory	
diagnostic	test	for	asthma,	and	in	particular	a	child	already	on	
treatment	with	ICS	may	be	inflammation	free,	absence	of	any	
evidence	of	 airway	 inflammation	 in	a	 child	apparently	 symp-
tomatic	for	asthma	should	prompt	a	diagnostic	review.	Finally,	
the	diagnostic	process	should	not	end	at	this	stage;	the	possibil-
ity	of	a	wrong	diagnosis	should	be	at	the	forefront	throughout,	
and	 further	 testing	considered	 in	 the	presence	of	a	 surprising	
finding	such	as	airway	neutrophilia	(see	below).

DOES THE CHILD ACTUALLY HAVE ASTHMA?

Numerous	 conditions	 may	 mimic	 asthma	 (Table	 37-3).	 The	
likelihood	 of	 particular	 diagnoses	 will	 vary	 across	 the	 world.	
Important	 clues	 to	 an	 alternative	 diagnosis	 include	 neonatal	
onset	of	symptoms;	chronic	productive	cough	for	many	sequen-
tial	weeks;	and	evidence	of	systemic	disease.	The	nonatopic	child	

with	 apparently	 severe	 asthma	 should	 always	 be	 carefully	
assessed,	 since	most	 such	children	have	multiple	positive	 skin	
prick	tests	and	specific	IgE,	as	well	as	a	raised	total	IgE.	A	review	
of	diagnostic	testing	for	all	the	conditions	listed	in	the	Table	37-3	
is	beyond	the	scope	of	 this	chapter,	but	as	a	principle,	 testing	
should	be	focussed	rather	than	take	a	scattergun	approach.

ARE THERE SIGNIFICANT CO-MORBIDITIES 
WHICH NEED ADDRESSING?

A	 co-morbidity	 may	 not	 be	 easy	 to	 treat	 (e.g.	 obesity),	 but	 it		
is	difficult	to	argue	that	potentially	toxic	biologicals	are	appro-
priate	for	a	child	who	is	not	being	supported	by	his/her	family	
to	 lose	weight.	Co-morbidities	have	recently	been	reviewed	in	
detail.16

Gastroesophageal Reflux
The	 possible	 relationships	 between	 asthma	 and	 respiratory	
symptoms,	and	gastroesophageal	reflux	are	complex.	Reflux	can	
cause	 symptoms	 either	 by	 direct	 contamination	 of	 the	 lower	
airway	or	indirectly	by	an	esophagobronchial	reflex;17–19	respira-
tory	disease	can	cause	reflux,	including	via	mechanisms	second-
ary	to	abnormal	pleural	pressure	swings	or	configuration	of	the	
diaphragm;	and	reflux	may	be	an	asymptomatic	fellow-traveler.	
The	best	evidence	is	that,	irrespective	of	any	symptoms	sugges-
tive	of	reflux,	therapy	with,	for	example,	a	proton	pump	inhibi-
tor	does	not	improve	severe	asthma;20–22	and	that	has	certainly	
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been	our	experience,	despite	hitherto	performing	pH-metry	as	
part	of	our	work-up	for	severe	asthma.

Rhinosinusitis
Upper	 airway	 disease	 worsens	 quality	 of	 life,	 and	 should	 be	
treated	on	its	own	merits	in	any	context.23–25	There	is	increasing	
evidence	that	 treating	rhinosinusitis	may	be	beneficial	at	 least	
in	mild	to	moderate	asthma.26	The	mechanisms	of	any	benefit	
remain	conjectural.27	In	our	series,	significant	rhinosinusitis	is	
unusual	in	severe	asthma.

Obesity
There	are	complex	potential	 interactions	between	asthma	and	
obesity.	Obesity	may	cause	breathlessness	and	‘wheeze’	without	
evidence	of	asthma,	leading	to	inappropriate	treatment.	Obesity	
may	be	associated	with	a	pauci-inflammatory	form	of	asthma,	at	
least	in	adults,	although	it	is	sometimes	unclear	whether	this	is	
true	asthma28;	asthma	with	an	eosinophilic	phenotype	on	airway	
wall	biopsy	with	raised	sputum	interleukin	5	(IL-5)29;	and	steroid	
resistance.30	Obesity	is	a	proinflammatory	state,31	as	is	obstruc-
tive	sleep	apnea	(OSA)	(see	below).32	Asthma	(via	reduced	exer-
cise	 performance)	 and	 its	 treatment	 (prednisolone	 bursts	 or	
long-term	therapy)	may	cause	or	contribute	to	obesity.	Hence,	
particular	care	is	necessary	before	escalating	therapy	for	‘asthma’	
in	the	obese	child	with	respiratory	symptoms.	Weight	reduction	
is	always	beneficial	in	the	obese	child,	but	is	difficult	to	achieve.

Upper Airway Obstruction/ 
Sleep Disordered Breathing
There	is	an	increasing	literature	on	asthma	and	OSA.33	Although	
the	literature	reports	associations	in	at	least	mild	to	moderate	
asthma,	in	our	patients	OSA	is	very	rare	in	severe	asthma,	except	
in	the	presence	of	concomitant	obesity	(see	above).	We	do	not	
routinely	 perform	 polysomnography	 on	 children	 with	 severe	
asthma	who	are	not	obese.	OSA	was	reported	to	cause	sputum	
neutrophilia	rather	than	eosinophilia	in	one	study;34	this	inflam-
matory	 pattern	 rarely	 if	 ever	 occurs	 in	 true	 severe,	 therapy-
resistant	 asthma,	 and	 if	 seen,	 should	 prompt	 a	 diagnostic	
re-evaluation.

Dysfunctional Breathing
Vocal	 cord	 dysfunction	 and	 other	 forms	 of	 dysfunctional	
breathing	 are	 common	 in	 asthma,35	 although	 not	 all	 groups	
report	this36	and	the	symptoms	are	frequently	misattributed	to	
asthma,	with	inappropriate	escalation	of	therapy.	There	is	much	
less	work	in	children	than	in	adults.37–39	Fifteen	percent	of	chil-
dren	investigated	following	our	protocol	had	evidence	of	dys-
functional	 breathing,40	 including	 hyperventilation	 and	 vocal	
cord	 dysfunction.	 Clues	 include	 the	 absence	 of	 symptoms	 at	
night,	and	often	stridor	rather	than	expiratory	noises.	An	expe-
rienced	 respiratory	 physiotherapist	 should	 be	 asked	 to	 assess	
breathing	pattern,	and	to	treat	an	abnormal	breathing	pattern	
with	 a	 training	 program,	 although	 currently	 there	 is	 no	 ran-
domized	controlled	trial	evidence	of	benefit.35	Parental	video-
recording	of	an	attack	may	be	illuminating.	In	older	children,	
direct	laryngoscopy	during	an	exercise	test	enables	direct	dem-
onstration	of	the	problem.	Dyspnea	perception	has	been	little	
studied	 in	 severe	 pediatric	 asthma,39	 but	 adults	 with	 severe	
asthma	do	not	become	as	dyspneic	as	those	with	mild	asthma	
during	bronchoconstriction.41	The	possibility	of	poor	symptom	
perception	as	a	cause	of	an	apparent	sudden	catastrophic	dete-
rioration	should	be	borne	in	mind.

Food Allergy
Atopy	 is	 almost	 inevitable	 in	 severe	 pediatric	 asthma,	 but	
patients	 with	 asthma	 and	 food	 allergy	 are	 over-represented		
in	 such	 cohorts.42,43	 Whether	 food	 allergy	 is	 causative	 of	 the	
problem	or	a	marker	is	unclear;	certainly	anaphylaxis	at	rest	and	
on	 exercise	 enters	 the	 differential	 diagnosis	 of	 acute	 severe	
asthma,	and	should	always	be	considered	because	it	is	treatable.	
Food	allergy	should	always	be	properly	documented	if	exclusion	
diets	are	proposed;	blind	dietary	exclusions	are	frequently	tried	
and	in	our	experience	are	of	no	benefit.

NEXT STEPS: IS TRUE SEVERE,  
THERAPY-RESISTANT ASTHMA LIKELY?

Once	 it	 is	 clear	 that	 the	 diagnosis	 is	 almost	 certainly	 asthma,	
and	co-morbidities	have	been	excluded	or	identified,	we	proceed	
with	 a	 more	 detailed	 evaluation,	 led	 by	 the	 specialist	 asthma	
nurse	and	often	involving	the	clinical	psychologist	and	respira-
tory	physiotherapist.	The	assessment	will	include	both	a	hospi-
tal	outpatient	visit	and	a	nurse-led	community	assessment,	with	
the	 nurse	 arranging	 a	 visit	 to	 the	 family	 home	 and	 making	
contact	with	the	school.40

Hospital Visit
Details	of	the	hospital	visit	are	given	in	Table	37-4.	We	evaluate	
allergic	 sensitization	 by	 both	 skin	 prick	 tests	 (SPTs)	 and	 sIgE	
tests,	because	there	is	imperfect	concordance	(76–83%)	between	
them.44,45	 This	 includes	 fungal	 sensitization44;	 because	 severe	
asthma	with	 fungal	 sensitization	[SAFS]	(Table	37-5)	has	dif-
ferent	 treatment	 options	 (see	 below),	 we	 do	 not	 routinely	
perform	 double-blind	 food	 challenges.	 FeNO	 is	 measured	
ideally	at	multiple	flow	rates	as	an	indirect	assessment	of	proxi-
mal	 (JNO)	 and	 distal	 (CALV)	 airway	 inflammation.46	 Although	
there	is	evidence	that	distal	inflammation	may	be	important	in	
severe	asthma	(below),	variable-flow	FeNO	has	not	been	evalu-
ated	as	a	clinical	tool	to	guide	therapy	in	an	individual	child,	so	
this	is	largely	a	research	technique.

Issue to be Addressed Tests Performed

Symptom	pattern Asthma	control	test,	prednisolone	
bursts,	unscheduled	visits

Psychosocial	factors Questionnaires
Lung	function Spirometry	before	and	after	

bronchodilator
Allergic	sensitization Skin	prick	tests,	specific	IgE
	 Aeroallergens 	 Grass	and	tree	pollen,	house	dust	

mite,	cockroach,	cat	and	dog,	
and	any	others	suggested	by	the	
clinical	history

	 Food	allergens 	 Peanut,	milk,	egg	and	any	others	
suggested	by	the	clinical	history

	 Fungi	(see	Table	37-5) 	 Fungi	Table	37-3
Airway	inflammation FeNO50,	multiple	flow	rates

Induced	sputum	if	FEV1	is	>70%	
predicted

Tobacco	exposure Urine	or	salivary	cotinine
Medication	adherence Serum	prednisolone	and	theophylline	

levels	if	prescribed;	serum	inhaled	
corticosteroid	levels	if	available

TABLE 
37-4 

Assessments Performed at the Nurse-Led 
Hospital Visit
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High-Resolution  Computed  Tomographic  (HRCT)  Scan-
ning.  HRCT	is	not	a	routine	part	of	our	protocol,	and	there	is	
no	pediatric	evidence	to	suggest	the	need	for	it.	HRCT	may	be	
performed	as	part	of	the	diagnostic	work-up	if,	for	example,	the	
patient	is	nonatopic	or	bronchiectasis	is	suspected.	However,	in	
adult	 studies,	 bronchial	 wall	 dilatation	 is	 common	 in	 severe	
asthma,65,66	and	it	is	important	not	to	over-diagnose	bronchiec-
tasis	 in	children,	 in	whom	minor	degrees	of	airway	dilatation	
may	be	reversible,	even	when	related	to	an	immunodeficiency.	It	
is	essential	 to	note	that	HRCT	scans	may	be	unable	to	distin-
guish	severe	asthma	from	OB.67	In	adults,	but	not	in	children,	
there	is	evidence	that	HRCT	scans	may	be	a	useful	biomarker		
of	 asthma	 severity.68,69	 In	 children,	 HRCT	 changes	 consistent	
with	asthma	are	less	apparent	(and	also	less	well	defined)	than	
in	 adults,70	 and	 bronchial	 wall	 thickening	 has	 no	 or	 only	 the	
weakest	correlation	with	reticular	basement	membrane	(RBM)	
thickening	and	forced	expiratory	volume	in	1	second	(FEV1).71–73	
Air	trapping	on	HRCT	may	allow	an	estimate	of	distal	airway	
disease,74,75	but	 in	 severe	asthma	has	not	been	compared	with	
sophisticated	tests	of	distal	airway	function	such	as	lung	clear-
ance	index.76–78	There	are	no	studies	on	the	usefulness	or	other-
wise	 of	 HRCT	 scans	 as	 a	 monitoring	 mechanism	 for	 severe	
pediatric	asthma,	and	the	radiation	risk	of	even	low-dose	HRCT,	
especially	in	young	children,	is	not	a	trivial	consideration.

Home Visit
The	nurse-led	home	visit	is	a	key	part	of	the	work-up	of	prob-
lematic,	 severe	 asthma.40	 Professors	 sitting	 in	 the	 clinic	 know	
little	to	nothing	of	what	is	really	happening	at	home.	Five	areas	
are	explored:	adherence,	tobacco	smoke,	allergens,	psychosocial	
issues	 and	 asthma	 education.	 If	 the	 patient	 has	 been	 referred	
from	 a	 distant	 center,	 the	 home	 visit	 may	 be	 performed	 by	 a	
local	specialist	nurse	after	discussion	with	our	own	team.	This	
approach	 may	 not	 be	 feasible	 everywhere,	 but	 in	 our	 hands,	
allows	the	identification	of	significant	and	potentially	reversible	
factors	 in	 more	 than	 half	 of	 those	 referred	 with	 problematic	
severe	 asthma.	 It	 is	 certain	 that	 relying	 purely	 on	 a	 hospital-
based	assessment	by	a	pediatrician	will	lead	to	many	mistakes.

Adherence.  This	 is	 discussed	 in	 detail	 in	 chapter	 38.	 It	 was	
found	that	less	than	half	of	patients	had	picked	up	more	than	
80%	 of	 the	 required	 prescriptions,	 and	 nearly	 one	 third	 had	
picked	up	less	than	50%.40	We	also	enumerated	the	collection	of	
excessive	prescriptions	of	short-acting	β2-agonists	(SABAs);	col-
lecting	≥6	prescriptions/year	is	associated	with	a	poor	outcome.79

It	was	common	to	find	that	medication	was	past	 its	expiry	
date;	 in	 25%	 of	 cases	 a	 complete	 set	 of	 in-date	 medications	
could	 not	 be	 produced	 when	 the	 nurse	 visited.	 Other	 issues	
were	total	 inaccessibility	of	any	medications,	and	medications	
unopened	in	their	original	wrapping,	neither	of	which	inspired	
confidence	that	medications	were	actually	being	taken.40

Parental Supervision. In	 one	 study,	 even	 young	 children	
(20%	 of	 7-year	 olds,	 50%	 of	 11-year	 olds)	 were	 left	 to	 take	
asthma	 medications	 unsupervised.80	 Often	 parents	 think	 they	
are	 supervising	 treatment,	 but	 do	 not	 in	 fact	 actually	 witness	
their	child	take	the	therapy,	instead	merely	calling	out	remind-
ers	to	their	child	who	is	in	a	different	room	in	the	home.	This	
situation	requires	sensitive	exploration.

Use of Inhaler Devices. These	are	often	wrongly	used	and	
regular	instruction	in	their	use	may	lead	to	improvements.81,82	
However,	 even	 multiple	 teaching	 sessions	 are	 not	 enough	 to	
ensure	good	inhaler	technique;	all	the	children	in	our	series	had	

It	should	be	remembered	that	children	are	not	mini-adults.	
In	particular,	it	should	be	noted	that	the	interpretation	of	spi-
rometry	and	imaging	has	a	developmental	perspective.

Spirometry,  Bronchodilator  Responsiveness  and  Bronchial 
Challenge  Testing.  Unlike	 in	 adults,	 spirometry	 is	 poorly	
discriminatory	 between	 asthma	 of	 different	 severities	 in	
children.47–49	Spirometry	is	of	course	useful	as	part	of	the	defini-
tion	 of	 an	 exacerbation,	 and	 to	 monitor	 progression	 of	 lung	
growth	 over	 time	 in	 epidemiological	 studies.	 Epidemiological	
evidence	is	that,	for groups,	spirometry	in	severe	asthma	tracks	
over	decades,50–54	but	the	pattern	of	lung	growth	may	be	abnor-
mal	in	really	severe	asthma;	for	example,	the	Melbourne	study	
showed	a	failure	of	the	adolescent	airway	growth	spurt.54	There	
is	other	worrying	evidence	from	studies	showing	that	individu-
als	with	apparently	good	control	of	symptoms	with	ICSs	may	
have	 abnormal	 airway	 growth	 over	 time.55–57	 One	 post	 hoc	
analysis	suggested	that	this	was	related	to	the	exacerbating	phe-
notype,	but	only	in	patients	not	treated	with	ICSs.58	This	study	
requires	prospective	confirmation,	but	is	in	line	with	studies	of	
other	airway	diseases	showing	so-called	‘exacerbations’	lead	to	
a	worse	overall	long-term	outlook.59–63	Bronchodilator	respon-
siveness	 may	 be	 used	 diagnostically	 and	 to	 define	 persistent	
airflow	 limitation	 (PAL).	 Little	 has	 been	 written	 about	 bron-
chial	challenge	testing	as	a	clinical	tool	in	children	with	severe	
asthma.	In	many,	it	will	be	too	hazardous	because	of	poor	base-
line	spirometry	and/or	extreme	bronchial	hyperreactivity.	There	
is	 one	 situation	 in	 which	 direct	 airway	 challenge	 usually	 is	
useful	in	the	diagnostic	work-up,	namely	in	a	child	with	normal	
spirometry	but	reported	severe	symptoms,	and	in	whom	a	neg-
ative	 challenge	 would	 make	 uncontrolled	 asthma	 unlikely.	 In	
such	children,	a	combined	protocol	of	hypertonic	saline	chal-
lenge	and	sputum	induction64	may	be	useful;	in	genuine	severe	
asthma,	 the	 need	 for	 albuterol	 pretreatment	 before	 sputum	
induction	as	a	safety	measure	precludes	this	approach.	The	role	
of	challenge	testing	in	children	with	PAL	or	obliterative	bron-
chiolitis	(OB),	as	part	of	confirmation	that	further	escalation	of	
therapy	is	not	useful,	is	not	clear;	in	all	probability,	a	systemic	
steroid	trial	would	be	preferred.

Adult Criteria
Proposed Pediatric 
Criteria*

Treatment	with	500	µg	fluticasone/day	
or	continuous	oral	corticosteroids,	or	
four	prednisolone	bursts	in	the	
previous	12	months	or	12	in	the	
previous	24	months,	and

Meets	criteria	for	
problematic	severe	
asthma	(above)

IgE	<1000	(exclude	ABPA) No	IgE	exclusion

Negative	IgG	precipitins	to	Aspergillus 
fumigatus

No	IgG	exclusion

Sensitization	(SPT,	sIgE)	to	at	least		
one	of	Aspergillus fumigatus, 
Alternaria alternata, Cladosporium 
herbarum, Penicillium chrysogenum, 
Candida albicans, Trichophyton 
mentagrophytes	and	Botrytis cinerea

As	adult	criteria

*There is no agreed definition in children, but given the rarity of 
allergic bronchopulmonary aspergillosis (ABPA) in children with 
asthma, we have proposed to eliminate the total IgE and IgG 
criteria, from the diagnostic criteria.

TABLE 
37-5 

Diagnostic Criteria for Severe Asthma with 
Fungal Sensitization (SAFS)
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that	 all	 this	 will	 have	 been	 done	 previously,	 but	 any	 gaps	 are	
sought	and	closed.

Lesson Learned the Hard Way
School Visit.  Despite	the	best	efforts	of	my	specialist	respira-
tory	 nurses,	 I	 have	 made	 many	 mistakes.	 The	 importance	 of	
contact	with	the	school	cannot	be	overemphasized.	Teachers	are	
an	 important	resource;	 they	are	experienced	 in	assessing	chil-
dren	and	spend	many	hours	each	day	with	them.	If	there	is	any	
suspicion	 that	 symptoms	 are	 being	 overcalled	 by	 the	 parents,	
talk	 to	 the	 teacher.	 In	 one	 particularly	 egregious	 case	 (details	
modified	to	preserve	patient	confidentiality)	a	girl	with	so-called	
severe	asthma	was	 in	 fact	 the	captain	of	field	hockey,	had	 the	
nickname	 of	‘the	 Greyhound’	 and	 her	 teachers	 did	 not	 know	
that	 she	 even	 had	 asthma,	 let	 alone	 that	 a	 reserve	 supply	 of	
SABA	was	kept	for	her!

Management of Exacerbations.  In	theory,	the	treatment	of	an	
asthma	attack	is	based	on	objective	evidence	of	present	symp-
toms.	 In	 practice,	 the	 previous	 history	 is	 influential.	 When	
assessing	the	child	with	apparent	multiple	severe	exacerbations,	
it	is	essential	to	determine	what	(if	any)	objective	assessments	
were	carried	out	before	 instituting	 treatment,	and	whether	or	
not	 the	 level	 of	 treatment	 was	 objectively	 justified.	 One	 child	
under	 our	 care	 was	 actually	 started	 on	 intravenous	 albuterol	
despite	being	fully	saturated	on	room	air!

Parental  Doublespeak.  The	 basic	 tenet	 of	 pediatrics	 is	 to	
believe	 the	parents.	On	occasion,	parents	not	 telling	the	truth	
may	 be	 the	 underlying	 problem,	 and	 this	 is	 very	 difficult	 to	
detect.	This	is	distinct	from	the	effect	of	a	very	understandable	
parental	anxiety	leading	to	exaggeration	of	symptoms.	Motiva-
tion	 for	 the	 former	may	 include	access	 to	financial	 and	other	
benefits	as	a	result	of	having	a	‘sick’	child,	right	up	to	deliberate	
fabrication	 of	 symptoms	 (Munchausen	 by	 proxy).	 Unfortu-
nately	the	result	is	often	a	long	delay	in	diagnosis.

MULTIDISCIPLINARY TEAM DISCUSSION

The	assessment	generates	a	mass	of	detailed	information,	and	
this	 is	 next	 assessed	 in	 a	 dedicated,	 multidisciplinary	 team	
meeting.	We	aim	 to	determine	whether	 the	child	has	difficult	
asthma	 for	 which	 the	 basic	 management	 steps	 need	 to	 be	
addressed,	 or	 potentially	 severe,	 therapy-resistant	 asthma,	
which	justifies	further	invasive	investigations.

Does the Child Have ‘Difficult Asthma’ or Severe, 
Therapy-Resistant Asthma?
In	more	than	half	of	the	children,	no	further	investigations	are	
undertaken,	or	at	least,	invasive	testing	is	deferred	pending	other	
interventions.	This	unfortunately	does	not	mean	the	problem	is	
necessarily	solved;	for	example,	it	is	one	thing	to	identify	poor	
adherence	as	an	issue,	but	quite	another	to	address	it.	Often,	the	
child’s	poor	adherence	to	medication	has	not	been	appreciated	
by	the	parents,	and	identification	of	the	problem	leads	to	them	
finding	a	solution.	Adherence	may	be	addressed	by	giving	the	
child	an	inhaler	with	a	microchip	to	record	when	medication	is	
taken.	We	never	attempt	deception,	and	always	tell	the	child	and	
family	that	a	recording	is	being	made.	If	the	inhaler	is	used	and	
the	child	improves,	this	is	gratifying.	However,	it	is	still	illumi-
nating	if	the	inhaler	is	not	used	and	asthma	symptoms	continue	
unabated.	We	have	sometimes	used	directly	observed	therapy	at	
school,	on	the	basis	that	5	days	of	treatment	a	week	is	better	than	

had	repeated	instruction	in	specialized	centers,	and	yet	still	had	
a	poor	technique.	A	common	issue	is	using	pressurized	metered	
dose	 inhalers	 without	 spacers,	 because	 spacers	 are	 considered	
babyish;	this	omission	guarantees	minimal	airway	deposition	of	
medications.

Environmental  Tobacco  Smoke  and  Other  Irritants.  Active	
smoking	 by	 adults	 with	 asthma	 causes	 steroid	 resistance,83–86	
and	 it	 seems	 likely	 that	passive	 smoke	exposure	has	 the	 same	
effect.	 Passive	 smoke	 exposure	 is	 common	 in	 children	 with	
asthma;87–89	the	prevalence	of	active	smoking	is	unknown,	but	
unlikely	to	be	low.	We	found	that	25%	of	children	with	prob-
lematic,	severe	asthma	were	exposed	to	tobacco	smoke.38

The	 mechanisms	 of	 tobacco	 smoke-induced	 steroid	 resis-
tance	have	been	researched	mainly	in	adults;90	the	phenotype	is	
neutrophilic.	In	a	study	of	children	with	severe,	therapy-resistant	
asthma,91	 we	 found	 that	 parental	 smoking	 reduced	 histone	
deacetylase	protein	expression	and	activity,	and	reduced	the	in	
vitro	 inhibitory	 effects	 of	 dexamethasone	 on	 tumor	 necrosis	
factor-α-induced	 IL-8	 release	 from	 alveolar	 macrophages.	
Bronchoalveolar	 lavage	 (BAL)	 showed	 higher	 IL-8	 concentra-
tions	and	neutrophil	counts	and	the	children	had	lower	asthma	
control	 test	 (ACT)	scores	compared	with	non-passive	 smoke-
exposed	 children;	 these	 findings	 are	 supported	 by	 adult	 data.	
Additionally,	it	is	also	likely	that	symptoms	are	exacerbated	by	
a	direct	irritant	effect	of	smoke.

Other	 environmental	 irritants	 sometimes	 encountered	
include	incense	or	joss	sticks,	and	the	extensive	use	of	air	fresh-
eners	and	other	aerosol	sprays.	Environmental	pollution	is	also	
important,	but	difficult	to	modulate	except	at	the	level	of	public	
health.

Allergen Exposure.  This	is	discussed	in	detail	elsewhere.	Aller-
gen	exposure	in	the	home	combined	with	evidence	of	sensitiza-
tion	has	been	clearly	implicated	in	the	etiology	of	viral-induced	
asthma	attacks.92

In	our	study,38	17	of	30	children	who	owned	furry	pets	were	
sensitized	 to	 that	 pet	 on	 skin	 prick	 testing;	 only	 two	 had	 any	
allergen	 avoidance	 precautions	 in	 place.	 Thirty-one	 children	
were	 thought	 to	 have	 clinically	 significant	 house	 dust	 mite	
(HDM)	 exposure;	 five	 were	 using	 comprehensive	 allergen	
avoidance	measures,	15	partial	and	11	none.	Reduction	of	mold	
exposure	may	be	particularly	important	if	SAFS	(see	above)	is	
suspected.	Allergen	exposure	in	school	may	also	be	important,	
but	this	is	an	even	more	difficult	area	in	which	to	intervene.

Psychosocial  Issues.  Acute	 and	 chronic	 stress	 may	 trigger	
asthma	 exacerbations;93–95	 there	 may	 be	 quite	 complex	 time	
relationships	between	the	two.	Stress	has	been	shown	to	amplify	
the	airway	eosinophilic	response	to	allergen	challenge.96	In	our	
study,38	 psychosocial	 issues	 were	 common,	 especially	 anxiety	
and	depression,	a	finding	reported	by	others.97	Most	issues	only	
emerged	during	discussions	in	the	home.	Altogether,	about	half	
the	 families	 were	 referred	 to	 clinical	 psychology	 for	 a	 more	
detailed	 assessment.	 It	 is	 not	 productive	 to	 try	 to	 determine	
whether	anxiety	and	depression	are	the	cause	or	result	of	severe	
asthma;	both	are	treated	on	their	individual	merits.

Asthma Education.  Some	adherence	issues	relate	to	basic	mis-
understandings	of	the	purpose	of	treatment,	and	these	are	also	
addressed.	If	the	child	does	not	have	a	detailed	asthma	plan,	this	
is	put	in	place	and	communicated	to	the	school.	It	is	to	be	hoped	
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an	 invasive	 approach.106	 There	 are	 a	 number	 of	 differences	
between	the	typical	child	with	severe,	therapy-resistant	asthma	
and	the	adult	with	this	diagnosis.	In	children,	there	is	no	female	
predominance,	 but	 a	 strong	 atopic	 history	 was	 common102,106	
(85%	atopic	with	a	total	median	IgE	of	386	[115–1286]).	The	
children	 are	 also	 not	 obese.	 Although	 we	 have	 published	 a	
number	of	research	papers	based	on	our	bronchoscopic	studies,	
the	aim	of	testing	is	primarily	clinical	to	answer	four	key	ques-
tions	(Table	37-7).	An	individualized	treatment	plan	is	devised	
on	the	basis	of	the	answers	to	these	questions.

Protocol: Invasive Investigation of Severe, 
Therapy-Resistant Asthma
The	child	is	assessed	invasively	and	noninvasively	on	the	same	
day.	 Noninvasive	 investigations	 are	 symptom	 assessment,	 spi-
rometry	and	acute	response	to	bronchodilator,	sputum	induc-
tion	 and	 FeNO	 measurement,	 as	 performed	 in	 the	 initial	
assessment.	The	child	then	undergoes	a	bronchoscopy	under	a	
general	 anesthetic,	 with	 performance	 of	 BAL	 and	 endobron-
chial	biopsy,	and	often	bronchial	brushings	as	a	research	proce-
dure,	 as	 described	 in	 detail	 elsewhere.106	 At	 the	 end	 of	 the	
procedure,	we	administer	a	single	dose	of	intramuscular	triam-
cinolone	 (40–80	mg	 depending	 on	 the	 size	 of	 the	 child).	 The	
child	is	kept	in	hospital	overnight,	even	if	a	pH	study	is	not	to	
be	performed.	The	child	 is	 then	seen	again	4	weeks	 later,	and	
all	the	noninvasive	measurements	are	repeated.

The	key	requirement	for	the	safe	performance	of	bronchos-
copy	in	these	children	is	a	skilled	anesthetist.	The	child	may	be	
premedicated	with	SABAs.	Adverse	events	are	very	rare.	We	have	
seen	acute	severe	bronchospasm	on	one	occasion,	which	rapidly	
responded	 to	 treatment.	 Close	 post-procedure	 monitoring	 of	
the	child	is	essential.

none;	if	this	is	put	in	place,	it	is	essential	to	check	that	the	seem-
ingly	obvious,	namely	that	therapy	is	directly	observed,	is	actu-
ally	 happening.	 One	 child	 told	 us	 that	 the	 school	 nurse	 was	
always	working	at	a	desk	with	her	back	to	the	child	when	sup-
posedly	directly	observing	therapy!

Deferring	 investigations	 for	 psychological	 intervention	 are	
common.	 Psychological	 interventions	 may	 be	 effective.98	 In	
general,	 individualized	 plans	 work	 best.99–101	 Of	 course,	 these	
may	be	combined	with	the	other	interventions	outlined	above,	
and	also	with	invasive	investigations.

Addressing	 allergen	 exposure	 in	 the	 home	 is	 notoriously	
difficult,	especially	if	the	allergen	concerned	originates	from	a	
much-loved	family	pet	(the	English	disease).	Frequently,	the	cat	
will	be	sent	away	 for	a	short	 time	and	then	allowed	to	return	
because	the	child’s	asthma	has	not	improved;	however,	at	least	
a	year’s	separation	is	necessary	substantially	to	reduce	the	aller-
gen	load.	We	do	not	prescribe	omalizumab	to	any	child	unless	
every	 effort	 to	 reduce	 the	 environmental	 allergen	 burden	 has	
been	made.

The	fact	that	many	children	with	apparent	severe	asthma	just	
need	to	get	basic	management	right	has	been	reported	by	others,	
and	has	been	 the	bugbear	of	 intervention	 study	design;	 those	
with	apparently	severe	asthma	tend	to	melt	away	when	proper,	
protocol-driven	management	is	put	in	place.

The	 remainder	of	 the	 children	continue	 in	 the	protocol	 as	
outlined	in	the	next	section.

Is  the  Distinction  Between  ‘Difficult  Asthma’  and  ‘Severe, 
Therapy-Resistant Asthma’ Meaningful?  We	have	published	
follow-up	data	for	78	children.102	Those	assigned	to	the	difficult	
asthma	group	were	able	to	reduce	their	prescribed	dose	of	ICS	
(although	perhaps	in	reality	they	were	actually	taking	it	for	the	
first	time)	while	increasing	their	FEV1	and	having	fewer	pred-
nisolone	bursts	than	the	children	with	severe,	therapy-resistant	
asthma.	 This	 is	 in	 accord	 with	 the	 multifaceted	 intervention	
studies	 reported	 in	 those	 with	 less	 severe	 asthma.103,104	 The	
severe,	 therapy-resistant	 group	 had	 smaller	 increases	 in	 FEV1	
but	 were	 unable	 to	 reduce	 treatment.	 We	 concluded	 that	 the	
groups	behaved	differently,	and	the	distinction	was	useful.	We	
also	 assessed	 whether	 or	 not	 the	 two	 groups	 could	 be	 distin-
guished	from	basic	measurements;	however,	although	children	
with	severe,	therapy-resistant	asthma	had	a	lower	FEV1%	pre-
dicted,	more	bronchodilator	reversibility	and	a	higher	FeNO50	
than	those	with	difficult	asthma,	the	overlap	between	the	groups	
made	placing	all	individuals	into	the	correct	category	an	impos-
sibility.	 A	 similar	 result	 was	 reported	 by	 the	 Severe	 Asthma	
Research	 Program	 (SARP)	 group,	 namely	 statistically	 signifi-
cant	 but	 clinically	 unreliable	 differences	 between	 severe	 and	
moderate	asthma	in	terms	of	FEV1	and	FeNO50.

105

Research Implications. The	categorization	into	difficult	and	
severe,	therapy-resistant	asthma	has	important	implications	for	
the	 interpretation	of	research	studies,	 such	as	genetic	associa-
tion	studies.	Cohorts	of	children	with	‘severe	asthma’	who	have	
not	gone	through	a	detailed	filtering	process	will	be	diluted	by	
at	least	50%	with	children	for	whom	the	basics	have	simply	not	
been	addressed,	and	therefore	may	not	be	comparable	to	those	
with	truly	therapy-resistant	asthma.

INVASIVE TESTING

Typically	 children	 with	 severe,	 therapy-resistant	 asthma	 have	
very	major	problems	with	asthma	(Table	37-6),	thus	justifying	

Parameter Mean Result (range)

Symptoms	(ACT) 13/25	(9–17)
Symptom	duration	(years) 10.1	(9.3–12.7)
Number	intubated 11/53	or	21%
FEV1	%predicted 69	(55–87)
Acute	FEV1	response	to	1	mg	of	

albuterol	(%)
15.6	(5.5–23.4)

FeNO50	(ppb) 50	(29–70)
Mean	sputum	eosinophils	(%) 7.5	(3.2–30.4)

TABLE 
37-6 

Characteristics of Children with Severe, 
Therapy-Resistant Asthma104

1.	 Is	there	phenotype	discordance:	a	disconnect	between	
symptoms	and	airway	inflammation?	Anti-inflammatory	
medication	is	not	escalated	if	the	airway	is	not	inflamed,	and	is	
intensified	in	an	exacerbating	child	if	there	is	airway	
inflammation	when	the	child	is	asymptomatic

2.	 Is	the	airway	inflamed	at	all,	and	if	so,	what	is	the	pattern	of	
inflammation?

3.	 Is	the	child	partially	or	totally	steroid	responsive,	or	steroid	
resistant?

4.	 Does	the	child	have	persistent	airflow	limitation?	Therapy	for	
airflow	obstruction	is	not	escalated	if	the	child	has	reached	the	
plateau	of	the	dose-response	curve

TABLE 
37-7 

Four Key Questions Answered by Invasive 
Investigation of Children with Severe, 
Therapy-Resistant Asthma
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is	 clearly	 needed	 in	 order	 to	 delineate	 the	 proinflammatory	
mechanisms	driving	pediatric	severe,	therapy-resistant	asthma.

There	is	an	important	implication	of	the	above	findings.	An	
increasing	 number	 of	 studies	 of	 anti-Th2	 cytokine	 strategies,	
such	as	mepolizumab	(anti-IL-5,117	lebrikizumab	(anti-IL-13)118	
and	 dopilumab	 (IL-4	 receptor	 alpha	 chain)119	 have	 recruited	
children	aged	12	years	and	older,	although	they	are	largely	dom-
inated	 by	 adult	 participants.	 It	 is	 essential	 that	 the	 promising	
results	 in	 these	 trials	are	not	uncritically	extrapolated	 to	chil-
dren.	It	may	be	justified	to	perform	a	therapeutic	n-of-1	trial	in	
a	child	doing	badly	on	all	therapies,	but	further	trials	in	children	
are	needed,	 including	measurements	of	Th2	cytokines,	before	
Th2	cytokine	strategies	can	be	widely	recommended	in	pediat-
ric	severe,	therapy-resistant	asthma.

Assessment of Steroid Responsiveness.  It	is	likely	that	steroid	
responsiveness	is	a	continuum;	true	steroid	unresponsiveness	is	
likely	confined	to	rare	cases	of	mutations	in	the	corticosteroid	
receptor.	 The	 widely	 accepted	 adult	 definition	 of	 steroid	
response120,121	 is	≥15%	 predicted	 increase	 in	 FEV1	 in	 patients	
with	bronchodilator	reversibility	(BDR)	of	≥12%	from	baseline	
and	an	abnormal	FEV1	 (≤80%)	prior	 to	 the	 trial.	There	 is	no	
accepted	definition	in	children,	and	the	adult	definition	cannot	
be	applied	to	around	half	of	our	pediatric	patients	with	severe,	
therapy-resistant	asthma,	mainly	because	their	baseline	spirom-
etry	 is	not	 sufficiently	abnormal	prior	 to	 the	 trial,106	 and	also	
because	spirometry	is	often	a	poor	reflection	of	asthma	severity	
in	children	(see	above).	Furthermore,	there	is	no	consensus	on	
the	dose	and	duration	of	corticosteroids	for	the	trial.	We	opted	
to	use	triamcinolone	intramuscularly	to	ensure	adherence.	We	
use	a	multimodality	definition	of	steroid	responsiveness	(Table	
37-8).122	 Most	 children	 are	 partial	 responders,	 about	 10%	 are	
total	 nonresponders	 and	 10%	 completely	 responsive	 in	 all	
domains	(complete	responders).	Some	children	who	were	non-
responsive	 according	 to	 the	 adult	 definition	 were	 partial	
responders	in	the	multidomain	assessment.	We	have	also	shown	
that	additional	doses	of	triamcinolone	do	not	change	the	cat-
egory	of	responsiveness	(unpublished	observations).	While	the	
clinical	utility	of	this	approach	has	yet	to	be	confirmed,	it	might	
serve	as	a	useful	template	for	current	research;	so,	for	example,	
an	 intervention	 with	 an	 anti-inflammatory	 medication	 might	
be	expected	primarily	to	affect	the	inflammatory	domain.

Assessment  of  PAL.  The	 definition	 of	 PAL	 is	 relatively	 easy;	
FEV1	 <80%	 (or	 better,	 −1.96	Z	 [standard	 deviation]	 scores)	
despite	a	trial	of	systemic	steroids	and	acute	administration	of	
SABAs.	However,	 the	dose,	duration	and	route	of	administra-
tion	of	steroids	has	still	to	be	agreed,	as	has	the	dose	of	SABAs.	
We	 have	 shown	 that	 neither	 40	mg	 of	 prednisolone	 for	 2	
weeks123	 nor	 a	 single	 dose	 of	 triamcinolone	 combined	 with	
1	mg	albuterol	inhaled	from	a	large	volume	spacer124	is	adequate	

Assessment of Airway Inflammation.  We	do	not	see	neutro-
philic	inflammation	in	children	with	severe	asthma,106	which	is	
in	marked	contrast	to	what	is	seen	in	adults.	Instead,	 induced	
sputum,	BAL	and	endobronchial	biopsy	are	eosinophil	domi-
nated,	although	there	are	marked	variations	between	individu-
als	in	the	extent	of	eosinophilia.	Hence,	a	neutrophilic	phenotype	
should	prompt	reconsideration	of	the	diagnosis.	There	tends	to	
be	 agreement	 between	 induced	 sputum	 and	 BAL,	 but	 discor-
dance	between	these	luminal	compartments	and	the	airway	wall	
histology.107	 It	 is	 not	 clear	 which	 is	 most	 relevant	 to	 disease	
pathophysiology.	 The	 relationship	 between	 FeNO	 and	 airway	
eosinophilia	is	discussed	below.

Given	 the	 marked	 eosinophilic	 phenotype,	 a	 Th2	 cytokine	
profile	 would	 be	 expected,	 but	 two	 pediatric	 severe	 asthma	
studies	have	failed	to	confirm	this.	We	studied	induced	sputum	
supernatant,	BAL	using	both	the	Luminex	and	CBA	platforms,	
and	 performed	 immunohistochemistry	 on	 endobronchial	
biopsies,	and	found	scant	evidence	of	the	Th2	signature	cyto-
kines	 IL-4,	 IL-5	 and	 IL-13.106	 The	 SARP	 group	 also	 failed	 to	
find	evidence	of	Th2-driven	 inflammation.108	They	 compared	
severe,	 therapy-resistant	 asthma	 with	 mild-moderate	 disease	
and	showed	that	the	cytokines	which	best	discriminated	between	
the	two	groups	were	GRO	(CXCL1),	RANTES	(CCL5),	 IL-12,	
interferon-gamma	 (IFN-γ)	 and	 IL-10.	 They	 concluded	 that	
pediatric	 severe,	 therapy-resistant	 asthma	 was	 neither	 a	 Th1-	
nor	a	Th2-driven	disease.	Gene	expression	 studies	of	 the	 sort	
that	have	generated	the	Th2	high	and	low	groups	in	adults	have	
so	 far	 not	 been	 performed	 in	 children.109	 Whether	 those	 few	
children	in	whom	Th2	cytokines	are	detectable	(see	above)	are	
in	fact	Th2	high	remains	to	be	seen.	In	this	context	it	should	be	
noted	that	periostin,	a	useful	serum	biomarker	in	adults	for	the	
Th2	 high	 phenotype,	 is	 not	 useful	 in	 children	 because	 it	 is	
released	from	growing	bone.

The	findings	of	 these	 two	 large	studies	described	above	do	
not	necessarily	show	that	Th2	cytokines	are	unimportant	in	the	
pathophysiology	 of	 severe	 asthma.	 All	 children	 with	 severe,	
therapy-resistant	asthma	are	by	definition	prescribed	high-dose	
ICS,	and	it	may	be	that	the	Th2	component	of	their	disease	is	
abrogated	by	this	therapy.	What	these	studies	do	suggest	is	that	
the	factors	driving	ongoing	disease	are	different	from	those	in	
adults.	Attention	is	shifting	to	the	epithelial-derived	cytokines	
(IL-25,	 IL-33,	 thymic	 stromal	 lymphopoietin	 [TSLP])	 as	 pos-
sible	 candidates,	 perhaps	 interacting	 with	 innate	 lymphoid	
cells.110	We	have	shown	that	IL-33	promoted	collagen	synthesis	
by	 fibroblasts	 from	 pediatric	 patients	 with	 severe	 asthma.111	
We	 also	 showed	 that	 increased	 cellular	 expression	 of	 IL-33,		
but	not	IL-13,	was	associated	with	increased	reticular	basement	
membrane	 thickness	 in	 endobronchial	 biopsies.	 IL-33	 also	
stained	 strongly	 in	 the	 endobronchial	 biopsies.	 The	 results		
were	supported	by	animal	data.	Also,	a	recent	study	of	a	mono-
clonal	antibody	(AMG	157),	which	prevents	TSLP	interacting	
with	 its	 receptor,	 led	 to	marked	attenuation	of	both	 the	early	
and	late	phase	allergen	response	in	adults	with	mild	asthma,112	
a	 surprising	 finding	 given	 that	 only	 a	 single	 cytokine	 was	
blocked.113

The	Th17	pathway	has	been	considered	another	candidate,	
at	least	in	adults,	but	it	possibly	more	likely	drives	a	neutrophilic	
phenotype,	 and	 thus	 is	 an	 unlikely	 candidate	 in	 children.	
However,	 eosinophil	 chemoattraction	 by	 IL-17	 has	 been	
reported,	at	least	in	animal	models.114,115	Furthermore,	a	recent	
trial	 of	 the	 monoclonal	 anti-IL-17	 receptor	 antibody	 broda-
lumab	in	adults	showed	disappointing	results.116	Further	work	

Modality Response

Symptoms ACT	>19/25	or	50%	increase
Spirometry FEV1	>	80%	predicted	or	15%	increase
FeNO50 Falls	to	<24	ppb
Sputum	eosinophils Falls	to	<2.5%

TABLE 
37-8 

Domains and Definition of Steroid 
Responsiveness
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to	low-dose	oral	prednisolone,	delivering	steroid	by	the	
blood-borne	rather	than	the	airborne	route.

•	 Oral	 prednisolone:	 the	 non-evidence-based	 starting	
dose	 is	 0.5	mg/kg,	 tapering	 down	 to	 the	 lowest	 dose	
needed	to	control	the	disease.	If	this	comes	at	the	price	
of	 unacceptable	 side-effects,	 then	 a	 steroid-sparing	
agent	(see	below)	should	be	considered.

•	 Intramuscular	triamcinolone:	there	is	no	evidence	that	
this	offers	any	advantage	other	than	in	assuring	adher-
ence,	which	 is	an	 insufficient	reason	for	using	 it	other	
than	for	a	steroid	trial	(see	above).	Indeed,	if	it	is	used	
as	a	‘quick	fix’	for	nonadherence,	there	is	a	risk	that	the	
child	will	continue	to	use	it	long	term	with	the	risk	of	
severe	steroid	side-effects.

•	 SMART	regimen:143–145	we	use	this	simple	approach	par-
ticularly	in	adolescents,	and	also	consider	it	in	the	child	
with	 symptoms	and	ongoing	peak	flow	variability	but	
without	evidence	of	eosinophilic	airway	inflammation.	
It	could	be	argued	that	a	LABA	as	a	single	inhaler	added	
to	the	child’s	base	medications	would	be	more	 logical,	
but	given	the	risks	of	a	LABA	as	a	single	agent,	we	prefer	
the	compromise	of	the	additional	ICS.	The	risk	of	this	
strategy	 is	 that	 it	 relies	on	adequate	 symptom	percep-
tion,	which	may	not	always	be	the	case	in	children	with	
severe	asthma	(see	above).

•	 Low-dose	 theophylline:	 there	 is	 laboratory	 evidence,	
and	 data	 from	 adult	 studies,	 that	 theophylline	 in	 a		
dose	 aimed	 at	 serum	 levels	 of	 5–10	µg/mL	 may	 have	
significant	anti-inflammatory	effects	and	restore	steroid	
responsiveness,	the	latter	making	it	particularly	attrac-
tive	in	steroid	complete	nonresponders.146–153	The	lower	
serum	levels	reduce	but	do	not	eliminate	the	risk	of	drug	
interactions	 and	 other	 side-effects.	 Despite	 the	 strong	
theoretical	 background,	 this	 approach	 has	 rarely	 been	
successful	in	our	hands.

3.	 Does the child meet criteria for SAFS?	 The	 definition	 of	
SAFS	is	given	in	Table	37-5.	The	results	of	trials	of	itra-
conazole	in	adults	are	conflicting	,154	but	voriconazole	has	
shown	benefit.155	Fungal	sensitization	in	children	may	be	
associated	 with	 a	 more	 severe	 phenotype,156	 but	 there	
are	 no	 randomized	 controlled	 trials	 of	 treatment.	 Our	
approach	is	first	to	minimize	environmental	fungal	expo-
sure	 in	 the	 home,	 including	 checking	 any	 nebulizer	 the	
child	 may	 have	 for	 fungal	 contamination,	 and	 banning	
visits	to	stables	(by	analogy	with	management	of	allergic	
bronchopulmonary	 aspergillosis	 in	 cystic	 fibrosis).	 If	
antifungals	are	to	be	used,	it	is	essential	to	remember	that	
these	 interact	 with	 ICSs,	 such	 that	 iatrogenic	 Cushing’s	
syndrome	 may	 be	 seen.157–160	 Anecdotally,	 antifungals	
have	been	successful	in	some	children.

4.	 Should nonstandard medications be used?	 The	 possible	
approaches	 are	 macrolide	 antibiotics,	 immunosup-
pressants,	 intravenous	 immunoglobulin	as	an	 immuno-
modulator,	 and	 a	 continuous	 subcutaneous	 infusion	 of	
terbutaline.
•	 Macrolide	antibiotics	are	the	safest	option,	and	may	be	

indicated	for	the	rare	child	with	a	neutrophilic	pheno-
type,	or	 if	 an	atypical	 infection	 is	 suspected.161,162	One	
study	 comparing	 azithromycin	 with	 montelukast	 as	
add-on	therapy	ended	in	futility,163	as	only	55	of	the	292	
who	 were	 symptomatic	 while	 prescribed	 ICSs	 and	
LABAs	 could	 be	 randomized;	 most	 of	 the	 rest	 were	

to	determine	whether	the	child	has	PAL,	but	it	is	doubtful	that	
a	higher	or	longer	duration	of	systemic	steroids	can	be	justified.	
Thus,	we	have	taken	the	pragmatic	decision	that	PAL	should	be	
at	least	provisionally	diagnosed	after	a	single	dose	of	triamcino-
lone	and	albuterol	as	above.

Treatment of Pediatric Severe, 
Therapy-Resistant Asthma
The	treatment	options,	with	the	exception	of	the	use	of	omali-
zumab,	are	 largely	anecdotally	based.125	The	following	scheme	
is	suggested.

1.	 Is omalizumab indicated?	Much	of	the	evidence	for	omali-
zumab	is	inevitably	in	less	severe	asthma,126–135	but	if	the	
child	meets	national	guidelines	for	asthma	and	has	been	
assessed	 in	detail	 as	above	and	 found	 to	have	persistent	
eosinophilic	airway	inflammation	on	bronchoscopy,	and	
every	effort	has	been	made	to	reduce	the	allergen	burden	
in	his/her	environment,	 then	we	recommend	a	16-week	
trial	 of	 omalizumab,	 with	 detailed	 monitoring	 of	 the	
response.	Although	guidelines	mandate	aeroallergen	sen-
sitization,	 omalizumab	 may	 be	 trialed	 in	 the	 rare	 non-
atopic	child	with	IgE	in	the	range	for	which	omalizumab	
is	 indicated.136	 If	 after	 16	 weeks	 there	 is	 no	 benefit,	 we	
discontinue	therapy.

2.	 Should standard medications be used in novel ways?	
Options	are	high-dose	ICSs,	fine	particle	ICSs,	oral	pred-
nisolone	 and	 intramuscular	 triamcinolone;	 the	 SMART	
regimen	 (a	 single	 combination	 ICS	 and	 LABA	 device,	
usually	a	Symbicort	Turbohaler™);	and	low-dose	theoph-
ylline	(anti-inflammatory	dose)	if	not	already	used	prior	
to	referral.	For	all	but	the	SMART	regimen,	demonstra-
tion	 of	 ongoing	 eosinophilic	 airway	 inflammation	 is	
essential.	 Steroid	 total	nonresponders	who	have	eosino-
philic	 inflammation	should	only	be	considered	 for	 low-
dose	theophylline	and	not	the	steroid	based	regimens.
•	 High-dose	ICS:	for	most	children,	the	plateau	of	the	ICS	

dose	response	curve	is	100	µg	twice	daily	of	fluticasone,4	
and	 escalation	 of	 dosing	 risks	 increased	 side-effects.	
However	a	small	minority	of	children	with	asthma	may	
benefit	from	increasing	the	dose	to	as	high	as	2000	µg/
day.137	However,	 if	 there	 is	no	response	to	dose	escala-
tion,	 it	 is	 essential	 that	 the	 ICS	 is	 promptly	 stepped	
down	to	the	lowest	possible	dose.

•	 Fine	particle	 ICS:	 there	 is	 evidence	 from	adult	 studies	
that	 some	 patients	 with	 asthma	 may	 have	 very	 distal	
inflammation	 on	 transbronchial	 biopsy	 (TBB).138–140	
These	 studies	 have	 not	 been	 performed	 in	 children	
because	of	fears	of	the	risks	of	TBB.	There	is	also	physi-
ological	evidence	from	alveolar	NO	concentration	(Calv)	
measurements	of	distal	airway	 inflammation	 in	adults	
with	asthma,	with	response	both	symptomatically	and	
physiologically	 to	 fine	 particle	 ICS	 or	 systemic	 ste-
roids.141,142	There	is	too	much	variability	in	Calv	for	it	to	
be	 used	 as	 a	 biomarker	 in	 individual	 children,46	 and	
there	is	no	evidence	for	this	approach	in	severe,	therapy-
resistant	 asthma.	 However,	 a	 trial	 of	 fine	 particle	 ICS	
may	 be	 worth	 considering,	 with	 its	 discontinuation	 if	
there	is	no	benefit.	Finally,	it	is	interesting	to	speculate	
whether	or	not	the	distal	airway	inflammation	is	related	
to	poor	peripheral	deposition	of	ICS,	and	might	respond	
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patients	are	 typically	characterized	by	mixed	eosinophilic	and	
neutrophilic,	 or	 pure	 neutrophilic	 inflammation.177–179	 At	 the	
other	 extreme,	 very	 high	 allergen	 exposure	 can	 cause	 acute	
exacerbations	(e.g.	 thunderstorm	asthma180	and	the	Barcelona	
soya	 bean	 epidemic	 asthma179)	 and	 thunderstorm	 asthma	 at	
least	is	characterized	by	airway	eosinophilia.181

In	school-age	children	with	multiple	exacerbations,	we	aim	
to	increase	the	baseline	dose	of	ICS	to	abolish	interval	sputum	
eosinophilia,	 the	 effects	of	which	are	best	 shown	 through	 the	
proof	 of	 concept	 anti-IL5	 studies.182,183	 LABAs	 also	 reduce	
exacerbations.184–186	 Allergen	 sensitization	 is	 identified	 and	
avoidance	measures	advised.	High-dose	ICS187	or	LTRAs188	may	
be	considered	at	the	first	sign	of	a	viral	exacerbation.	However,	
none	of	these	measures	will	completely	obviate	the	need	for	oral	
corticosteroids.	 Finally,	 if	 exacerbations	 are	 of	 very	 sudden	
onset,	 with	 rapid	 deterioration	 over	 minutes,	 we	 provide	 the	
child	with	a	 source	of	 injectable	epinephrine	 (Epipen™).	The	
hospital	 treatment	of	acute	exacerbations	 is	beyond	the	scope	
of	this	chapter.

Monitoring the Child with  
Severe, Therapy-Resistant  
Asthma on Treatment
MONITORING TREATMENT BENEFIT

It	 might	 be	 thought	 on	 the	 basis	 of	 research	 in	 adults	 with	
asthma	 that	 monitoring	 therapy	 in	 the	 inflammatory	 pheno-
types	 would	 be	 beneficial	 in	 children.189,190	 However,	 the	 only	
trial	 in	 children	 with	 severe,	 therapy-resistant	 asthma	 using	
induced	sputum	every	3	months	 to	guide	 the	dose	of	 inhaled	
corticosteroids	 was	 negative.191	 While	 a	 post	 hoc	 analysis	 did	
suggest	a	reduction	in	acute	asthma	attacks	in	the	month	after	
the	 sputum	 measurement	 in	 children	 who	 were	 monitored	
using	 the	 sputum	 strategy,	 there	 is	 currently	 insufficient	 evi-
dence	 to	 recommend	 induced	 sputum	 or	 FeNO50	 to	 monitor	
severe	asthma.	Two	studies	may	help	explain	why	this	is	the	case.	
In	the	first	of	these,	the	variability	of	sputum	phenotype	longi-
tudinally	was	determined	in	children	with	either	mild/moderate	
or	 severe	 asthma,	 and	 spontaneous	 phenotype	 changes	 were	
common	in	both	groups	and	not	predictable.	This	is	in	marked	
contradistinction	 to	 results	 in	 adults	 who	 appear	 to	 be	 much	
more	stable	over	time.192	The	second	study	reported	the	relation-
ship	 between	 sputum	 eosinophil	 count	 and	 FeNO50	 in	 severe	
therapy-resistant	asthma:	148	samples	were	concordant	(eosin-
ophil	positive,	FeNO50	positive	=	77;	both	negative	=	71)	and	49	
(25%)	were	discordant	(eosinophil	positive,	FeNO50	negative	=	
25;	eosinophil	negative,	FeNO50	positive	=	24).	Fifty-nine	chil-
dren	produced	at	least	two	sputum	samples.	Of	these,	31	(53%)	
were	consistently	concordant,	24	(41%)	were	discordant	in	one	
sample	 but	 concordant	 on	 at	 least	 one	 other	 occasion	 (one	
showed	 discordance	 in	 both	 directions	 and	 concordance	 in	 a	
third	 sample)	 and	 only	 four	 (7%)	 demonstrated	 consistently	
discordant	 levels.193	 Thus,	 these	 two	 markers	 cannot	 be	 used	
interchangeably,	and	neither	can	currently	be	recommended	for	
monitoring	children	with	acute	severe	asthma.194

MONITORING SIDE-EFFECTS

In	addition	 to	 standard	monitoring	 for	both	asthma	and	sys-
temic	 steroid	 therapy,	 the	 question	 of	 adrenal	 insufficiency	
must	be	considered.	Clearly,	adrenal	suppression	is	inevitable	if	

nonadherent	or	did	not	have	asthma	at	all,	underscoring	
the	need	for	detailed	evaluation	of	these	patients	before	
uncritical	 acceptance	 of	 the	 diagnosis	 ‘severe	 asthma’.	
However,	in	the	small	group	who	were	actually	studied,	
the	results	were	not	encouraging.

•	 Immunoglobulin	 infusions:	 the	 evidence	 is	 scanty	 in	
adults,	and	anecdotal	and	conflicting	 in	children.164–167	
As	 with	 immunosuppressants,	 immunoglobulin	 infu-
sions	are	used	only	in	children	with	evidence	of	ongoing	
airway	inflammation	which	is	either	steroid	resistant	or	
only	 responsive	 at	 the	 cost	 of	 major	 side-effects.	 One	
small	study	in	teenagers	with	steroid-dependent	asthma	
showed	a	reduction	in	maintenance	oral	steroids,	steroid	
bursts	and	hospitalizations	for	asthma.	The	authors	sug-
gested	that	the	mechanism	may	be	a	synergistic	interac-
tion	 with	 dexamethasone	 in	 suppressing	 lymphocyte	
activation	and	also	significant	improvement	in	the	glu-
cocorticoid	receptor-binding	affinity.168

•	 Immunosuppressants	are	used	in	children	on	the	basis	
of	small	case	series	(methotrexate,169,170	cyclosporine171)	
or	 no	 published	 evidence	 (azathioprine).	 Nebulized	
cyclosporine	may	be	an	attractive	way	of	deriving	ben-
efits	while	avoiding	systemic	toxicity,	but	has	only	been	
used	after	lung	transplantation

•	 Subcutaneous	terbutaline	infusions	may	be	considered	
in	 children	 with	 ongoing	 documented	 labile	 airflow	
obstruction	and	no	underlying	airway	inflammation.172	
This	is	a	rare	group,	and	the	evidence	base	is	a	small	case	
series.	We	now	perform	a	double	blind	n-of-1	therapeu-
tic	trial,	but	rarely	find	any	benefit.

5.	 What about other biological agents?	 The	 differences	 in	
pathophysiology	 between	 childhood	 and	 adult	 severe	
asthma	 have	 been	 highlighted	 above.	 Nonetheless,	 in	 a	
child	who	has	persistent	eosinophilic	inflammation	with	
ongoing	 symptoms,	 either	 totally	 steroid	 responsive	 or	
suffering	 major	 steroid	 side-effects,	 and	 particularly	 in	
the	rare	case	of	documented	Th2	activation,	a	trial	of	one	
of	 the	 monoclonal	 Th2	 strategies	 (see	 above)	 could	 be	
justified	on	compassionate	grounds.

6.	 Physical methods?	 There	 is	 no	 evidence	 to	 recommend	
bronchial	 thermoplasty	 in	 children,	 and	 indeed	 the	
potential	 long-term	 consequences	 of	 this	 procedure	 on	
the	growing	airway	are	a	concern.

A DIFFICULT SPECIFIC PROBLEM: TREATMENT 
OF THE EXACERBATING PHENOTYPE

Acute	 asthma	 exacerbations	 cause	 considerable	 morbidity,	
sometimes	death,	but	are	fortunately	not	a	feature	of	all	children	
with	 asthma.	 Exacerbations	 cannot	 be	 abolished	 completely.	
Exacerbation	and	loss	of	baseline	control	are	not	the	same	thing;	
loss	 of	 baseline	 control	 is	 characterized	 by	 wide	 diurnal	 peak	
expiratory	 flow	 variation	 and	 acute	 exacerbation	 by	 a	 steep	
decline	in	peak	flow,	with	no	increased	variability.173	Children	
may	 have	 good	 control,	 but	 still	 show	 exacerbations,174	 and	
increasing	 the	 doses	 of	 preventer	 and	 controller	 medications	
taken	 between	 exacerbations	 merely	 increases	 the	 risk	 side-
effects.	However,	poor	control175	and	previous	severe	exacerba-
tions175,176	both	predict	future	acute	exacerbations.

In	older	children,	the	combination	of	respiratory	viral	infec-
tion	and	both	sensitization	and	exposure	in	the	home	to	high	
allergen	 levels	 is	 strongly	 predictive	 of	 exacerbation.92	 These	
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reversibility.	However,	 the	 real	pathophysiological	 significance	
of	vitamin	D	deficiency	remains	in	doubt	for	two	reasons.	First,	
cross-sectional	studies	cannot	disentangle	cause	from	effect	and	
it	is	entirely	possible	that	low	vitamin	D	results	from	immobility	
and	 lack	 of	 sunlight	 exposure	 due	 to	 severe	 asthma.	 Second,	
treatment	 effects	 are	 confounding	 as,	 for	 obvious	 reasons,	
studies	 have	 not	 included	 untreated	 patients	 with	 severe,	
therapy-resistant	asthma.	However,	it	would	seem	reasonable	to	
give	vitamin	D	 supplements	 to	 children	with	 severe,	 therapy-
resistant	asthma	who	have	suboptimal	serum	levels.

LESSONS FROM PEDIATRIC SARP

The	key	findings	of	the	pediatric	studies	within	this	large	study	
are:

•	 Cluster	analysis	identified	four	asthma	clusters,	with	severe	
asthma	 being	 present	 in	 all	 four.	 The	 clusters	 were	 (1)	
relatively	normal	lung	function	and	less	atopic;	(2)	slightly	
worse	lung	function,	more	atopic	and	increased	symptoms	
and	 medication	 use;	 (3)	 more	 co-morbidity,	 increased	
bronchial	 responsiveness	 and	 lower	 lung	 function;	 and		
(4)	lowest	lung	function	and	greatest	symptoms	and	medi-
cation	 use.203	 Worryingly,	 children	 with	 severe	 asthma	
had	 progressive	 airflow	 obstruction,	 but	 it	 was	 unclear	
whether	this	was	the	result	of	progression	of	remodeling	
or	impaired	lung	growth.204

•	 Breath	 condensate	 pH	 was	 the	 same	 in	 children	 with	
severe	 and	 milder	 asthma,205	 but	 breath	 condensate	
formate	 concentration	 was	 significantly	 higher	 in	 those	
with	severe	asthma,	possibly	related	to	 increased	catabo-
lism	of	endogenous	S-nitrosothiols.206

•	 Children	with	severe	asthma	may	have	dysregulated	mac-
rophage	function,	manifest	by	decreased	phagocytic	func-
tion	and	increased	apoptosis.207	Dysregulated	glutathione	
metabolism	 was	 associated	 with	 increased	 oxidative	
stress208	 and	 impacted	 alveolar	 macrophage	 function	 in	
severe	compared	to	milder	asthma.209

Severe, Therapy-Resistant Asthma: 
The Future?
Prevention	 is	 always	 better	 than	 treatment.	 We	 need	 to	 be	
smarter	 at	 understanding	 and	 preventing	 nonadherence,	 and	
also	 detecting	 it.	 Internet	 technology	 is	 the	 key	 way	 forward	
with	alerts	to	remind	patients	to	take	therapy,	and	using	devices	
that	detect	 correct	 activation	and	not	 just	whether	 the	device	
has	 been	 activated.	 Perhaps	 adherence	 issues	 with	 teenagers	
would	disappear	if	their	smartphones	were	automatically	inac-
tivated	whenever	they	did	not	take	their	medications!

The	 planning	 of	 treatment	 for	 severe,	 therapy-resistant	
asthma	will	 improve.	The	term	‘severe	asthma’	will	become	as	
obsolete	 as	 the	 unqualified	 terms	 ‘severe	 anemia’	 or	 ‘severe	
arthritis’.	Crude	planning	on	the	basis	of	a	single	cell	type	mea-
sured	on	a	single	occasion	will	surely	be	replaced	by	sophisti-
cated	analyses	of	gene	up-	and	down-regulation,	using	induced	
sputum	or	upper	airway	cells,210	or	exhaled	breath	analysis	with	
devices	such	as	the	electronic	nose.211	We	will	follow	the	example	
of	oncologists,	who	are	now	looking	for	tumor	gene	expression	
signatures	 and	 matching	 these	 to	 medications	 which	 reverse	
these	 changes.	This	 approach	has	 identified	 sodium	valproate	
as	a	possible	treatment	for	triple	negative	breast	cancer,212	not	

the	 child	 is	 on	 any	 but	 the	 lowest	 dose	 of	 oral	 steroids.	 Most	
recommend	 a	 synacthen	 test	 for	 children	 on	 high-dose	 ICSs,	
but	 the	dose	of	adrenal	corticotrophin,	 the	sampling	protocol	
and	the	frequency	at	which	the	test	is	performed	are	still	con-
troversial.	Our	current	recommendation	is	for	an	annual	stan-
dard	synacthen	test.

ROLE OF AN ANNUAL ASSESSMENT?

There	is	a	strong	case	to	be	made	for	a	structured	annual	assess-
ment	in	all	children	with	severe,	therapy-resistant	asthma.	This	
should	 include	 a	 re-evaluation	 of	 adherence	 (see	 above)	 and	
allergen	 exposure,	 as	 well	 as	 screening	 questionnaires	 at	 least	
for	psychological	morbidity.	Spirometry	and	acute	bronchodi-
lator	responsiveness,	sputum	induction	and	FeNO50	should	also	
be	part	of	the	evaluation.	The	annual	assessment	also	provides	
the	opportunity	to	evaluate	side-effects	with	measurements	of	
height	 and	 weight,	 blood	 pressure,	 urinalysis	 and	 the	 perfor-
mance	of	a	short	synacthen	test.	Following	this	reassessment,	a	
multidisciplinary	planning	meeting	is	held.

Recent Advances in Pathophysiology
Very	 little	 is	 known	 about	 the	 pathophysiology	 of	 severe,	
therapy-resistant	asthma	in	children.	This	section	summarizes	
the	findings	of	some	recent	studies.	However,	there	is	no	defini-
tive	evidence	in	this	field.

GENETICS

Most	genetic	association	studies	have	been	in	mild	to	moderate	
asthma,	which	is	often	very	poorly	phenotyped	–	‘doctor	diag-
nosed	 asthma’.	 Very	 few	 studies	 have	 performed	 the	 sort	 of	
detailed	assessments	described	above.

Genetic	and	other	studies	suggest	that	PDCD4	is	important	
in	 inflammatory	 responses	 in	 severe	 asthma,	 with	 multiple	
plausible	mechanisms.195,196

RESPONSE TO VIRAL INFECTIONS

We	 compared	 children	 with	 severe,	 therapy-resistant	 asthma	
with	 non-allergic	 healthy	 controls,197	 and	 showed	 that,	 as	 in	
adults,198–201	an	impaired	innate	antiviral	response	to	rhinovirus	
is	a	feature	of	severe,	therapy-resistant	asthma.

VITAMIN D

Vitamin	 D,	 once	 thought	 to	 be	 of	 importance	 just	 in	 bone	
health,	is	now	known	to	have	many	immunomodulatory	prop-
erties.	Importantly,	‘normal’	ranges	for	serum	vitamin	D	levels	
are	based	on	bone	health;	the	optimal	values	for	immunological	
function	are	unknown	and	may	not	be	the	same.

We	 showed	 a	 stepwise	 relationship	 between	 asthma	 and	
25(OH)D(3)	 levels:	 lowest	 in	 severe,	 therapy-resistant	 asthma	
and	intermediate	in	mild/moderate	asthma.202	There	was	a	posi-
tive	 relationship	 between	 25(OH)D(3)	 levels	 and	 percentage	
predicted	 FEV1.	 25(OH)D(3)	 levels	 were	 positively	 associated	
with	ACT	and	inversely	associated	with	exacerbations	and	ICS	
dose.	Airway	smooth	muscle	mass,	but	not	epithelial	shedding	
or	reticular	basement	membrane	thickness,	was	inversely	related	
to	25(OH)D(3)	levels	and	there	was	the	expected	positive	cor-
relation	 between	 smooth	 muscle	 mass	 and	 bronchodilator	
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chapter	 has	 proposed	 a	 systematic	 approach	 to	 treatment.	 It		
is	 essential	 to	 optimize	 basic	 management,	 and	 this	 is	 not	
achievable	without	a	skilled	multidisciplinary	team.	We	still	do	
not	really	understand	the	underlying	pathophysiology	of	very	
severe	 asthma	 and	 hence	 have	 no	 targeted	 treatments.	 It	 is		
not	safe	to	assume	that	adult	and	pediatric	severe	asthma	is	the	
same	 disease;	 compared	 with	 adults,	 in	 children	 with	 severe	
asthma,	 atopy	 is	 much	 more	 prominent,	 there	 is	 no	 gender		
difference	 or	 increased	 prevalence	 of	 obesity,	 and	eosino-
philic	 not	 neutrophilic	 airway	 inflammation	 is	 the	 rule.	 Fur-
thermore,	eosinophilic	asthma	is	 in	 the	main	not	Th2	driven,	
meaning	that	the	successful	use	of	anti-Th2	strategies	in	adults	
may	 not	 be	 replicated	 in	 children.	 There	 is	 a	 great	 need	 for	
mechanistic	studies	and	randomized	controlled	trials	of	treat-
ment	 in	 well-characterized	 groups	 of	 children	 with	 severe	
asthma,	but	these	will	only	be	possible	once	there	is	multination	
and	multicenter	 cooperation	 in	adopting	 standardized	assess-
ment	protocols.

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

an	immediately	obvious	compound	in	this	context.	Of	course,	
this	 innovative	 approach	 risks	 reversing	 what	 is	 a	 protective	
change,	but	must	surely	replace	putting	steroids	in	the	tap	water	
to	control	asthma.

Will	 pharmacogenomics	 deliver	 personalized	 therapy?	 It	 is	
likely	 that	 something	 more	 sophisticated	 than	 just	 looking	 at	
DNA	 will	 be	 needed.	 The	 complexities	 of	 gene-environment	
interactions	have	shown	that	the	effect	of	CD14	polymorphisms	
is	 dependent	 on	 whether	 environmental	 lipopolysaccharide	
levels	 are	 high	 or	 low.213	 It	 seems	 likely	 that	 these	 gene-
environment	 interactions,	 probably	 also	 involving	 epigenetic	
influences,	may	also	influence	individual	medication	responses.

So,	 promising	 improvements	 can	 be	 expected	 in	 the	 near	
future	 for	 those	 with	 very	 severe	 asthma,	 with	 the	 ability	 to	
identify	those	who	respond	to	properly	administered	treatment,	
and	 a	 truly	 personalized	 program	 of	 therapy	 for	 those	 with	
severe,	therapy-resistant	asthma.

Summary and Conclusions
Severe	asthma	is	one	of	the	great	challenges	of	pediatric	pulm-
onology.	 Mismanagement	 may	 result	 in	 a	 dead	 child.	 This	

KEY REFERENCES

3.	 Chung	 KF,	 Wenzel	 SE,	 Brozek	 JL,	 Bush	 A,	
Castro	 M,	 Sterk	 PJ,	 et	al.	 International	 ERS/
ATS	 guidelines	 on	 definition,	 evaluation	 and	
treatment	of	severe	asthma.	Eur	Respir	J	2014;	
43:343–73.

6.	 Bush	 A,	 Saglani	 S.	 Management	 of	 severe	
asthma	in	children.	Lancet	2010;376:814–25.

16.	 de	Groot	EP,	Duiverman	EJ,	Brand	PL.	Comor-
bidities	of	asthma	during	childhood:	possibly	
important,	 yet	 poorly	 studied.	 Eur	 Respir	 J	
2010;36:671–8.

36.	 de	 Groot	 EP,	 Duiverman	 EJ,	 Brand	 PL.	 Dys-
functional	breathing	in	children	with	asthma:	
a	 rare	 but	 relevant	 comorbidity.	 Eur	 Respir	 J	
2013;41:1068–73.

40.	 Bracken	M,	Fleming	L,	Hall	P,	Van	Stiphout	N,	
Bossley	C,	Biggart	E,	et	al.	The	importance	of	
nurse-led	home	visits	in	the	assessment	of	chil-
dren	with	problematic	asthma.	Arch	Dis	Child	
2009;94:780–4.

106.	 Bossley	 C,	 Fleming	 L,	 Gupta	 A,	 Regamey	 N,	
Frith	 J,	Oates	T,	et	al.	Pediatric	 severe	asthma	
is	characterized	by	eosinophilia	and	remodel-
ing	 without	 TH2	 cytokines.	 J	 Allergy	 Clin	
Immunol	2012;129:974–82.

108.	 Fitzpatrick	 AM,	 Higgins	 M,	 Holguin	 F,		
Brown	LA,	Teague	WG,	National	Institutes	of		
Health/National	 Heart,	 Lung,	 and	 Blood		
Institute’s	 Severe	 Asthma	 Research	 Program.	
The	molecular	phenotype	of	severe	asthma	in	

children.	 J	 Allergy	 Clin	 Immunol	 2010;125:	
851–7.

125.	 Bush	 A,	 Pedersen	 S,	 Hedlin	 G,	 Baraldi	 E,	
Barbato	 A,	 de	 Benedictis	 F,	 et	al.	 Pharmaco-
logical	 treatment	 of	 severe,	 therapy-resistant	
asthma	 in	 children:	 what	 can	 we	 learn	 from	
where?	Eur	Respir	J	2011;38:947–58.

191.	 Fleming	L,	Wilson	N,	Regamey	N,	Bush	A.	Use	
of	sputum	eosinophil	counts	to	guide	manage-
ment	 in	 children	 with	 severe	 asthma.	 Thorax	
2012;67:193–8.

192.	 Fleming	L,	Tsartsali	L,	Wilson	N,	Regamey	N,	
Bush	A.	Sputum	inflammatory	phenotypes	are	
not	 stable	 in	 children	 with	 asthma.	 Thorax	
2012;67:675–81.

http://www.expertconsult.inkling.com
http://www.expertconsult.inkling.com


	 37  Refractory Childhood Asthma: Assessment and Management 353.e1

REFERENCES

1.	 Lang	 A,	 Carlsen	 KH,	 Haaland	 G,	 Devulapalli	
CS,	Munthe-Kaas	M,	Mowinckel	P,	et	al.	Severe	
asthma	in	childhood:	assessed	in	10	year	olds	in	
a	birth	cohort	study.	Allergy	2008;63:1054–60.

2.	 Reddy	 MB,	 Doshi	 J,	 Covar	 R,	 Spahn	 JD.	 The	
changing	 face	 of	 severe	 childhood	 asthma:	 a	
comparison	of	two	cohorts	of	children	evalu-
ated	at	National	Jewish	Health	over	the	past	20	
years.	Allergy	Asthma	Proc	2014;35:119–25.

3.	 Chung	 KF,	 Wenzel	 SE,	 Brozek	 JL,	 Bush	 A,	
Castro	 M,	 Sterk	 PJ,	 et	al.	 International	 ERS/
ATS	 guidelines	 on	 definition,	 evaluation	 and	
treatment	 of	 severe	 asthma.	 Eur	 Respir	 J	
2014;43:343–73.

4.	 Lemanske	 RF	 Jr,	 Mauger	 DT,	 Sorkness	 CA,	
Jackson	 DJ,	 Boehmer	 SJ,	 Martinez	 FD,	 et	al.,	
Childhood	 Asthma	 Research	 and	 Education	
(CARE)	Network	of	the	National	Heart,	Lung,	
and	Blood	Institute.	Step-up	therapy	for	chil-
dren	 with	 uncontrolled	 asthma	 receiving	
inhaled	 corticosteroids.	 N	 Engl	 J	 Med	 2010;	
362:975–85.

5.	 Bush	A,	Hedlin	G,	Calsen	K-H,	de	Benedictis	
F,	Lodrup-Carlsen	K,	Wilson	N.	Severe	child-
hood	 asthma:	 a	 common	 international	
approach?	Lancet	2008;372:1019–21.

6.	 Bush	 A,	 Saglani	 S.	 Management	 of	 severe	
asthma	in	children.	Lancet	2010;376:814–25.

7.	 Hedlin	G,	Bush	A,	Lodrup	Carlsen	K,	Wenner-
gren	G,	De	Benedictis	FM,	Melén	E,	et	al.,	on	
behalf	 of	 the	 Problematic	 Severe	 Asthma	 in	
Childhood	Initiative	group.	Problematic	severe	
asthma	 in	 children,	 not	 one	 problem	 but	
many:	 a	 GA2LEN.	 Initiative.	 Eur	 Respir	 J	
2010;36:196–201.

8.	 Lødrup	 Carlsen	 KC,	 Hedlin	 G,	 Bush	 A,		
Wennergren	G,	de	Benedictis	FM,	De	Jongste	
JC,	et	al.,	on	behalf	of	the	PSACI	(Problematic	
Severe	Asthma	in	Childhood	Initiative)	group.	
Assessment	 of	 problematic	 severe	 asthma	 in	
children.	Eur	Respir	J	2011;37:432–40.

9.	 Cane	RS,	Raganathan	SC,	McKenzie	SA.	What	
do	parents	of	wheezy	children	understand	by	
“wheeze”?	Arch	Dis	Child	2000;82:327–32.

10.	 Cane	RS,	McKenzie	SA.	Parents’	interpretation	
of	 children’s	 respiratory	 symptoms	 on	 video.	
Arch	Dis	Child	2001;84:1–34.

11.	 Elphick	HE,	Sherlock	P,	Foxall	G,	Simpson	EJ,	
Shiell	NA,	Primhak	RA,	et	al.	Survey	of	respira-
tory	sounds	in	infants.	Arch	Dis	Child	2001;84:	
35–9.

12.	 Saglani	S,	McKenzie	SA,	Bush	A,	Payne	DN.	A	
video	 questionnaire	 identifies	 upper	 airway	
abnormalities	 in	 pre-school	 children	 with	
reported	 wheeze.	 Arch	 Dis	 Child	 2005;90:	
961–4.

13.	 Levy	 ML,	 Godfrey	 S,	 Irving	 CS,	 Sheikh	 A,	
Hanekom	W,	Bush	A,	et	al.,	Ambulatory	Care	
Nurses.	Wheeze	detection	 in	 infants	and	pre-
school	 children:	 recordings	 versus	 assessment	
of	 physician	 and	 parent.	 J	 Asthma	 2004;41:	
845–53.

14.	 Brand	 PL,	 Caudri	 D,	 Eber	 E,	 Gaillard	 EA,	
Garcia-Marcos	L,	Hedlin	G,	et	al.	Classification	
and	 pharmacological	 treatment	 of	 preschool	
wheezing:	 changes	 since	 2008.	 Eur	 Respir	 J	
2014;43:1172–7.

15.	 Kelly	YJ,	Brabin	BJ,	Milligan	PJ,	Reid	JA,	Heaf	
D,	Pearson	MG.	Clinical	significance	of	cough	
and	 wheeze	 in	 the	 diagnosis	 of	 asthma.	Arch	
Dis	Child	1996;75:489–93.

16.	 de	Groot	EP,	Duiverman	EJ,	Brand	PL.	Comor-
bidities	of	asthma	during	childhood:	possibly	

important,	 yet	 poorly	 studied.	 Eur	 Respir	 J	
2010;36:671–8.

17.	 Wilson	 NM,	 Charette	 L,	 Thomson	 AH,		
Silverman	 M.	 Gastro-oesophageal	 reflux	 and	
childhood	asthma:	the	acid	test.	Thorax	1985;	
40:592–7.

18.	 Wilson	NM,	Chudry	N,	Silverman	M.	Role	of	
the	 oesophagus	 in	 asthma	 induced	 by	 the	
ingestion	 of	 ice	 and	 acid.	 Thorax	 1987;42:	
506–10.

19.	 Wilson	 N,	 Silverman	 M.	 Intraesophageal		
perfusion	of	acid	increases	the	bronchomotor	
response	 to	 methacholine	 and	 isocapnic	
hyperventilation	 in	 asthmatic	 subjects.	 Am		
Rev	Respir	Dis	1987;136:525.

20.	 Havemann	 BD,	 Henderson	 CA,	 El-Serag	 HB.	
The	 association	 between	 gastro-oesophageal	
reflux	disease	and	asthma:	a	systematic	review.	
Gut	2007;56:1654–64.

21.	 Thakkar	K,	Boatright	RO,	Gilger	MA,	El-Serag	
HB.	 Gastroesophageal	 reflux	 and	 asthma	 in	
children:	a	systematic	review.	Pediatrics	2010;	
125:e925–30.

22.	 Writing	 Committee	 for	 the	 American	 Lung	
Association	Asthma	Clinical	Research	Centers,	
Holbrook	 JT,	 Wise	 RA,	 Gold	 BD,	 Blake	 K,	
Brown	 ED,	 et	al.	 Lansoprazole	 for	 children	
with	poorly	controlled	asthma:	a	randomized	
controlled	trial.	JAMA	2012;307:373–81.

23.	 Sundberg	 R,	 Torén	 K,	 Höglund	 D,	 Aberg	 N,	
Brisman	J.	Nasal	symptoms	are	associated	with	
school	 performance	 in	 adolescents.	 J	 Adolesc	
Health	2007;40:581–3.

24.	 Bousquet	 J,	 Bachert	 C,	 Canonica	 GW,	 Casale	
TB,	Cruz	AA,	Lockey	RJ,	et	al.	Extended	Global	
Allergy	and	Asthma	European	Network,	World	
Allergy	Organization	and	Allergic	Rhinitis	and	
its	 Impact	 on	 Asthma	 Study	 Group.	 Unmet	
needs	 in	 severe	 chronic	 upper	 airway	 disease	
(SCUAD).	 J	 Allergy	 Clin	 Immunol	 2009;124:	
428–33.

25.	 Rollin	 M,	 Seymour	 K,	 Hariri	 M,	 Harcourt	 J.	
Rhinosinusitis,	symptomatology	&	absence	of	
polyposis	in	children	with	primary	ciliary	dys-
kinesia.	Rhinology	2009;47:75–8.

26.	 de	 Groot	 EP,	 Nijkamp	 A,	 Duiverman	 EJ,		
Brand	 PL.	 Allergic	 rhinitis	 is	 associated	 with	
poor	asthma	control	in	children	with	asthma.	
Thorax	2012;67:582–7.

27.	 de	Benedictis	FM,	Bush	A.	Rhinosinusitis	and	
asthma:	epiphenomenon	or	causal	association?	
Chest	1999;115:550–6.

28.	 Haldar	 P,	 Pavord	 ID,	 Shaw	 DE,	 Berry	 MA,	
Thomas	M,	Brightling	CE,	et	al.	Cluster	analy-
sis	 and	 clinical	 asthma	 phenotypes.	 Am	 J	
Respir	Crit	Care	Med	2008;178:218–24.

29.	 Desai	D,	Newby	C,	Symon	FA,	Haldar	P,	Shah	
S,	Gupta	S,	et	al.	Elevated	sputum	interleukin-5	
and	 submucosal	 eosinophilia	 in	 obese	 indi-
viduals	 with	 severe	 asthma.	Am	 J	 Respir	 Crit	
Care	Med	2013;188:657–63.

30.	 Sutherland	 ER,	 Goleva	 E,	 Strand	 M,	 Beuther	
DA,	Leung	DY.	Body	mass	and	glucocorticoid	
response	in	asthma.	Am	J	Respir	Crit	Care	Med	
2008;178:682–7.

31.	 Kim	SH,	Sutherland	ER,	Gelfand	EW.	Is	there	
a	 link	 between	 obesity	 and	 asthma?	 Allergy	
Asthma	Immunol	Res.	2014;6:189–95.

32.	 Xie	X,	Pan	L,	Ren	D,	Du	C,	Guo	Y.	Effects	of	
continuous	 positive	 airway	 pressure	 therapy	
on	systemic	inflammation	in	obstructive	sleep	
apnea:	 a	 meta-analysis.	 Sleep	 Med	 2013;14:	
1139–50.

33.	 Puthalapattu	S,	Ioachimescu	OC.	Asthma	and	
obstructive	 sleep	 apnea:	 clinical	 and	 patho-
genic	 interactions.	 J	 Investig	 Med	 2014;62:	
665–75.

34.	 Li	AM,	Hung	E,	Tsang	T,	Yin	J,	So	HK,	Wong	
E,	 et	al.	 Induced	 sputum	 inflammatory	 mea-
sures	correlate	with	disease	severity	in	children	
with	 obstructive	 sleep	 apnoea.	 Thorax	 2007;	
62:75–9.

35.	 Barker	 NJ,	 Jones	 M,	 O’Connell	 NE,	 Everard	
ML.	 Breathing	 exercises	 for	 dysfunctional	
breathing/hyperventilation	 syndrome	 in	 chil-
dren.	 Cochrane	 Database	 Syst	 Rev	 2013;12:	
CD010376.

36.	 de	 Groot	 EP,	 Duiverman	 EJ,	 Brand	 PL.	 Dys-
functional	breathing	in	children	with	asthma:	
a	 rare	 but	 relevant	 comorbidity.	 Eur	 Respir	 J	
2013;41:1068–73.

37.	 Abu-Hassan	 M,	 Tannous	 B,	 Weinberger	 M.	
Exercise	induced	dyspnea	in	children	and	ado-
lescents:	if	not	asthma	then	what?	Ann	Allergy	
Asthma	Immunol	2005;94:366–71.

38.	 Seear	 M,	 Wensley	 D,	 West	 N.	 How	 accurate		
is	 the	 diagnosis	 of	 exercise-induced	 asthma	
among	 Vancouver	 schoolchildren?	 Arch	 Dis	
Child	2005;90:898–902.

39.	 Van	Dixhoorn	DJ,	Duivendorm	HJ.	Efficacy	of	
Nijmegen	Questionnaire	in	recognition	of	the	
hyperventilation	 syndrome.	 J	 Psychosom	 Res	
1985;29:199–206.

40.	 Bracken	M,	Fleming	L,	Hall	P,	Van	Stiphout	N,	
Bossley	C,	Biggart	E,	et	al.	The	importance	of	
nurse-led	home	visits	in	the	assessment	of	chil-
dren	with	problematic	asthma.	Arch	Dis	Child	
2009;94:780–4.

41.	 Bijl-Hofland	 ID,	 Cloosterman	 SG,	 Folgering	
HT,	Akkermans	RP,	van	Schayck	CP.	Relation	
of	the	perception	of	airway	obstruction	to	the	
severity	of	asthma.	Thorax	1999;54:15–19.

42.	 Roberts	G,	Patel	N,	Levi-Schaffer	F,	Habibi	P,	
Lack	 G.	 Food	 allergy	 as	 a	 risk	 factor	 for		
life-threatening	 asthma	 in	 childhood:	 a	 case-
controlled	study.	J	Allergy	Clin	Immunol	2003;	
112:168–74.

43.	 Simpson	AB,	Glutting	J,	Yousef	E.	Food	allergy	
and	asthma	morbidity	in	children.	Pediatr	Pul-
monol	2007;42:489–95.

44.	 O’Driscoll	 BR,	 Powell	 G,	 Chew	 F,	 Niven	 RM,	
Miles	 JF,	 Vyas	 A,	 et	al.	 Comparison	 of	 skin	
prick	tests	with	specific	immunoglobulin	E	in	
the	diagnosis	of	fungal	sensitization	in	patients	
with	 severe	 asthma.	 Clin	 Exp	 Allergy	 2009;	
39:1677–83.

45.	 Frith	J,	Fleming	L,	Bossley	C,	Ullmann	N,	Bush	
A.	The	complexities	of	defining	atopy	in	severe	
childhood	 asthma.	 Clin	 Exp	 Allergy	 2011;41:	
948–53.

46.	 Paraskakis	 E,	 Brindicci	 C,	 Fleming	 L,	 Krol	 R,	
Kharitonov	 SA,	 Wilson	 NM,	 et	al.	 Measure-
ment	 of	 bronchial	 and	 alveolar	 nitric	 oxide	
production	 in	 normal	 children	 and	 children	
with	asthma.	Am	J	Respir	Crit	Care	Med	2006;	
174:260–7.

47.	 Bacharier	LB,	Strunk	RC,	Mauger	D,	White	D,	
Lemanske	 RF	 Jr,	 Sorkness	 CA.	 Classifying	
asthma	severity	in	children:	mismatch	between	
symptoms,	medication	use,	and	lung	function.	
Am	 J	 Respir	 Crit	 Care	 Med	 2004;170:426–	
32.

48.	 Expert	Panel	Report	3	(EPR-3):	guidelines	for	
the	 diagnosis	 and	 management	 of	 asthma-
summary	report	2007.	J	Allergy	Clin	Immunol	
2007;120(Suppl.):S94–138.



353.e2	 SECTION F Asthma

49.	 van	 Dalen	 C,	 Harding	 E,	 Parkin	 J,	 Cheng	 S,	
Pearce	N,	Douwes	J.	Suitability	of	forced	expi-
ratory	volume	in	1	second/forced	vital	capacity	
vs	 percentage	 of	 predicted	 forced	 expiratory	
volume	 in	 1	 second	 for	 the	 classification	 of	
asthma	 severity	 in	 adolescents.	 Arch	 Pediatr	
Adolesc	Med	2008;162:1169–74.

50.	 Morgan	WJ,	Stern	DA,	Sherrill	DL,	Guerra	S,	
Holberg	 CJ,	 Guilbert	 TW,	 et	al.	 Outcome	 of	
asthma	and	wheezing	in	the	first	6	years	of	life:	
follow-up	 through	 adolescence.	 Am	 J	 Respir	
Crit	Care	Med	2005;172:1253–8.

51.	 Stern	 DA,	 Morgan	 WJ,	 Wright	 AL,	 Guerra	 S,	
Martinez	 FD.	 Poor	 airway	 function	 in	 early	
infancy	 and	 lung	 function	 by	 age	 22	 years:	 a	
non-selective	longitudinal	cohort	study.	Lancet	
2007;370:758–64.

52.	 Sears	MR,	Greene	JM,	Willan	AR,	Wiecek	EM,	
Taylor	DR,	Flannery	EM,	et	al.	A	longitudinal,	
population-based,	 cohort	 study	 of	 childhood	
asthma	 followed	 to	adulthood.	N	Engl	 J	Med	
2003;349:1414–22.

53.	 Oswald	H,	Phelan	PD,	Lanigan	A,	Hibbert	M,	
Carlin	 JB,	 Bowes	 G,	 et	al.	 Childhood	 asthma	
and	 lung	 function	 in	 mid-adult	 life.	 Pediatr	
Pulmonol	1997;23:14–20.

54.	 Tai	A,	Tran	H,	Roberts	M,	Clark	N,	Gibson	AM,	
Vidmar	 S,	 et	al.	 Outcomes	 of	 childhood	
asthma	 to	 the	 age	 of	 50	 years.	 J	 Allergy	 Clin	
Immunol	2014;133:1572–8.e3.

55.	 Strunk	 RC,	 Weiss	 ST,	 Yates	 KP,	 Tonascia	 J,	
Zeiger	 RS,	 Szefler	 SJ,	 et	al.	 Mild	 to	 moderate	
asthma	 affects	 lung	 growth	 in	 children	 and	
adolescents.	J	Allergy	Clin	Immunol	2006;118:	
1040–7.

56.	 Belgrave	 DC,	 Buchan	 I,	 Bishop	 C,	 Lowe	 L,	
Simpson	 A,	 Custovic	 A.	 Trajectories	 of	 lung	
function	 during	 childhood.	 Am	 J	 Respir	 Crit	
Care	Med	2014;189:1101–9.

57.	 Lodge	 CJ,	 Lowe	 AJ,	 Allen	 KJ,	 Zaloumis	 S,	
Gurrin	 LC,	 Matheson	 MC,	 et	al.	 Child-
hood	 wheeze	 phenotypes	 show	 less	 than	
expected	 growth	 in	 FEV1	 across	 adolescence.	
Am	J	Respir	Crit	Care	Med	2014;189:1351–8.

58.	 O’Byrne	PM,	Pedersen	S,	Lamm	CJ,	Tan	WC,	
Busse	WW,	START	Investigators	Group.	Severe	
exacerbations	and	decline	in	lung	function	in	
asthma.	Am	J	Respir	Crit	Care	Med	2009;179:	
19–24.

59.	 FitzGerald	JM.	Targeting	lung	attacks.	Thorax	
2011;66:365–6.

60.	 Sanders	DB,	Bittner	RC,	Rosenfeld	M,	Hoffman	
LR,	Redding	GJ,	Goss	CH.	Failure	to	recover	to	
baseline	pulmonary	function	after	cystic	fibro-
sis	pulmonary	exacerbation.	Am	J	Respir	Crit	
Care	Med	2010;182:627–32.

61.	 Sanders	DB,	Hoffman	LR,	Emerson	J,	Gibson	
RL,	Rosenfeld	M,	Redding	GJ,	et	al.	Return	of	
FEV1	 after	 pulmonary	 exacerbation	 in	 chil-
dren	 with	 cystic	 fibrosis.	 Pediatr	 Pulmonol	
2010;45:127–34.

62.	 Sanders	DB,	Bittner	RC,	Rosenfeld	M,	Redding	
GJ,	 Goss	 CH.	 Pulmonary	 exacerbations	 are	
associated	with	subsequent	FEV(1)	decline	 in	
both	 adults	 and	 children	 with	 cystic	 fibrosis.	
Pediatr	Pulmonol	2011;46:393–400.

63.	 Bai	 TR,	 Vonk	 JM,	 Postma	 DS,	 Boezen	 HM.	
Severe	exacerbations	predict	excess	lung	func-
tion	 decline	 in	 asthma.	 Eur	 Respir	 J	 2007;30:	
52–6.

64.	 Zacharasiewicz	A,	Wilson	N,	Lex	C,	Erin	EM,	
Li	 AM,	 Hansel	 T,	 et	al.	 Clinical	 use	 of	 non-
invasive	 measurements	 of	 airway	 inflamma-
tion	 in	 steroid	 reduction	 in	 children.	 Am	 J	
Respir	Crit	Care	Med	2005;177:1077–82.

65.	 Awadh	 N,	 Muller	 NL,	 Park	 CS,	 Abboud	 RT,	
FitzGerald	 JM.	 Airway	 wall	 thickness	 in	
patients	 with	 near	 fatal	 asthma	 and	 control	
groups:	assessment	with	high	resolution	com-
puted	tomographic	scanning.	Thorax	1998;53:	
248–53.

66.	 Paganin	 F,	 Seneterre	 E,	 Chanez	 P,	 Daurés	 JP,	
Bruel	JM,	Michel	FB,	et	al.	Computed	tomog-
raphy	of	the	lungs	in	severe	asthma:	influence	
of	 disease	 severity	 and	 etiology.	 Am	 J	 Respir	
Crit	Care	Med	1996;153:110–14.

67.	 Jensen	 SP,	 Lynch	 DA,	 Brown	 KK,	 Wenzel	 SE,	
Newell	 JD.	 High-resolution	 CT	 features	 of	
severe	 asthma	 and	 bronchiolitis	 obliterans.	
Clin	Radiol	2002;57:1078–85.

68.	 Kasahara	 K,	 Shiba	 K,	 Ozawa	 T,	 Okuda	 K,	
Adachi	M.	Correlation	between	the	bronchial	
subepithelial	 layer	 and	 whole	 airway	 wall	
thickness	 in	 patients	 with	 asthma.	 Thorax	
2002;57:242–6.

69.	 Gupta	S,	Siddiqui	S,	Haldar	P,	Raj	JV,	Entwisle	
JJ,	 Wardlaw	 AJ,	 et	al.	 Qualitative	 analysis	 of	
high-resolution	 CT	 scans	 in	 severe	 asthma.	
Chest	2009;136:1521–8.

70.	 Marchac	 V,	 Emond	 S,	 Mamou-Mani	 T,	 Le	
Bihan-Benjamin	C,	Le	Bourgeois	M,	De	Blic	J,	
et	al.	 Thoracic	 CT	 in	 pediatric	 patients	 with	
difficult-to-treat	 asthma.	 Am	 J	 Roentgenol	
2002;179:1245–52.

71.	 Saglani	 S,	 Papaioannou	 G,	 Khoo	 L,	 Ujita	 M,	
Jeffery	PK,	Owens	C,	et	al.	Can	HRCT	be	used	
as	a	marker	of	airway	remodelling	in	children	
with	difficult	asthma?	Respir	Res	2006;7:46.

72.	 de	Blic	J,	Tillie-Leblond	I,	Emond	S,	Mahut	B,	
Dang	Duy	TL,	Scheinmann	P.	High-resolution	
computed	 tomography	 scan	 and	 airway	
remodeling	 in	 children	 with	 severe	 asthma.	 J	
Allergy	Clin	Immunol	2005;116:750–4.

73.	 de	 Blic	 J,	 Scheinmann	 P.	 The	 use	 of	 imaging	
techniques	 for	 assessing	 severe	 childhood	
asthma.	 J	 Allergy	 Clin	 Immunol	 2007;119:	
808–10.

74.	 Pifferi	M,	Caransella	D,	Ragazzo	V,	Pietrobelli	
A,	 Boner	 AL.	 Low-density	 areas	 on	 high-
resolution	 computed	 tomograms	 in	 chronic	
pediatric	asthma.	J	Pediatr	2002;141:104–8.

75.	 Tillie-Leblond	I,	de	Blic	J,	Jaubert	F,	Wallaert	B,	
Scheinmann	P,	Gosset	P.	Airway	remodeling	is	
correlated	 with	 obstruction	 in	 children	 with	
severe	asthma.	Allergy	2008;63:533–41.

76.	 Jain	N,	Covar	RA,	Gleason	MC,	Newell	JD	Rr,	
Gelfand	EW,	Spahn	JD.	Quantitative	computed	
tomography	detects	peripheral	airway	disease	
in	 children.	 Pediatr	 Pulmonol	 2005;40:	
211–18.

76a.	 Gustafsson	 PM.	 Peripheral	 airway	 involve-
ment	in	CF	and	asthma	compared	by	inert	gas	
washout.	Pediatr	Pulmonol	2007;42:168–76.

77.	 Gustafsson	 PM,	 De	 Jong	 PA,	 Tiddens	 HA,	
Lindblad	A.	Multiple-breath	inert	gas	washout	
and	spirometry	versus	 structural	 lung	disease	
in	cystic	fibrosis.	Thorax	2008;63:129–34.

78.	 Owens	 CM,	 Aurora	 P,	 Stanojevic	 S,	 Bush	 A,	
Wade	A,	Oliver	C,	et	al.	Lung	clearance	 index	
and	 HRCT	 are	 complementary	 markers	 of	
lung	abnormalities	in	young	children	with	CF.	
Thorax	2011;66:481–8.

79.	 Spitzer	 WO,	 Suissa	 S,	 Ernst	 P,	 Horwitz	 RI,	
Habbick	 B,	 Cockcroft	 D,	 et	al.	 The	 use	 of	
β-agonists	and	the	risk	of	death	and	near	death	
from	asthma.	N	Engl	J	Med	1992;326:501–6.

80.	 Orrell-Valente	 JK,	 Jarlsberg	 LG,	 Hill	 LG,	
Cabana	 MD.	 At	 what	 age	 do	 children	 start	
taking	asthma	medicines	on	 their	own?	Pedi-
atrics	2008;122:e1186–92.

81.	 Kamps	AW,	van	Ewijk	B,	Roorda	RJ,	Brand	PL.	
Poor	 inhalation	 technique,	 even	 after	 inhala-
tion	 instructions,	 in	 children	 with	 asthma.	
Pediatr	Pulmonol	2000;29:39–42.

82.	 Everard	 ML.	 Role	 of	 inhaler	 competence	 and	
contrivance	 in	 “difficult	 asthma”.	 Paediatr	
Respir	Rev	2003;4:135–42.

83.	 Chalmers	GW,	Macleod	KJ,	Little	SA,	Thomson	
LJ,	 McSharry	 CP,	 Thomson	 NC.	 Influence	 of	
cigarette	 smoking	 on	 inhaled	 corticosteroid	
treatment	 in	 mild	 asthma.	 Thorax	 2002;57:	
226–30.

84.	 Chaudhuri	 R,	 Livingston	 E,	 McMahon	 AD,	
Thomson	L,	Borland	W,	Thomson	NC.	Ciga-
rette	smoking	impairs	the	therapeutic	response	
to	oral	corticosteroids	in	chronic	asthma.	Am	
J	Respir	Crit	Care	Med	2003;168:1308–11.

85.	 Tomlinson	 JE,	 McMahon	 AD,	 Chaudhuri	 R,	
Thompson	JM,	Wood	SF,	Thomson	NC.	Effi-
cacy	of	 low	and	high	dose	inhaled	corticoste-
roid	in	smokers	versus	non-smokers	with	mild	
asthma.	Thorax	2005;60:282–7.

86.	 Livingston	 E,	 Chaudhuri	 R,	 McMahon	 AD,	
Fraser	I,	McSharry	CP,	Thomson	NC.	Systemic	
sensitivity	 to	 corticosteroids	 in	 smokers	 with	
asthma.	Eur	Respir	J	2007;29:64–71.

87.	 Ranganathan	SC,	Payne	DN,	Jaffe	A,	McKenzie	
SA.	 Difficult	 asthma:	 defining	 the	 problems.	
Pediatr	Pulmonol	2001;31:114–20.

88.	 Teach	 SJ,	 Crain	 EF,	 Quint	 DM,	 Hylan	 ML,	
Joseph	 JG.	 Indoor	 environmental	 exposures	
among	children	with	asthma	seen	in	an	urban	
emergency	 department.	 Pediatrics	 2006;117:	
S152–8.

89.	 De	Boeck	K,	Moens	M,	Van	Der	Aa	N,	Meers-
man	A,	Schuddinck	L,	Proesmans	M.	Difficult	
asthma’:	 can	 symptoms	 be	 controlled	 in	 a	
structured	 environment?	 Pediatr	 Pulmonol	
2009;44:743–8.

90.	 Adcock	IM,	Barnes	PJ.	Molecular	mechanisms	
of	 corticosteroid	 resistance.	 Chest	 2008;134:	
394–401.

91.	 Kobayashi	 Y,	 Bossley	 C,	 Gupta	 A,	 Akashi	 K,	
Tsartsali	L,	Mercado	N,	et	al.	Passive	smoking	
impairs	histone	deacetylase-2	in	children	with	
severe	asthma.	Chest	2014;145:305–12.

92.	 Murray	 CS,	 Poletti	 G,	 Kebadze	 T,	 Morris	 J,	
Woodcock	A,	Johnston	SL,	et	al.	Study	of	mod-
ifiable	 risk	 factors	 for	 asthma	 exacerbations:	
virus	infection	and	allergen	exposure	increase	
the	risk	of	asthma	hospital	admissions	in	chil-
dren.	Thorax	2006;61:376–82.

93.	 Sandberg	 S,	 Paton	 JY,	 Ahola	 S,	 McCann	 DC,	
McGuinness	 D,	 Hillary	 CR,	 et	al.	 The	 role	 of	
acute	 and	 chronic	 stress	 in	 asthma	 attacks	 in	
children.	Lancet	2000;356:982–7.

94.	 Sandberg	 S,	 McCann	 DC,	 Ahola	 S,	 Oja	 H,	
Paton	JY,	McGuinness	D.	Positive	experiences	
and	the	relationship	between	stress	and	asthma	
in	children.	Acta	Paediatr	2002;91:152–8.

95.	 Sandberg	S,	Järvenpää	S,	Penttinen	A,	Paton	JY,	
McCann	 DC.	 Asthma	 exacerbations	 in		
children	 immediately	 following	 stressful	 life	
events:	a	Cox’s	hierarchical	regression.	Thorax	
2004;59:1046–51.

96.	 Liu	LY,	Coe	CL,	Swenson	CA,	Kelly	EA,	Kita	H,	
Busse	 WW.	 School	 examinations	 enhance	
airway	inflammation	to	antigen	challenge.	Am	
J	Respir	Crit	Care	Med	2002;165:1062–7.

97.	 Letitre	SL,	de	Groot	EP,	Draaisma	E,	Brand	PL.	
Anxiety,	depression	and	self-esteem	in	children	
with	 well-controlled	 asthma:	 case-control	
study.	Arch	Dis	Child	2014;99:744–8.

98.	 Evans	R	3rd,	Gergen	PJ,	Mitchell	H,	Kattan	M,	
Kercsmar	 C,	 Crain	 E,	 et	al.	 A	 randomized	



	 37  Refractory Childhood Asthma: Assessment and Management 353.e3

clinical	 trial	 to	 reduce	 asthma	 morbidity	
among	 inner-city	 children:	 results	 of	 the	
National	 Cooperative	 Inner-City	 Asthma	
Study.	J	Pediatr	1999;135:332–8.

99.	 Smith	 JR,	 Mugford	 M,	 Holland	 R,	 Candy	 B,	
Noble	 MJ,	 Harrison	 BD,	 et	al.	 A	 systematic	
review	 to	 examine	 the	 impact	 of	 psycho-
educational	interventions	on	health	outcomes	
and	costs	in	adults	and	children	with	difficult	
asthma.	Health	Technol	Assess	2005;9:1–167.

100.	 Kotses	 H,	 Stout	 C,	 Wigal	 JK.	 Individualised	
asthma	 self-management:	 a	 beginning.	 J	
Asthma	1991;28:287–9.

101.	 Kotses	H,	Stout	C,	McConnaughty	K,	Winder	
JA,	 Creer	 TL.	 Evaluation	 of	 individualized	
asthma	self-management	programs.	 J	Asthma	
1996;33:113–18.

102.	 Sharples	 J,	 Gupta	 A,	 Fleming	 L,	 Bossley	 CJ,	
Bracken-King	M,	Hall	P,	et	al.	Long-term	effec-
tiveness	 of	 a	 staged	 assessment	 for	 paediatric	
problematic	 severe	 asthma	 [Research	 Letter].	
Eur	Respir	J	2012;40:264–7.

103.	 Morgan	WJ,	Crain	EF,	Gruchalla	RS,	O’Connor	
GT,	 Kattan	 M,	 Evans	 R	 3rd,	 et	al.	 Results		
of	 a	 home-based	 environmental	 intervention	
among	urban	children	with	asthma.	N	Engl	J	
Med	2004;351:1068–80.

104.	 Wang	 J,	Visness	 CM,	 Calatroni	A,	 Gergen	 PJ,	
Mitchell	HE,	Sampson	HA.	Effect	of	environ-
mental	allergen	sensitization	on	asthma	mor-
bidity	 in	 inner-city	 asthmatic	 children.	 Clin	
Exp	Allergy	2009;39:1381–9.

105.	 Fitzpatrick	 AM,	 Gaston	 BM,	 Erzurum	 SC,	
Teague	 WG,	 National	 Institutes	 of	 Health/
National	 Heart,	 Lung,	 and	 Blood	 Institute	
Severe	Asthma	Research	Program.	Features	of	
severe	 asthma	 in	 school-age	 children:	 Atopy	
and	 increased	 exhaled	 nitric	 oxide.	 J	 Allergy	
Clin	Immunol	2006;118:1218–25.

106.	 Bossley	 C,	 Fleming	 L,	 Gupta	 A,	 Regamey	 N,	
Frith	 J,	Oates	T,	et	al.	Pediatric	 severe	asthma	
is	characterized	by	eosinophilia	and	remodel-
ing	 without	 TH2	 cytokines.	 J	 Allergy	 Clin	
Immunol	2012;129:974–82.

107.	 Lex	 C,	 Ferreira	 F,	 Zacharasiewicz	 A,		
Nicholson	AG,	Haslam	PL,	Wilson	NM,	et	al.	
Airway	 eosinophilia	 in	 children	 with	 severe	
asthma:	predictive	values	of	noninvasive	tests.	
Am	 J	 Respir	 Crit	 Care	 Med	 2006;174:	
1286–91.

108.	 Fitzpatrick	AM,	Higgins	M,	Holguin	F,	Brown	
LA,	Teague	WG,	National	Institutes	of	Health/
National	 Heart,	 Lung,	 and	 Blood	 Institute’s	
Severe	Asthma	Research	Program.	The	molec-
ular	 phenotype	 of	 severe	 asthma	 in	 children.		
J	Allergy	Clin	Immunol	2010;125:851–7.

109.	 Woodruff	 PG,	 Modrek	 B,	 Choy	 DF,	 Jia	 G,	
Abbas	 AR,	 Ellwanger	 A,	 et	al.	 T-helper	 type	
2-driven	inflammation	defines	major	subphe-
notypes	of	asthma.	Am	J	Respir	Crit	Care	Med	
2009;180:388–95.

110.	 Saglani	S.	Innate	helper	cells:	a	novel	cell	type	
essential	 in	 the	 initiation	 of	 asthma?	 Thorax	
2011;66:834–5.

111.	 Saglani	 S,	 Lui	 S,	 Ullmann	 N,	 Campbell	 GA,	
Sherburn	RT,	Mathie	SA,	et	al.	IL-33	promotes	
airway	 remodeling	 in	 pediatric	 patients	 with	
severe,	steroid-resistant	asthma.	J	Allergy	Clin	
Immunol	2013;132:676–85.

112.	 Gauvreau	GM,	O’Byrne	PM,	Boulet	LP,	Wang	
Y,	Cockcroft	D,	Bigler	J,	et	al.	Effects	of	an	anti-
TSLP	antibody	on	allergen-induced	asthmatic	
responses.	N	Engl	J	Med	2014;379:2102–10.

113.	 Dahlen	SE.	TSLP	in	asthma–a	new	kid	on	the	
block?	N	Engl	J	Med	2014;370:2144–5.

114.	 Barczyk	 A,	 Pierzchala	 W,	 Sozañska	 E.	
Interleukin-17	 in	 sputum	 correlates	 with	
airway	 hyperresponsiveness	 to	 methacholine.	
Respir	Med	2003;97:726–733.5.

115.	 Kudo	 M,	 Melton	 AC,	 Chen	 C,	 Engler	 MB,	
Huang	 KE,	 Ren	 X,	 et	al.	 IL-17A	 produced	 by	
αβ	T	cells	drives	airway	hyper-responsiveness	
in	 mice	 and	 enhances	 mouse	 and	 human	
airway	 smooth	 muscle	 contraction.	 Nat	 Med	
2012;18:547–54.

116.	 Busse	WW,	Holgate	S,	Kerwin	E,	Chon	Y,	Feng	
J,	 Lin	 J,	 et	al.	 Randomized,	 double-blind,	
placebo-controlled	 study	 of	 brodalumab,	 a	
human	 anti-IL-17	 receptor	 monoclonal	 anti-
body,	 in	 moderate	 to	 severe	 asthma.	 Am	 J	
Respir	Crit	Care	Med	2013;188:1294–302.

117.	 Pavord	 ID,	 Korn	 S,	 Howarth	 P,	 Bleecker	 ER,	
Buhl	 R,	 Keene	 ON,	 et	al.	 Mepolizumab	 for	
severe	 eosinophilic	 asthma	 (DREAM):	 a		
multicentre,	 double-blind,	 placebo-controlled	
trial.	Lancet	2012;380:651–9.

118.	 De	Boever	EH,	Ashman	C,	Cahn	AP,	Locantore	
NW,	 Overend	 P,	 Pouliquen	 IJ,	 et	al.	 Efficacy	
and	 safety	 of	 an	 anti-IL-13	 mAb	 in	 patients	
with	 severe	 asthma:	 a	 randomized	 trial.	 J	
Allergy	Clin	Immunol	2014;133:989–96.

119.	 Wenzel	S,	Ford	L,	Pearlman	D,	Spector	S,	Sher	
L,	 Skobieranda	 F,	 et	al.	 Dupilumab	 in	 persis-
tent	 asthma	 with	 elevated	 eosinophil	 levels.		
N	Engl	J	Med	2013;368:2455–66.

120.	 Adcock	IM,	Ito	K.	Steroid	resistance	in	asthma:	
a	major	problem	requiring	novel	solutions	or	
a	 non-issue?	 Curr	 Opin	 Pharmacol	 2004;4:	
257–62.

121.	 Little	SA,	Chalmers	GW,	Macleod	KJ,	McSharry	
C,	 Thomson	 NC.	 Non-invasive	 markers	 of	
airway	 inflammation	 as	 predictors	 of	 oral	
steroid	responsiveness	in	asthma.	Thorax	2000;	
55:232–4.

122.	 Bossley	CJ,	Saglani	S,	Kavanagh	C,	Payne	DN,	
Wilson	 N,	 Tsartsali	 L,	 et	al.	 Corticosteroid	
responsiveness	 and	 clinical	 characteristics	 in	
childhood	difficult	asthma.	Eur	Respir	J	2009;	
34:1052–9.

123.	 Lex	 C,	 Payne	 DN,	 Zacharasiewicz	 A,	 Li	 AM,	
Nicholson	AG,	Wilson	NM,	et	al.	Is	a	two-week	
trial	 of	 oral	 prednisolone	 predictive	 of	 target	
lung	function	in	pediatric	asthma?	Pediatr	Pul-
monol	2005;39:521–7.

124.	 Cartledge	 N,	 Brown	 S,	 Bossley	 C,	 Gupta	 A,	
Fleming	L,	Saglani	S,	et	al.	Is	a	single	intramuscu-
lar	dose	of	triamcinolone	and	acute	bronchodila-
tor	sufficient	to	determine	optimal	lung	function	
in	children	with	severe,	therapy-resistant	asthma?	
Thorax	2011;66(Suppl.	4):A101–2.

125.	 Bush	 A,	 Pedersen	 S,	 Hedlin	 G,	 Baraldi	 E,	
Barbato	 A,	 de	 Benedictis	 F,	 et	al.	 Pharmaco-
logical	 treatment	 of	 severe,	 therapy-resistant	
asthma	 in	 children:	 what	 can	 we	 learn	 from	
where?	Eur	Respir	J	2011;38:947–58.

126.	 Milgrom	 H,	 Berger	 W,	 Nayak	 A,	 Gupta	 N,	
Pollard	 S,	 McAlary	 M,	 et	al.	 Treatment	 of	
childhood	asthma	with	anti-immunoglobulin	
E	 antibody	 (omalizumab).	 Paediatrics	 2001;	
108:6–45.

127.	 Lemanske	R,	Nayak	A,	McAlary	M,	Everhard	F,	
Fowler-Taylor	 A,	 Gupta	 N.	 Oamlizumab	
improves	asthma-related	quality	of	life	in	chil-
dren	 with	 allergic	 asthma.	 Paediatrics	 2002;	
110:e55–9.

128.	 Berger	W,	Gupta	N,	McAlary	M,	Fowler-Taylor	
A.	 Evaluation	 of	 long	 term	 safety	 of	 the		
anti-IgE	 antibody,	 omalizumab,	 in	 children	
with	 allergic	 asthma.	 Annals	 Allergy	 Asthma	
Immunol	2003;91:182–8.

129.	 Lanier	 B,	 Bridges	 T,	 Kulus	 M,	 Taylor	 AF,	
Berhane	 I,	 Vidaurre	 CF.	 Omalizumab	 for		
the	 treatment	 of	 exacerbations	 in	 children		
with	 inadequately	 controlled	 allergic	 (IgE-
mediated)	 asthma.	 J	 Allergy	 Clin	 Immunol	
2009;124:1210–16.

130.	 Bousquet	 J,	 Cabrera	 P,	 Berkman	 N,	 Buhl	 R,	
Holgate	S,	Wenzel	S,	et	al.	The	effect	of	treat-
ment	with	omalizumab,	an	anti-IgE	antibody,	
on	 asthma	 exacerbations	 and	 emergency	
medical	visits	in	patients	with	severe	persistent	
asthma.	Allergy	2005;60:302–8.

131.	 D’Amato	G,	Salzillo	A,	Piccolo	A,	D’Amato	M,	
Liccardi	 G.	 A	 review	 of	 anti-IgE	 monoclonal	
antibody	(omalizumab)	as	add	on	therapy	for	
severe	 allergic	 (IgE-mediated)	 asthma.	 Ther	
Clin	Risk	Manag	2007;3:613–19.

132.	 Rodrigo	 GJ,	 Neffen	 H,	 Castro-Rodriguez	 JA.	
Efficacy	 and	 safety	 of	 subcutaneous	 omali-
zumab	vs	placebo	as	add-on	therapy	to	corti-
costeroids	for	children	and	adults	with	asthma:	
a	systematic	review.	Chest	2011;139:28–35.

133.	 Schumann	C,	Kropf	C,	Wibmer	T,	Rüdiger	S,	
Stoiber	 KM,	 Thielen	A,	 et	al.	 Omalizumab	 in	
patients	 with	 severe	 asthma:	 the	 XCLUSIVE	
study.	Clin	Respir	J	2012;6:215–27.

134.	 Lafeuille	MH,	Dean	J,	Zhang	J,	Duh	MS,	Gorsh	
B,	 Lefebvre	 P.	 Impact	 of	 omalizumab	 on	
emergency-department	visits,	hospitalizations,	
and	 corticosteroid	 use	 among	 patients	 with	
uncontrolled	 asthma.	 Ann	 Allergy	 Asthma	
Immunol	2012;109:59–64.

135.	 Brodlie	M,	McKean	MC,	Moss	S,	Spencer	DA.	
The	oral	corticosteroid-sparing	effect	of	omal-
izumab	 in	 children	 with	 severe	 asthma.	 Arch	
Dis	Child	2012;97:604–9.

136.	 Garcia	G,	Magnan	A,	Chiron	R,	Contin-Bordes	
C,	Berger	P,	Taillé	C,	et	al.	A	proof-of-concept,	
randomized,	controlled	trial	of	omalizumab	in	
patients	with	severe,	difficult-to-control,	non-
atopic	asthma.	Chest	2013;144:411–19.

137.	 Adams	 NP,	 Bestall	 JC,	 Jones	 P,	 Lasserson	 TJ,	
Griffiths	 B,	 Cates	 CJ.	 Fluticasone	 at	 different	
doses	 for	 chronic	 asthma	 in	 adults	 and	 chil-
dren.	 Cochrane	 Database	 Syst	 Rev	 2008;4:	
CD003534.

138.	 Kraft	M,	Djukanovic	R,	Wilson	S,	Holgate	ST,	
Martin	 RJ.	 Alveolar	 tissue	 inflammation	 in	
asthma.	Am	J	Respir	Crit	Care	Med	1996;154:	
1505–10.

139.	 Sutherland	ER,	Martin	RJ,	Bowler	RP,	Zhang	Y,	
Rex	 MD,	 Kraft	 M.	 Physiologic	 correlates	 of	
distal	 lung	 inflammation	 in	asthma.	 J	Allergy	
Clin	Immunol	2004;113:1046–50.

140.	 Kraft	 M,	 Martin	 RJ,	Wilson	 S,	 Djukanovic	 R,	
Holgate	 ST.	 Lymphocyte	 and	 eosinophil		
influx	into	alveolar	tissue	in	nocturnal	asthma.	
Am	 J	 Respir	 Crit	 Care	 Med	 1999;159:228–	
34.

141.	 Cohen	 J,	 Douma	WR,	 ten	 Hacken	 NH,	Vonk	
JM,	 Oudkerk	 M,	 Postma	 DS.	 Ciclesonide	
improves	 measures	 of	 small	 airway	 involve-
ment	 in	 asthma.	 Eur	 Respir	 J	 2008;31:1213–	
20.

142.	 Berry	 M,	 Hargadon	 B,	 Morgan	A,	 Shelley	 M,	
Richter	J,	Shaw	D,	et	al.	Alveolar	nitric	oxide	in	
adults	 with	 asthma:	 evidence	 of	 distal	 lung	
inflammation	in	refractory	asthma.	Eur	Respir	
J	2005;25:986–91.

143.	 Cates	 CJ,	 Lasserson	 TJ.	 Combination	 for-
moterol	 and	 budesonide	 as	 maintenance	 and	
reliever	therapy	versus	inhaled	steroid	mainte-
nance	 for	 chronic	 asthma	 in	 adults	 and	 chil-
dren.	 Cochrane	 Database	 Syst	 Rev	 2009;2:	
CD007313.



353.e4	 SECTION F Asthma

144.	 Bisgaard	 H,	 Le	 Roux	 P,	 Bjåmer	 D,	 Dymek	A,	
Vermeulen	 JH,	 Hultquist	 C.	 Budesonide/
formoterol	maintenance	plus	reliever	therapy:	
a	 new	 strategy	 in	 paediatric	 asthma.	 Chest	
2006;130:1733–43.

145.	 Chapman	 KR,	 Barnes	 NC,	 Greening	 AP,		
Jones	 PW,	 Pedersen	 S.	 Single	 maintenance		
and	 reliever	 therapy	 (SMART)	 of	 asthma:	 a	
critical	appraisal.	Thorax	2010;65:747–52.

146.	 Sullivan	PJ,	Bekir	S,	Jaffar	Z,	Page	C,	Jeffery	P,	
Costello	J.	The	effects	of	low-dose	theophylline	
on	 the	 bronchial	 wall	 infiltrate	 after	 allergen	
challenge.	Lancet	1993;343:1006–8.

147.	 Yasui	 K,	 Hu	 B,	 Nakazawa	 T,	 Agematsu	 K,	
Komiyama	 A.	 Theophylline	 accelerates		
human	 granulocyte	 apoptosis	 not	 via	 phos-
phodiesterase	 inhibition.	 J	 Clin	 Invest	 1997;	
100:1677–84.

148.	 Yasui	K,	Agematsu	K,	Shinozaki	K,	Hokibara	S,	
Nagumo	 H,	 Nakazawa	 T,	 et	al.	 Theophylline	
induces	neutrophil	apoptosis	through	adenos-
ine	 A2A	 receptor	 antagonism.	 J	 Leukoc	 Biol	
2000;67:529–35.

149.	 Kidney	J,	Dominguez	M,	Taylor	PM,	Rose	M,	
Chung	KF,	Barnes	PJ.	Immunomodulation	by	
theophylline	 in	 asthma.	 Demonstration	 by	
withdrawal	of	 therapy.	Am	J	Respir	Crit	Care	
Med	1995;151:1907–14.

150.	 Cosío	BG,	Mann	B,	Ito	K,	Jazrawi	E,	Barnes	PJ,	
Chung	KF,	et	al.	Histone	acetylase	and	deacety-
lase	activity	in	alveolar	macrophages	and	blood	
mononocytes	in	asthma.	Am	J	Respir	Crit	Care	
Med	2004;170:141–7.

151.	 Derks	 MG,	 Koopmans	 RP,	 Oosterhoff	 E,	Van	
Boxtel	CJ.	Prevention	by	theophylline	of	beta-
2-receptor	down	regulation	in	healthy	subjects.	
Eur	 J	 Drug	 Metab	 Pharmacokinet	 2000;25:	
179–88.

152.	 Seddon	P,	Bara	A,	Ducharme	FM,	Lasserson	TJ.	
Oral	 xanthines	 as	 maintenance	 treatment	 for	
asthma	 in	 children.	 Cochrane	 Database	 Syst	
Rev	2006;1:CD002885.

153.	 American	 Lung	 Association	 Asthma	 Clinical	
Research	 Centers.	 Clinical	 trial	 of	 low-dose	
theophylline	and	montelukast	in	patients	with	
poorly	 controlled	 asthma.	 Am	 J	 Respir	 Crit	
Care	Med	2007;175:235–42.

154.	 Denning	DW,	O’Driscoll	BR,	Powell	G,	Chew	
F,	Atherton	GT,	Vyas	A,	et	al.	Randomized	con-
trolled	 trial	 of	 oral	 antifungal	 sensitization.	
The	 fungal	 asthma	 sensitization	 trial	 (FAST)	
study.	 Am	 J	 Respir	 Crit	 Care	 Med	 2009;179:	
11–18.

155.	 Agbetile	 J,	 Bourne	 M,	 Fairs	 A,	 Hargadon	 B,	
Desai	 D,	 Broad	 C,	 et	al.	 Effectiveness	 of		
voriconazole	 in	 the	 treatment	 of	 Aspergillus	
fumigatus-associated	asthma	(EVITA3	study).	
J	Allergy	Clin	Immunol	2014;134:33–9.

156.	 Vicencio	AG,	Santiago	MT,	Tsirilakis	K,	Stone	
A,	Worgall	S,	Foley	EA,	et	al.	Fungal	sensitiza-
tion	in	childhood	persistent	asthma	is	associ-
ated	 with	 disease	 severity.	 Pediatr	 Pulmonol	
2014;49:8–14.

157.	 Bolland	 MJ,	 Bagg	 W,	 Thomas	 MG,	 Lucas	 JA,	
Ticehurst	 R,	 Black	 PN.	 Cushing’s	 syndrome	
due	to	interaction	between	inhaled	corticoste-
roids	 and	 itraconazole.	 Ann	 Pharmacother	
2004;38:46–9.

158.	 De	Wachter	E,	Malfroot	A,	De	Schutter	I,	Van-
besien	 J,	 De	 Schepper	 J.	 Inhaled	 budesonide	
induced	Cushing’s	syndrome	in	cystic	fibrosis	
patients,	due	to	drug	inhibition	of	cytochrome	
P450.	J	Cyst	Fibros	2003;2:72–5.

159.	 Pilmis	 B,	 Coignard-Biehler	 H,	 Jullien	 V,	
Hermine	 O,	 Touraine	 P,	 Lecuit	 M,	 et	al.		
Iatrogenic	 Cushing’s	 syndrome	 induced	 by	

posaconazole.	 Antimicrob	 Agents	 Chemother	
2013;57:5727–8.

160.	 Blondin	MC,	Beauregard	H,	Serri	O.	Iatrogenic	
Cushing	 syndrome	 in	 patients	 receiving	
inhaled	 budesonide	 and	 itraconazole	 or	 rito-
navir:	two	cases	and	literature	review.	Endocr	
Pract	2013;19:e138–41.

161.	 Brusselle	GG,	Joos	G.	Is	 there	a	role	for	mac-
rolides	in	severe	asthma?	Curr	Opin	Pulm	Med	
2014;20:95–102.

162.	 Reiter	J,	Demirel	N,	Mendy	A,	Gasana	J,	Vieira	
ER,	 Colin	 AA,	 et	al.	 Macrolides	 for	 the	 long-
term	management	of	asthma–a	meta-analysis	
of	 randomized	 clinical	 trials.	 Allergy	 2013;	
68:1040–9.

163.	 Strunk	 RC,	 Bacharier	 LB,	 Phillips	 BR,	 Szefler	
SJ,	Zeiger	RS,	Chinchilli	VM,	et	al.	Azithromy-
cin	 or	 montelukast	 as	 inhaled	 corticosteroid-
sparing	agents	in	moderate	to	severe	childhood	
asthma	 study.	 J	 Allergy	 Clin	 Immunol	
2008;122:1138–44.

164.	 Jakobsson	T,	Croner	S,	Kjellman	NI,	Pettersson	
A,	 Vassella	 C,	 Björkstén	 B.	 Slight	 steroid-
sparing	effect	of	intravenous	immunoglobulin	
in	 children	 and	 adolescents	 with	 moderately	
severe	 bronchial	 asthma.	 Allergy	 1994;49:	
413–20.

165.	 Mazer	 BD,	 Gelfand	 EW.	 An	 open-label	 study		
of	 high-dose	 intravenous	 immunoglobulin		
in	 severe	 childhood	 asthma.	 J	 Allergy	 Clin	
Immunol	1991;87:976–83.

166.	 Niggemann	B,	Leupold	W,	Schuster	A,	Schuster	
R,	v	Berg	A,	Grübl	A	et	al.	Prospective,	double-
blind,	 placebo-controlled,	 multicentre	 study	
on	the	effect	of	high-dose,	intravenous	immu-
noglobulin	 in	 children	 and	 adolescents	 with	
severe	 bronchial	 asthma.	 Clin	 Exp	 Allergy	
1998;28:205–10.

167.	 Vrugt	B,	Wilson	S,	van	Velzen	E,	Bron	A,	Shute	
JK,	Holgate	ST,	et	al.	Effects	of	high	dose	intra-
venous	immunoglobulin	in	two	severe	cortico-
steroid	 insensitive	 asthmatic	 patients.	 Thorax	
1997;52:662–4.

168.	 Spahn	 JD,	 Leung	 DY,	 Chan	 MT,	 Szefler	 SJ,	
Gelfand	 EW.	 Mechanisms	 of	 glucocorticoid	
reduction	 in	 asthmatic	 subjects	 treated	 with	
intravenous	 immunoglobulin.	 J	 Allergy	 Clin	
Immunol	1999;103:421–6.

169.	 Aaron	SD,	Dales	RE,	Pham	B.	Management	of	
steroid-dependent	asthma	with	methotrexate:	
a	 meta-analysis	 of	 randomized	 clinical	 trials.	
Respir	Med	1998;92:1059–65.

170.	 Marin	 MG.	 Low-dose	 methotrexate	 spares	
steroid	 usage	 in	 steroid-dependent	 asthmatic	
patients:	 a	 meta-analysis.	 Chest	 1997;112:	
29–33.

171.	 Coren	 ME,	 Rosenthal	 M,	 Bush	 A.	 The	 use		
of	 cyclosporin	 in	 corticosteroid	 dependent	
asthma.	Arch	Dis	Child	1997;77:522–3.

172.	 Payne	 DNR,	 Balfour-Lynn	 IM,	 Biggart	 EA,	
Bush	A,	 Rosenthal	 M.	 Subcutaneous	 terbuta-
line	 in	 children	 with	 chronic	 severe	 asthma.	
Pediatr	Pulmonol	2002;33:356–61.

173.	 Reddel	H,	Ware	S,	Marks	G,	Salome	C,	Jenkins	
C,	 Woolcock	 A.	 Differences	 between	 asthma	
exacerbations	and	poor	asthma	control.	Lancet	
1999;353:364–9.

174.	 Sur	 S,	 Crotty	 TB,	 Kephart	 GM,	 Hyma	 BA,	
Colby	 TV,	 Reed	 CE,	 et	al.	 Sudden-onset	 fatal	
asthma.	A	distinct	entity	with	few	eosinophils	
and	relatively	more	neutrophils	 in	 the	airway	
submucosa?	 Am	 Rev	 Respir	 Dis	 1993;148:	
713–19.

175.	 Haselkorn	 T,	 Fish	 JE,	 Zeiger	 RS,	 Szefler	 SJ,	
Miller	DP,	Chipps	BE,	et	al.	Consistently	very	
poorly	 controlled	 asthma,	 as	 defined	 by	 the	

impairment	 domain	 of	 the	 Expert	 Panel	
Report	 3	 guidelines,	 increases	 risk	 for	 future	
severe	asthma	exacerbations	 in	The	Epidemi-
ology	 and	 Natural	 History	 of	 Asthma:	 Out-
comes	 and	 Treatment	 Regimens	 (TENOR)	
study.	 J	 Allergy	 Clin	 Immunol	 2009;124:	
895–902.

176.	 Haselkorn	T,	Zeiger	RS,	Chipps	BE,	Mink	DR,	
Szefler	 SJ,	 R	 Simons	 FE,	 et	al.	 Recent	 asthma	
exacerbations	 predict	 future	 exacerbations	 in	
children	 with	 severe	 or	 difficult-to-treat	
asthma.	 J	 Allergy	 Clin	 Immunol	 2009;124:	
921–7.

177.	 Carroll	 NE,	 Carello	 S,	 Cooke	 C,	 James	 A.	
Airway	 structure	 and	 inflammatory	 cells	 in	
fatal	 attacks	 of	 asthma.	 Eur	 Respir	 J	 1996;	
9:709–15.

178.	 Gibson	 PG,	 Norzila	 MZ,	 Fakes	 K,	 Simpson	 J,	
Henry	RL.	Pattern	of	airway	inflammation	and	
its	determinants	in	children	with	acute	severe	
asthma.	Pediatr	Pulmonol	1999;28:261–70.

179.	 Ballester	 F,	 Soriano	 JB,	 Otero	 I,	 Rivera	 ML,	
Sunyer	 J,	 Merelles	 A,	 et	al.	 Asthma	 visits	 to	
emergency	 rooms	 and	 soybean	 unloading	 in	
the	harbors	of	Valencia	and	A	Coruña,	Spain.	
Am	J	Epidemiol	1999;149:315–22.

180.	 Marks	 GB,	 Colquhoun	 JR,	 Girgis	 ST,	 Koski	
MH,	 Treloar	 AB,	 Hansen	 P,	 et	al.	 Thunder-
storm	outflows	preceding	epidemics	of	asthma	
during	 spring	 and	 summer.	 Thorax	 2001;	
56:468–71.

181.	 Wark	PA,	Simpson	J,	Hensley	MJ,	Gibson	PG.	
Airway	inflammation	in	thunderstorm	asthma.	
Clin	Exp	Allergy	2002;32:1750–6.

182.	 Haldar	 P,	 Brightling	 CE,	 Hargadon	 B,		
Gupta	 S,	 Monteiro	 W,	 Sousa	 A,	 et	al.	 	
Mepolizumab	and	exacerbations	of	refractory	
eosinophilic	 asthma.	N	Engl	 J	Med	2009;360:	
973–84.

183.	 Nair	 P,	 Pizzichini	 MM,	 Kjarsgaard	 M,	 Inman	
MD,	Efthimiadis	A,	Pizzichini	E,	et	al.	Mepoli-
zumab	for	prednisone-dependent	asthma	with	
sputum	eosinophilia.	N	Engl	J	Med	2009;360:	
985–93.

184.	 Pauwels	 RA,	 Löfdahl	 CG,	 Postma	 DS,		
Tattersfield	 AE,	 O’Byrne	 P,	 Barnes	 PJ,	 et	al.	
Effect	 of	 inhaled	 formoterol	 and	 budesonide	
on	 exacerbations	 of	 asthma.	 Formoterol	 and	
Corticosteroids	Establishing	Therapy	(FACET)	
International	 Study	 Group.	 N	 Engl	 J	 Med	
1997;337:1405–11.

185.	 Cates	 CJ,	 Lasserson	 TJ.	 Combination	 for-
moterol	 and	 budesonide	 as	 maintenance	 and	
reliever	therapy	versus	inhaled	steroid	mainte-
nance	 for	 chronic	 asthma	 in	 adults	 and	 chil-
dren.	 Cochrane	 Database	 Syst	 Rev	 2009;2:	
CD007313.

186.	 Cates	 CJ,	 Lasserson	 TJ.	 Combination	 for-
moterol	 and	 inhaled	 steroid	 versus	 beta2-
agonist	as	relief	medication	for	chronic	asthma	
in	adults	and	children.	Cochrane	Database	Syst	
Rev	2009;2:CD007085.

187.	 McKean	M,	Ducharme	F.	 Inhaled	steroids	 for	
episodic	viral	wheeze	of	childhood.	Cochrane	
Database	Syst	Rev	2000;2:CD001107.

188.	 Robertson	 CF,	 Price	 D,	 Henry	 R,	 Mellis	 C,	
Glasgow	 N,	 Fitzgerald	 D,	 et	al.	 Short-	
course	 montelukast	 for	 intermittent	 asthma		
in	 children:	 a	 randomized	 controlled	 trial.		
Am	 J	 Respir	 Crit	 Care	 Med	 2007;175:	
323–9.

189.	 Green	RH,	Brightling	CE,	McKenna	S,	Harga-
don	 B,	 Parker	 D,	 Bradding	 P,	 et	al.	 Asthma	
exacerbations	 and	 sputum	 eosinophil	 counts:	
a	 randomised	 controlled	 trial.	 Lancet	 2002;	
360:1715–21.



	 37  Refractory Childhood Asthma: Assessment and Management 353.e5

190.	 Jayaram	L,	Pizzichini	MM,	Cook	RJ,	Boulet	LP,	
Lemière	 C,	 Pizzichini	 E,	 et	al.	 Determining	
asthma	 treatment	 by	 monitoring	 sputum	 cell	
counts:	 effect	 on	 exacerbations.	 Eur	 Respir	 J	
2006;27:483–94.

191.	 Fleming	L,	Wilson	N,	Regamey	N,	Bush	A.	Use	
of	sputum	eosinophil	counts	to	guide	manage-
ment	 in	 children	 with	 severe	 asthma.	 Thorax	
2012;67:193–8.

192.	 Fleming	L,	Tsartsali	L,	Wilson	N,	Regamey	N,	
Bush	A.	Sputum	inflammatory	phenotypes	are	
not	 stable	 in	 children	 with	 asthma.	 Thorax	
2012;67:675–81.

193.	 Fleming	L,	Tsartsali	L,	Wilson	N,	Regamey	N,	
Bush	 A.	 Longitudinal	 relationship	 between	
sputum	eosinophils	and	exhaled	nitric	oxide	in	
children	 with	 asthma.	 Am	 J	 Respir	 Crit	 Care	
Med	2013;188:400–2.

194.	 Petsky	 HL,	 Cates	 CJ,	 Lasserson	 TJ,	 Li	 AM,	
Turner	 C,	 Kynaston	 JA,	 et	al.	 A	 systematic	
review	 and	 meta-analysis:	 tailoring	 asthma	
treatment	 on	 eosinophilic	 markers	 (exhaled	
nitric	 oxide	 or	 sputum	 eosinophils).	 Thorax	
2012;67:199–208.

195.	 Wan	YI,	Shrine	NR,	Soler	Artigas	M,	Wain	LV,	
Blakey	 JD,	 Moffatt	 MF,	 et	al.	 Genome-wide	
association	 study	 to	 identify	 genetic	 determi-
nants	 of	 severe	 asthma.	 Thorax	 2012;67:	
762–8.

196.	 Binia	 A,	 Van	 Stiphout	 N,	 Liang	 L,	 Michel	 S,	
Bhavsar	 PK,	 Fan	 Chung	 K,	 et	al.	 A	 polymor-
phism	affecting	MYB	binding	within	the	pro-
moter	 of	 the	 PDCD4	 gene	 is	 associated	 with	
severe	asthma	in	children.	Hum	Mutat	2013;34:	
1131–9.

197.	 Edwards	 MR,	 Regamey	 N,	 Vareille	 M,	 Kien-
inger	E,	Gupta	A,	Shoemark	A,	et	al.	Impaired	
innate	 interferon	 induction	 in	 severe	 therapy	
resistant	 atopic	 asthmatic	 children.	 Mucosal	
Immunol	2013;6:797–806.

198.	 Contoli	 M,	 Message	 SD,	 Laza-Stanca	 V,	
Edwards	MR,	Wark	PA,	Bartlett	NW,	et	al.	Role	
of	 deficient	 type	 III	 interferon-lambda	

production	in	asthma	exacerbations.	Nat	Med	
2006;12:1023–6.

199.	 Wark	PA,	 Johnston	SL,	Bucchieri	F,	Powell	R,	
Puddicombe	S,	Laza-Stanca	V,	et	al.	Asthmatic	
bronchial	epithelial	cells	have	a	deficient	innate	
immune	response	to	infection	with	rhinovirus.	
J	Exp	Med	2005;201:937–47.

200.	 Sykes	A,	Edwards	MR,	Macintyre	J,	del	Rosario	
A,	 Bakhsoliani	 E,	 Trujillo-Torralbo	 MB,	 et	al.	
Rhinovirus	 16-induced	 IFN-alpha	 and	 IFN-
beta	 are	 deficient	 in	 bronchoalveolar	 lavage	
cells	 in	 asthmatic	 patients.	 J	 Allergy	 Clin	
Immunol	2012;129:1506–14.

201.	 Iikura	K,	Katsunuma	T,	Saika	S,	Ichinohe	S,	Ida	
H,	 Saito	 H,	 et	al.	 Peripheral	 blood	 mononu-
clear	cells	from	patients	with	bronchial	asthma	
show	 impaired	 innate	 immune	 responses	 to	
rhinovirus	in	vitro.	Int	Arch	Allergy	Immunol	
2011;155(Suppl.	1):27–33.

202.	 Gupta	 A,	 Sjoukes	 A,	 Richards	 D,	 Banya	 W,	
Hawrytowicz	 C,	 Bush	 A,	 et	al.	 Relationship	
between	serum	vitamin	D,	disease	severity	and	
airway	 remodeling	 in	 children	 with	 asthma.	
Am	J	Respir	Crit	Care	Med	2011;184:1342–9.

203.	 Fitzpatrick	AM,	Teague	WG,	Meyers	DA,	Peters	
SP,	 Li	 X,	 Li	 H,	 et	al.,	 National	 Institutes	 of	
Health/National	Heart,	Lung,	and	Blood	Insti-
tute	Severe	Asthma	Research	Program.	Hetero-
geneity	 of	 severe	 asthma	 in	 childhood:	
confirmation	by	cluster	analysis	of	children	in	
the	 National	 Institutes	 of	 Health/National	
Heart,	 Lung,	 and	 Blood	 Institute	 Severe	
Asthma	 Research	 Program.	 J	 Allergy	 Clin	
Immunol	2011;127:382–9.

204.	 Fitzpatrick	 AM,	 Teague	 WG,	 National	 Insti-
tutes	 of	 Health/National	 Heart,	 Lung,	 and	
Blood	 Institute’s	 Severe	 Asthma	 Research	
Program.	 Progressive	 airflow	 limitation	 is	 a	
feature	 of	 children	 with	 severe	 asthma.	 J	
Allergy	Clin	Immunol	2011;127:282–4.

205.	 Liu	 L,	 Teague	WG,	 Erzurum	 S,	 Fitzpatrick	A,	
Mantri	 S,	 Dweik	 RA,	 et	al.,	 National	 Heart,	
Lung,	 and	 Blood	 Institute	 Severe	 Asthma	

Research	 Program	 (SARP).	 Determinants	 of	
exhaled	breath	condensate	pH	in	a	large	popu-
lation	with	asthma.	Chest	2011;139:328–36.

206.	 Greenwald	 R,	 Fitzpatrick	 AM,	 Gaston	 B,	
Marozkina	NV,	Erzurum	S,	Teague	WG.	Breath	
formate	 is	 a	 marker	 of	 airway	 S-nitrosothiol	
depletion	in	severe	asthma.	PLoS	ONE	2010;5:	
e11919.

207.	 Fitzpatrick	AM,	Holguin	F,	Teague	WG,	Brown	
LA.	 Alveolar	 macrophage	 phagocytosis	 is	
impaired	 in	 children	 with	 poorly	 controlled	
asthma.	 J	 Allergy	 Clin	 Immunol	 2008;121:	
1372–8.

208.	 Fitzpatrick	AM,	Teague	WG,	Holguin	F,	Yeh	M,	
Brown	LA.	Severe	Asthma	Research	Program.	
Airway	 glutathione	 homeostasis	 is	 altered	 in	
children	 with	 severe	 asthma:	 evidence	 for	
oxidant	 stress.	 J	 Allergy	 Clin	 Immunol	 2009;	
123:146–52.

209.	 Fitzpatrick	AM,	Teague	WG,	Burwell	L,	Brown	
MS,	 Brown	 LA.	 NIH/NHLBI	 Severe	 Asthma	
Research	 Program.	 Glutathione	 oxidation	 is	
associated	with	airway	macrophage	functional	
impairment	 in	 children	 with	 severe	 asthma.	
Pediatr	Res	2011;69:154–9.

210.	 Zhang	 X,	 Sebastiani	 P,	 Liu	 G,	 Schembri	 F,	
Zhang	 X,	 Dumas	 YM,	 et	al.	 Similarities	 and	
differences	 between	 smoking-related	 gene	
expression	in	nasal	and	bronchial	epithelium.	
Physiol	Genomics	2010;41:1–8.

211.	 Fens	N,	van	der	Schee	MP,	Brinkman	P,	Sterk	
PJ.	Exhaled	breath	analysis	by	electronic	nose	
in	 airways	 disease.	 Established	 issues	 and	 key	
questions.	Clin	Exp	Allergy	2013;43:705–15.

212.	 Cohen	AL,	Soldi	R,	Zhang	H,	Gustafson	AM,	
Wilcox	R,	Welm	BE,	et	al.	A	pharmacogenomic	
method	 for	 individualized	prediction	of	drug	
sensitivity.	Mol	Syst	Biol	2011;7:513.

213.	 Simpson	A,	 John	 SL,	 Jury	 F,	 Niven	 R,	Wood-
cock	A,	Ollier	WE,	et	al.	Endotoxin	exposure,	
CD14,	 and	 allergic	 disease:	 an	 interaction	
between	 genes	 and	 the	 environment.	 Am	 J	
Respir	Crit	Care	Med	2006;174:386–92.



354

Promoting Adherence and  
Effective Self-Management  
in Patients with Asthma
BRUCE G. BENDER

38 

KEY POINTS

• Patients often take less than half of their prescribed 
controller medication, and surprisingly many stop taking 
their controller medication altogether after an initial 
filling at their pharmacy.

• Decreasing adherence contributes to poor control and 
increased exacerbation risk, in turn driving up health-
care costs.

• Complex and time-consuming adherence interventions 
are difficult to integrate into everyday clinical practice.

• Evidence-based, time-efficient strategies can be 
adopted by most providers to increase patient 
adherence.

• Successful strategies utilize principles of patient-
centered care and effective communication, including 
collaboration on treatment goals and plans.

Nonadherence Undermines 
Treatment
Patient adherence with asthma self-management plans, as with 
all chronic medical conditions, is often poor. Adherence to daily 
medication regimens averages about 50% or less for chronic 
conditions in general,1 including patients with asthma.2,3 Adher-
ence as defined in these studies means that about half of the 
prescribed medication was taken, although it does not neces-
sarily signify that it was taken in the appropriate manner. In 
addition, the report of 50% medication adherence reflects the 
average of groups of patients studied but does not translate into 
a uniform pattern of taking every other dose of medication. 
Individual adherence patterns include widely varying behav-
iors, with some patients taking close to all their medications at 
the appropriate time and others taking almost no medication.3 
Individual adherence fluctuates greatly over time, often with 
periods of time during which patients take no medication for 
varying periods, often for days or weeks at a time.4 Further, 
asthma medication adherence may be on the decline. A 1993 
review of ten published studies found that adherence had aver-
aged 48%.5 Recently published studies have reported mean 
inhaled corticosteroids (ICS) adherence at 34% in adults6 and 
40% in children.7 Other studies have shown alarmingly high 
rates of medication abandonment, reflected in refill nonpersis-
tence, a problem not unique to asthma. For example, large 
administrative and pharmacy database studies have revealed 

that 59% of patients with asthma,8 39% of patients with hyper-
tension9 and 86% of patients with chronic obstructive pulmo-
nary disease (COPD) ceased refilling their medication and did 
not return to fill again within a year.10 Decreasing ICS adherence 
is followed by worsening asthma symptoms in children.11 
Because most adherence research is conducted on patients who 
volunteer to participate in studies and know that their adher-
ence is being monitored, these numbers may be inflated. One 
medication refill study, reflecting the behavior of 5,500 adult 
and pediatric patients using a national pharmacy chain, found 
mean ICS adherence of 22.2% over 12 months.8

Impact of Nonadherence
Depending on the duration of action and the drug side-effects 
profile, periods of nonadherence may have several potential 
consequences, including waning drug action, hazardous 
rebound effects when administration stops abruptly, and over-
dose effects when administration of full-strength drugs sud-
denly resumes.4 In studies of metered-dose inhaler (MDI) use 
among children with asthma, inhalers were not used on 48% of 
study days and abandonment of medication typically occurred 
for several consecutive days.12 The consequences of such start-
and-stop adherence patterns are unknown. Time to onset of  
the effectiveness of ICS in the treatment of mild-to-moderate 
asthma is about 3 weeks, with faster impact (3 days) reflected 
on morning peak expiratory flow values in patients with severe 
asthma.13 It remains to be determined how varying patterns 
of adherence translate into asthma control and whether, for 
example, control in patients with relatively high adherence who 
fail to use their medication for 1 week or longer is poorer than 
in patients who use less total medication but with better 
regularity.14

While the assumption that underuse of asthma controller 
medication can result in less control over the disorder is accu-
rate, conclusions about the amount of medication required by 
any individual child are difficult to establish largely because  
of individual variations in disease characteristics, medication 
requirements and drug metabolism rates. The prevailing stan-
dard, as reflected by the US National Asthma Education and 
Prevention Program (NAEPP) guidelines for the diagnosis and 
management of asthma, is that increased medication adminis-
tration is the correct response to inadequate symptom control.15 
The potential benefit of medication escalation on the part of 
the physician is realized only if the patient responds by adhering 
to the new regimen. Although some studies have defined non-
adherence as less than 75% of medication taken, it is impossible 
to establish a minimum level of adherence that is sufficient for 
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all patients. Evidence exists that ICS are highly effective in con-
trolling asthma, that some benefit persists even at relatively low 
dosing frequency, and that a dose-response relationship exists 
between degree of adherence and degree of benefit. Suissa 
et al,16 for example, conducted a nested case-control study of 
patients with severe asthma and found that decreasing number 
of ICS pharmacy refills was associated with increasing risk of 
death from asthma. As few as three ICS canisters per year 
reduced risk by one half, with increasing protection gained as 
refills increased up to a full adherence level of 12 canisters per 
year. Clearly, as adherence levels drop, asthma becomes less 
controlled. For example, in a 3-month study, children with a 
median ICS adherence of 14% had asthma exacerbations 
requiring urgent office visits and oral steroid bursts, whereas 
those with adherence levels of 68% remained medically stable.17 
Even children with relatively mild asthma demonstrated 
increased asthma symptoms as adherence declined.11 Nonad-
herent adults with asthma had more airway obstruction than 
adherent patients.18 In large studies of managed care popula-
tions, decreasing use of ICS has been linked to increased risk of 
hospitalization.19 Children who did not adhere to their asthma 
treatment regimen had poorer asthma control and required 
more urgent-care visits, steroid bursts and hospitalizations.17,20,21 
In a recent study of 18,456 Medicaid children with asthma, 
increasing adherence to controller medication was associated 
with higher cost but also decreasing odds of an ED visit.22 Tragi-
cally, nonadherence has been associated with asthma-related 
deaths in children, particularly where psychologic dysfunction 
was observed in the patient or the patient’s family.23

Strategies to Change  
Patient Behavior
Numerous strategies to improve patient adherence have been 
tested, many in carefully conducted randomized clinical trials. 
While most of these interventions have been able to change 
patient or parent behavior, changes are often small and difficult 
to sustain. Further, effective interventions are often costly and 
require large amounts of healthcare provider time or supple-
mentary staff. A Cochrane Collection meta-analysis of 69  
randomized trials of adherence interventions, covering a large 
range of ages and diseases, reported that 40% produced  
an effect on both adherence and at least one clinical outcome. 
All involved complex interventions combining components 
such as information giving, reminders, self-monitoring,  
reinforcement, counseling, psychological therapy, crisis inter-
vention and telephone follow-up.24 A meta-analysis of 70 con-
trolled studies of interventions to improve adherence across 
various chronic pediatric conditions, including asthma, diabe-
tes, cystic fibrosis, cancer, sickle cell disease and gastrointestinal 
disorders, revealed moderate effect size in multicomponent 
behavioral interventions and small effect size from interven-
tions limited to education and instruction.25 Multicomponent 
behavioral programs again included a variety of interventions 
such as behavioral reinforcement, social support, computer  
and technology-based components, homework assignments 
and family and individual psychological counseling. Other 
promising strategies include the use of patient advocates or 
navigators26 and introduction of innovative web-based technol-
ogy into school-based clinics to improve care coordination and 
adherence.27

A recent consensus report from a group of 20 internationally 
recognized experts on adherence emphasized the essential 
importance of identifying simple, brief interventions that could 
be delivered by healthcare providers during the course of 
routine office care.28 The challenge, then, becomes one of iden-
tifying interventions that are not costly, do not require a large 
amount of healthcare provider time and can be implemented 
during routine office visits. Do such interventions exist, and are 
they evidence based? A considerable amount of evidence indi-
cates that key communication strategies exist that can change 
parent and patient behavior and are evidence-based, time-
efficient and teachable to busy healthcare providers.

Five Communication Strategies for 
Changing Patient Behavior
Behavioral scientists have long adopted a translational research 
approach to understanding and changing health behaviors. 
Much like ‘bench’ research, the process begins with studies that 
document frequencies, predictors and moderators of health 
behaviors. This information is used to build models, or theories, 
that explain health behaviors. Such models of behavior change 
are used, in turn, to translate theory to the ‘bedside’ by allowing 
behavioral scientists to develop and test interventions that 
change people’s health behavior.29 Strategies to change patient 
behavior have been rooted in a number of health behavior 
change frameworks. These include patient-centered care, moti-
vational interviewing, readiness to change and shared decision-
making. Each has produced evidence of the effectiveness of very 
specific communication strategies. These strategies are dis-
cussed below, along with evidence from each model that sup-
ports its use. The collective group of five strategies are presented 
here as an integrated program that can guide provider behavior 
during patient visits to increase treatment effectiveness and out-
comes. Further, these strategies can enhance satisfaction from 
the encounter for both the family and the healthcare provider.

1. BUILD A RELATIONSHIP

Promoting strong adherence begins with the development of 
patient trust in the provider-patient relationship. Patients and 
parents are more likely to increase and accurately report their 
adherence levels, and to express satisfaction with their care, 
where healthcare providers demonstrate thorough information 
sharing, interpersonal sensitivity and partnership-building.30 
Patient-centered care embraces the concept that trust is estab-
lished where the provider demonstrates genuine interest in and 
concern about the patient and considers the family’s cultural 
traditions, personal preferences and values, current situations 
and lifestyle.31 Trust begins with communication, including lis-
tening and exploring concerns. The first moment of interaction 
when the provider and patient come together sets the tone for 
the communication that will follow. Consensus recommenda-
tions indicate that very basic elements of communication that 
establish this foundation include adopting a friendly tone, 
greeting the family with a smile, and being aware of tone, pace, 
eye contact and other elements of nonverbal communication 
that establish genuine interest in the patient (Box 38-1).32 
Further, patients will be more adherent when physicians provide 
more information and are nonjudgmental, supportive and 
understanding.33 Patient-centered care has been shown to 
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2. FOCUS ON LISTENING

Healthcare providers who want to be helpful to their patients 
by sharing important information about an illness, test results 
and treatment plans are often well-practiced at giving informa-
tion, but may not always be as cognizant of the importance of 
listening. Time pressures add to the sense that the encounter 
must be brief and efficient, a tendency to ask questions that can 
be answered ‘yes’ or ‘no’ to limit discussion, and a desire to move 
briskly toward completion of the visit. The result may be that 
the family’s concerns are not heard. The family’s unheard con-
cerns often undermine adherence.

In the context of the Health Beliefs Model, the parent’s deci-
sion about whether or not to follow a treatment plan is largely 
influenced by their perception of the risks associated with the 
disease, and the risks and benefits introduced by the treat-
ment.42 For patients or parents of patients with asthma, 
concerns often include fears about medication side-effects, a 
perception that the medication is not helping, concerns about 
long-term dependence on the medication and the cost of the 
medication.43 In a study of parents of 67 children with asthma, 
increased concerns about risks of taking asthma medications 
were associated with lower adherence; fewer concerns com-
bined with a perception of benefit from the child’s medication 
were associated with higher adherence.44 When the patient or 
parent voices their concerns, the healthcare provider has an 
opportunity to discuss these concerns and perceptions, to 
provide more information and to discuss treatment options. 
When the discussion leads to a shift in the family’s perception 
of the relative benefits of the medication over its risks, increased 
adherence is likely to follow.44,45

Patients who do not perceive a positive benefit-to-risk 
advantage to their treatment are likely to be ambivalent and 
uncommitted to a daily treatment regimen. Evidence of this 
ambivalence is seen in the finding that over half of 5,500 patients 
who filled an ICS prescription once did not return to refill 
within 12 months.8 The technique of motivational interviewing 
is designed to increase patient and parent motivation by strate-
gically helping to overcome ambivalence while avoiding con-
fronting or lecturing the patient.46 At the core of this technique 
are four important listening strategies: open-ended questions, 
affirmations, reflective listening and summary statements.47

Open-ended questions allow the patient and parent to ‘tell 
their story’, and contrast with closed-ended questions, 
which force the family into a yes-no response (e.g. ‘Tell me 
about how you are using the asthma medication’ rather 
than ‘Are you taking your medication?’).

Affirmations are positive statements that help to build 
rapport and encourage behavior change (e.g. ‘I can see 
that you are really trying to get your child’s asthma under 
control’).

Reflective listening, arguably the most challenging of these 
listening skills, involves stating back to the patient and 
parent what the healthcare provider believes they have 
heard from the family. Reflective listening helps to ensure 
that the provider understands the patient’s perspective 
while emphasizing positive statements about change. The 
seven types of reflective listening, from simplest to most 
complex, are listed in Table 38-1.

Summary statements are longer summaries of what the pro-
vider has heard from the patient or parent, and serve the 
purpose of providing a recap of key points, highlighting 

Bayer-Fetzer Conference on Physician-Patient Communication in 
Medical Education. Essential elements of communication in 
medical encounters: the Kalamazoo Consensus Statement. Acad 
Med 2001;76:390–93.

BOX 38-1 KEY ELEMENTS OF THE INITIAL VISIT 
THAT HELP BUILD A POSITIVE 
RELATIONSHIP

• A warm smile moves mountains
• Greet and express interest in your patient
• Use tone, pace, eye contact and posture to show care and 

concern
• Use simple language and basic concepts
• Don’t overload the patient or parent
• Be sensitive to cultural differences

improve health outcomes for a number of disorders including 
diabetes,34 hypertension,35 obesity36 and asthma.37

Demonstration of interest and concern includes asking 
questions that allow the patient or parent to tell the physician 
about their worries, symptoms and hopes for the visit. In a 
survey study, 865 patients from three primary care practices 
completed a questionnaire inquiring about what the patient 
desired in a consultation with their physician. Factor analysis of 
the results identified three primary domains: (1) communica-
tion, which included listening, exploring concerns and provid-
ing information with clear explanations; (2) partnership, which 
included discussion with the physician to achieve common 
ground and mutual agreement about the problem and treat-
ment; and (3) health promotion, which included information 
and encouragement to maintain health and reduce risks of 
future illness.38 A systematic review of relevant literature 
revealed that physician questioning is an important part of 
effective communication that can exert positive influence on 
the patient’s emotional wellbeing, symptom resolution and 
functional and physiologic improvement.39 This approach has 
advantages for both the family and the provider. Taking the time 
to ask and answer patient questions is associated with greater 
physician job satisfaction and higher rates of adherence to 
medical treatment40 and lower rates of medical errors.41

The NAEPP guidelines for the diagnosis and management 
of asthma15 provide examples of questions that can be asked in 
the initial visit and help set the stage for positive communica-
tion (Box 38-2).

BOX 38-2 EXAMPLES OF QUESTIONS THAT HELP 
TO SET THE STAGE FOR PATIENT-
CENTERED CARE

• What worries you about your child’s asthma?
• What do you want to accomplish at this visit?
• What do you want to be able to do that you can’t do now 

because of your asthma?
• What do you expect from treatment?
• What medicines have you tried?
• What other questions do you have for me today?

NAEPP Guidelines for the diagnosis and management of asthma. 
Expert Panel Report 2007;3.
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1.	 Repeating Patient Healthcare Provider
Use	to	diffuse	resistance ‘I	don’t	want	to	take	my	medication.’ ‘You	don’t	want	to	take	your	medication.’
2.	 Rephrasing Patient Healthcare Provider
Slightly	alter	what	the	patient	says	to	provide	

the	patient	with	a	different	point	of	view
‘I	want	to	take	my	medication,	but	I	

have	trouble	fitting	it	into	my	day.’
’Taking	your	medication	is	important	to	you.’

3.	 Empathic reflection Patient Healthcare Provider
Provide	understanding	for	the	patient’s	

situation
‘You’ve	probably	never	had	to	deal	

with	anything	like	this.’
‘It’s	hard	to	imagine	how	I	could	possibly	

understand.’
4.	 Reframing Patient Healthcare Provider
Help	the	patient	think		

about	his	or	her	situation		
differently

‘I’ve	tried	to	take	my	medication	
consistently,	but	I	just	can’t	seem	to	
pull	it	off.’

‘You	are	persistent,	even	in	the	face	of	
discouragement.	Controlling	your	asthma	
is	really	important	to	you.’

5.	 Feeling reflection Patient Healthcare Provider
Reflect	the	emotional	undertones	of	the	

conversation
‘I	know	that	not	taking	medication	is	

bad	for	my	asthma.’
‘You’re	worried	about	your	asthma	getting	

worse.’
6.	 Amplified reflection Patient Healthcare Provider
Reflect	what	the	client	has	said	in	an	

exaggerated	way.	This	encourages	the	
client	to	argue	less	and	can	elicit	the	other	
side	of	the	client’s	ambivalence

‘My	mom	is	totally	exaggerating	my	
symptoms.	My	asthma	isn’t	that	bad.’

’There’s	no	reason	to	be	concerned	about	
your	asthma.’	(said	without	sarcasm)

7.	 Double-sided reflection Patient Healthcare Provider
Acknowledge	both	sides	of	the	patient’s	

ambivalence
’Taking	medications	just	takes	away	my	

freedom.	It’s	such	a	hassle.’	
‘On	the	one	hand,	you	find	that	medication	

takes	away	your	freedom.	On	the	other	
hand,	you	said	that	your	asthma	symptoms	
limit	your	freedom	by	preventing	you	from	
doing	things	you	enjoy.	What	do	you	make	
of	this?’

Reprinted with permission, J Allergy Clin Immunol 2007;120(5).

TABLE 
38-1 Types of Reflections Used in Motivational Interviewing

the family’s ambivalence and gently moving the patient 
toward a positive change (e.g. ‘You’d like to really get your 
child’s asthma under better control, and you think this 
medication is helping, but you are not convinced that this 
medication is safe enough to take for a long period of 
time’). Both reflective listening and summary statements 
help to crystallize where a behavior change is needed, and 
help to transition the discussion toward action.

3. COLLABORATE ON THE TREATMENT PLAN

Patient-centered care presumes that the provider is willing to put 
aside a paternalistic approach in which the patient is told what 
is wrong with them and what they need to do, and instead work 
toward a partnership in which the patient is heard, a discussion 
occurs and the two parties agree both on the goals of treatment 
as well as the treatment itself.48 To accomplish this partnership, 
the provider must engage and listen to the patient and parent, 
showing sensitivity, interest, concern and comprehension of the 
family’s message. Differences in goals and expectations must be 
discussed and resolved before the treatment plan is finalized. 
The partnership approach is favored by many patients. For 
example, a survey of patients following a consultation showed 
increased satisfaction where physicians were ‘interested in what 
I think the problem is’, ‘interested in what treatment I want’ and 
would ‘discuss and agree with me on treatment’.38 The NAEPP 
guidelines emphasize the importance of this relationship and 
provide recommendations on establishing a partnership with 
the patient and family (Box 38-3).

Establishing a partnership between the provider and family 
necessarily reflects a shift of authority within which the physi-
cian takes into account patients’ concerns and preferences 
before making treatment recommendations. The degree to 

NAEPP Guidelines for the diagnosis and management of asthma. 
Expert Panel Report 2007;3.

BOX 38-3 STEPS TO DEVELOP AN ACTIVE 
PARTNERSHIP WITH THE PATIENT  
AND FAMILY

• Establish open communications
• Identify and address patient and family concerns about 

asthma and asthma treatment
• Identify patient/parent/child treatment preferences regarding 

treatment and barriers to its implementation
• Develop treatment goals together with patient and family
• Encourage active self-assessment and self-management of 

asthma
• Encourage adherence by:

• choosing a treatment regimen that achieves outcomes and 
addresses preferences that are important to the patient/
parent (Evidence B)

• reviewing the success of the treatment plan with the 
patient/parent at each visit and making adjustments as 
needed (Evidence B)

• Tailor the asthma self-management teaching approach to the 
needs of each patient

• Maintain sensitivity to cultural beliefs and ethnocultural prac-
tices (Evidence C)

which the provider defers to the patient or parent will depend 
on both the physician and family. Many physicians are most 
comfortable maintaining control of the treatment plan, and 
may do so while still adopting a sensitive patient-centered focus. 
Other physicians may be comfortable taking the partnership a 
step further, allowing the patient more control over the choice 
of treatment plan. This approach is adopted in the shared 
decision-making model, a communication approach that 
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provider can address all concerns in the allotted time. Simply 
listening to and acknowledging the patient’s concerns often pro-
vides an emotional relief to the patient. The provider must 
establish priorities with the patient or parent for this visit 
(‘What is at the top of your list?’), consider the time available 
and make a plan that may include data collection and a follow-up 
visit.56 It may be helpful for the provider to establish explicitly 
the boundaries for the visit and remind the patient of the time 
available:57,58 ‘We have about 15 minutes today, so let’s decide 
together what is most important to accomplish. Then I’ll order 
some tests and we’ll have you schedule a follow-up visit. Would 
that be OK?’. Establishing interest in and concern for the patient 
does not mean giving unlimited time for the visit. Employing 
the techniques of reflective listening allows a means for the 
physician to summarize the information or concerns expressed 
by the patient or parent and move toward completion of the 
visit.

An additional communication strategy that is helpful both 
to managing time and assuring that the patient or parent under-
stands what the provider means to communicate is the ‘teach 
back’ method.59 This method consists of asking the patient to 
repeat in their own words what has been decided and what they 
need to do when they leave the office, and allows the provider 
to check the understanding of all plans and instructions (‘I want 
to see if I have done a good job of explaining all of this to you. 
Can you tell me what we decided today, and what you’re going 
to do about your child’s asthma this week?’).

5. FOLLOW-UP

Providers have limited opportunity to influence the behavior  
of patients once they leave the office. However, if strong  
communication in the office has set the stage for motivating 
health-promoting behavior, follow-up contact can reinforce 
this motivation. Follow-up interventions may include return 
visits to the clinic, telephone calls and other media-based 
interventions.

NAEPP guidelines recommend follow-up visits at 2 to 6 
weeks after the initiation of controller medication therapy, and 
intervals of 1 to 6 months for asthma well care visits. Because 
a large number of patients are almost immediately nonadherent 
following initial controller therapy prescription,8 investment 
of efforts to increase adherence at the point of initiation of 
controller treatment may yield greatest return. Each follow-up 
visit provides an opportunity for discussion of the family’s per-
ceptions and concerns about treatment and, if necessary, rene-
gotiation of the treatment plan. NAEPP guidelines include 
recommendations for questions that can be asked at follow-up 
visits that invite increased communication, provider-patient 
collaboration and treatment adherence (Box 38-4).

Recent evidence indicates strong potential for the employ-
ment of telecommunication technology to reach out to patients 
and encourage adherence. The rapid uptake of telecommunica-
tion technology has penetrated every demographic subgroup of 
the American public, which in turn means that there is the 
interest and opportunity to use technology to engage patients. 
Evidence is mounting to support adherence-enhancing strate-
gies that include leveraging email,60,61 text messaging62 and 
interactive voice recognition technology63,64 to activate patients 
and encourage better disease self-management. In a random-
ized study of a computerized speech recognition program 
designed to call patients with asthma to inquire about disease 

attempts to increase concordance about treatment choices and 
goals by promoting greater involvement of the individual 
patient in deliberations about treatment options.49,50 One study 
evaluated the effectiveness of shared decision-making in 
improving outcomes in adults aged 18 to 70 years with poorly 
controlled, mild to moderate persistent asthma. Healthcare pro-
viders were randomly assigned to one of three training condi-
tions: (1) usual care (no training), (2) management by guidelines 
(training in following the evidence-based guidelines), and (3) 
shared decision-making (training in guidelines combined with 
shared decision-making). In the group of 170 patients of pro-
viders trained in shared decision-making, controller medica-
tion adherence improved from 40% at baseline to 70% following 
the intervention, significantly more than for the 331 patients in 
the other two conditions.51 In another study, 808 women with 
asthma were interviewed about their healthcare experiences. 
Those who reported that their provider had entered into a 
negotiated treatment plan with the patient reported greater 
adherence and lower oral steroid use at follow-up.52 Not all 
patients may prefer a shared decision-making approach. In a 
study where patients evaluated videos of two different types of 
consultations with a physician, one shared decision and one in 
which the physician was more directive, the directed approach 
was often preferred by older patients while the shared decision 
approach was often preferred by younger patients and those 
with higher education levels.53

4. MANAGE TIME

With limitations in insurance reimbursement and a consequent 
need to see larger numbers of patients, physicians often experi-
ence significant pressure to limit the time they spend with each 
patient. Discussions about changing patient health behavior, 
therefore, are sometimes greeted with the concern that improved 
communication will mean large increases in time for each 
patient encounter. However, strategic time management and 
adoption of brief but effective communication strategies often 
results in meaningful changes in patient and parent motivation 
without increased encounter time. For example, a large ran-
domized trial tested the effectiveness of educating primary care 
pediatricians in two interactive seminars that provided training 
in asthma management guidelines and communication skills. 
Half of the 100 pediatricians received the training. Compared 
to the control pediatricians, patients of the trained group 
reported more discussion about personal concerns and goals for 
treatment during office visits, and experienced fewer symptom 
days and emergency department visits over the ensuing year. 
Assessments of time spent with the family revealed that those 
pediatricians who had received the training spent no more time 
than control physicians during the initial visit, acute asthma 
visits or well-child visits.54

Effective time management begins with setting the agenda 
at the beginning of the visit. This includes asking the patient 
what they hope to accomplish (‘What brings you here today?’; 
‘What are you hoping I might be able to do to help?’). The 
‘patient agenda’ may differ from the ‘physician agenda’.48 Patients 
and parents may be reluctant to voice their agenda, feeling 
intimidated or worried about how their concerns will be heard 
by the physician.48 However, when physicians proceed with their 
own presumed agenda and fail to elicit the family’s agenda, 
outcomes are often less successful.55 Asking families to voice 
their agenda does not carry with it a presumption that the 
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filling at their pharmacy. Decreasing use of inhaled corticoste-
roids has been linked to worsening asthma symptoms and 
increased risk of hospitalization and death. Many interventions 
to improve patient adherence have been tested in controlled 
clinical trials; while some interventions increase adherence, 
many are complex, costly, time consuming and nearly impossible 
to adopt in independent primary care and allergy practices. 
Nonetheless, four decades of behavioral research and modeling 
have produced a number of communication strategies that may 
be used by healthcare providers to effectively change health 
behavior. From these, five key communication strategies with 
significant empirical support have been extracted and are pre-
sented here. These are: (1) build a relationship, (2) focus on lis-
tening, (3) collaborate on the treatment plan, (4) manage time, 
and (5) follow up. These communications strategies do not 
require a large amount of healthcare provider time, can be imple-
mented during routine office visits and can change patient 
behavior. Realistically, these strategies will not transform every 
nonadherent patient into an effective illness self-manager, but 
employment of these strategies will improve adherence in many 
families. Furthermore, they can be used to effect change in other 
health behaviors, such as smoking cessation or weight loss. 
Finally, beyond behavior change, enhanced communication has 
been repeatedly shown to improve satisfaction in the interaction 
for both the family and the provider.

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

control and promote adherence, patients who received the calls 
were significantly more likely to use their ICS and to have a 
routine asthma follow-up visit.64 A similar system has been 
developed to promote diabetes self-management.65

Conclusions
A large proportion of patients with asthma take less than half of 
their prescribed controller medication, and surprisingly many 
stop taking their controller medication altogether after an initial 

NAEPP Guidelines for the diagnosis and management of asthma. 
Expert Panel Report 2007;3.

BOX 38-4 MONITORING PATIENT-PROVIDER 
COMMUNICATION AND PATIENT 
SATISFACTION

• ‘What questions have you had about your child’s asthma daily 
self-management plan and action plan?’

• ‘What problems have you had following the daily self-
management plan? The action plan?’

• ‘How do you feel about making your own decisions about 
therapy?’

• ‘Has anything prevented you from getting the treatment you 
need for your asthma from me or anyone else?’

• ‘Have the costs of your child’s asthma treatment interfered 
with your ability to get asthma care?’

• ‘How satisfied are you with your asthma care?’
• ‘How can we improve your asthma care?’
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KEY POINTS

• Recent statistics show that asthma deaths and hospital-
izations are decreasing, but there are still health dispari-
ties in that the African American/black population bears 
a heavier burden of the disease.

• There is a need to standardize and harmonize our 
approach to asthma care; a continuing need for com-
munication among the various stakeholders; and also a 
need for collaboration in order to address the health 
disparities in asthma care.

• In managing asthma today the focus is on achieving 
asthma control through an effort to minimize asthma 
impairment, specifically factors that affect day-to-day 
symptoms, and risk for future asthma events, such as 
asthma exacerbations, progression and adverse effects 
of medications.

• New medications have been developed and the positive 
responses to them have been linked to certain biomark-
ers, e.g. sputum or blood eosinophil count with anti-IL-5 
therapy and serum periostin with anti-IL-13 therapy.

• There is emerging concern regarding the potential for 
overlap of asthma and COPD in certain patients, called 
the ‘asthma-COPD overlap syndrome’, and growing 
interest in preventing this phenomenon.

Introduction
‘It was the best of times, it was the worst of times.’ This well-
known quote opens Charles Dickens’ popular novel ‘A Tale of 
Two Cities.’ Charles Dickens characterized the bleak times of an 
industrializing country having personally experienced many 
trials and tribulations while growing up and then reflecting on 
the bad and good times as an adult. While painting a very 
depressing picture of strife and struggle, there are threads of 
optimism throughout his work and even glimmers of humor. 
His writing and public speaking brought attention to the prob-
lems and ultimately had impact on changing society. However, 
he did not live long enough to see the changes that followed.

In many ways analogies can be made between the situation 
described by Dickens and the healthcare system. The poor seek 
help. The system is complicated. There is a growing concern 
that two levels of care are emerging. This situation is of great 
concern worldwide, but especially in the USA, where the 
economy is strong yet the healthcare system is in apparent disar-
ray. A careful examination of various national healthcare 
systems reveals that each has its benefits and limitations.1

Certainly, asthma provides a good model for the healthcare 
situation generally. There continues to be a high burden of 
asthma among the poor. On the other hand, scientific advance-
ments are being made regarding the use of patient characteris-
tics, biomarkers and genetics to assist in individualizing care. 
New medications are being developed but there are financial 
limits to their application.

The review on new directions in asthma management in the 
previous edition of this book concentrated on the understand-
ing of the therapeutic interventions at the time and the possi-
bilities for improving asthma management and perhaps halting 
the progression of the disease.2 It also emphasized an integrated 
approach to patient care. At the time, there were serious defi-
ciencies in the healthcare system that influenced access to health 
care. The reported decline in asthma mortality and morbidity 
was encouraging, but it was pointed out that this could be 
deceptive since the decline did not encompass all racial/ethnic 
groups. Recent statistics have shown that asthma deaths and 
hospitalizations are indeed decreasing, but there are still health 
disparities in that the African American/black population bears 
a heavier burden of the disease (Figure 39-1).3

Concerted efforts are now being directed toward under-
standing this phenomenon and recommendations are being 
made to integrate the various national resources available to 
improve outcomes of asthma care for children in the USA. The 
application of electronic medical records and additional 
methods of surveying disease management should prompt 
improvements in medical care.

This chapter will describe the current state of asthma care, 
using some quotes from Dickens’ writing to highlight the 
important points. Perhaps this will inspire a reflection on the 
past to help set a vision for the future. The key message is that 
there is a need to standardize and harmonize our approach to 
asthma care; a continuing need for communication among the 
various stakeholders; and a need for collaboration in order to 
address health disparities in asthma care.

Asthma: Past, Present and Future
In the Christmas Carol, Dickens wrote ‘It is a fair, even-handed, 
noble adjustment of things, that while there is infection in 
disease and sorrow, there is nothing in the world so irresistibly 
contagious as laughter and good humor.’ In the past, asthma 
was treated as an episodic disease, primarily with bronchodila-
tors (Figure 39-2). As it began to be realized that asthma has an 
inflammatory component, inhaled corticosteroids became the 
cornerstone of asthma management. Advances in extending the 
duration and specificity of the bronchodilator led to the devel-
opment of the long-acting ß-adrenergic agonists and their com-
bination with inhaled corticosteroids. Additional medications 
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USA.5 These guidelines were last released in 2007 and placed an 
emphasis on asthma control. They are currently being reviewed 
for revision and there are several areas that need to be updated 
to integrate recent studies that impact asthma management.6 
The importance of guidelines in asthma management is 
addressed by Allan Becker in Chapter 29.

In managing asthma today the focus is on achieving asthma 
control through an effort to minimize asthma impairment,  
specifically factors that affect day-to-day symptoms, and risk  
for future asthma events, such as asthma exacerbations, 

introduced in the last 20 years included leukotriene modifiers 
and anti-IgE therapy. Asthma guidelines were also introduced 
and revised over the past 30 years and helped to standardize and 
harmonize asthma care.

Currently, we have the Global Initiative for Asthma4 as a 
template global strategy for managing asthma. This strategy is 
updated regularly and the latest version was released in May 
2014. Many countries have their own specific guidelines, such 
as the National Asthma Education and Prevention Program 
Guidelines for the Diagnosis and Management of Asthma in the 

Figure 39-1  Asthma  hospitalization  rates  and  asthma  death  rates  (population-based)  by  race:  United  States,  1980–2009.  (From Moorman JE, 
Akinbami LJ, Bailey CM, National Surveillance of Asthma, et al.3)
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Figure 39-2  Timeline of advances in asthma care showing 
the  interaction  of  research  focus  and  development  of  new 
medications. 
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PERSONALIZED MEDICINE

Over the past 15 years, only one new medication has been 
introduced for asthma therapy, namely anti-IgE and specifically 
omalizumab. The use of this medication is linked to having a 
certain level of serum IgE as well as demonstration of specific 
allergen sensitivity. On the horizon is the imminent approval of 
a set of new medications that are directed toward blocking key 
cytokines related to asthma. Of interest, the response to these 
medications has been linked to the level of the identified bio-
markers. For example, the use of lebrikizumab, an anti-IL-13 
antibody, has been linked to a high level of periostin or exhaled 
nitric oxide, while the response to anti-IL4 and anti-IL5,  
e.g. dupilumab and mepolizumab, has been linked to a certain 
level of sputum or blood eosinophils.12,13 These observations 
have brought attention to the use of biomarkers to predict 
response to asthma therapy. Since these medications are likely 
to be expensive, at least initially, there is a need to develop  
criteria to allow the careful selection of patients for their  
use, and also to realize that the cost of the medication may 
greatly outweigh the anticipated savings for medical care.  
A potential benefit, however, is that perhaps one of these  
medications when used early in treatment may actually alter  
the course of the disease. This would represent lifetime cost 
savings rather than immediate cost savings related to reducing 
costs of hospitalizations over a short-term period, such as a year 
or two. This will raise questions regarding reapportioning the 
costs of care.

In the interim, it will be important to maximize the use of 
available medications before considering these more expensive 
alternatives, including improved methods to enhance adher-
ence to conventional therapy. To do this, we will need to  
standardize and harmonize medical care, while improving com-
munication and setting up systems of collaboration.

SUPPORT SYSTEMS FOR MEDICAL CARE

Chapter 35 on school-centered asthma programs raises a 
number of issues around asthma care. Schools can be a source 
of support for the medical system in monitoring asthma control, 
education of children regarding the management of chronic 
disease and reporting back to the clinician certain observations 
related to the child’s medical care.

In order to do this successfully, we must standardize medical 
forms of communication, such as the so-called asthma action 
plan that is designed for administering medications in the 
school setting as prevention for exercise-induced asthma, as well 
as administering rescue therapy for symptoms. Some experts 
prefer to call this form the school asthma care plan. This differs 
from the comprehensive treatment plan that the patient receives 
from the clinician and could be called the home asthma treat-
ment plan. In order to appreciate and support the medical 
treatment plan, it would be useful for the school, particularly 
the school nurse and the medical support team in the school 
setting, to see both treatment plans. The school treatment plan 
gives the directions for school-administered medications in the 
school setting, e.g. by the nurse or a designated assistant. Access 
to the home treatment plan would allow the school nurse to see 
the whole management plan in order to assess adherence to the 
plan in the school setting and support appropriate medication 
inhaler technique and asthma knowledge. Standardizing the 
name for each treatment plan as well as standardizing the 

progression and adverse effects of medications. The issues for 
current management in young and older children include 
asthma worsening due to exercise, infection and living in  
the inner city, as well as severe asthma are comprehensively 
addressed in Chapters 31–34, 36 and 37.7,8 Up to date informa-
tion related to immunology and pulmonary physiology have 
been summarized (see Chapters 28 and 30). Information is also 
provided on methods to improve asthma management by 
improving medication adherence (see Chapter 38), as well as 
supporting students with asthma through school-centered 
asthma programs (see Chapter 35).

Some key observations have been made that can be useful in 
designing strategies for future asthma management, including the 
variability in response to medications, the association of a positive 
response to certain biomarkers and patient characteristics, and 
the potential to utilize intermittent inhaled corticosteroid therapy 
in place of or in addition to daily administration of inhaled corti-
costeroids. There is growing concern about the management of 
patients with difficult-to-control asthma. Of interest, new medi-
cations have been developed and the positive response to them 
have been linked to certain biomarkers, e.g. sputum or blood 
eosinophil count with anti-IL 4 therapy and serum periostin with 
anti-IL13 therapy.7,8

For the future, there is emerging concern regarding the 
potential for overlap of asthma and chronic obstructive pulmo-
nary disease (COPD) in certain patients, called the ‘asthma-
COPD overlap syndrome’, and growing interest in preventing 
this phenomenon.4 There is also a growing need to address the 
special needs of children and asthma management must be 
viewed across the ages. Of great interest is the development of 
strategies to prevent asthma.9,10 

Key Steps in Moving Asthma  
Care Forward
MANAGED CARE TO ORGANIZED CARE

The USA is gradually moving from a system of managed care 
to one of more collaborative care. In the managed care system, 
the care of the patient is directed toward the medical home 
where the primary care physician oversees the direction of care 
and is responsible for a number of individuals and their ongoing 
care, including referral to specialty care when needed. The reim-
bursement system is changing from a fee per service to a certain 
cost per individual. However, the specialist still is largely paid 
on a fee per service basis for medical consultations and proce-
dures. The next step is to integrate the specialist into the system 
and creating what is called a medical neighborhood in order to 
provide comprehensive care and reimbursement; this is called 
bundled care. However, it will be a challenge for each specialty 
area to determine where it fits in this system of care.11 For 
example, for asthma care, specialty areas include allergy and 
immunology and also pulmonary medicine. In this setting, 
either specialty or both working together could oversee the care 
of patients with asthma within a certain medical system. That 
is, the specialist or preferably a multidisciplinary team would 
monitor the care of all asthma patients within the medical 
system, including those seen personally. This requires careful 
analysis of data regarding patient visits, medical costs and 
urgent care utilization within a system. These are all indicators 
of asthma control for individual patients and within a medical 
system.
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in schools (see Chapter 35). This program is the first to combine 
a multifaceted school-centered program and a multifaceted 
asthma care provider program, while identifying barriers to 
overcome and the potential synergies to be realized. Models of 
asthma care that place schools at the center or core of the model 
and coordinate evidence-based asthma care are applicable 
nationwide and may serve as a model for managing other 
chronic illnesses.

Our Building Bridges program seeks to utilize school nurses 
to identify students with asthma based on parent history, assess 
their level of severity based on a set of key questions, monitor 
their school absence, physical activity and ongoing asthma 
control as well as school performance, and communicate this 
information to their parents and healthcare provider. It is hoped 
that this level of communication will be useful in better prepar-
ing students for school and also preventing seasonal exacerba-
tions. Communication between the provider and the school 
may also help to support the overall school and home asthma 
care plan. In certain situations, directly observed therapy is 
needed to assure adherence to the treatment schedule.16 An 
important feature of any school-centered asthma program is 
finding sustainability mechanisms. This may come through 
reorganization of school staffing or some unique mechanisms 
of payment to supplement schools that are struggling with 
budget appropriations. Indeed, communication and collabora-
tion among key stakeholders are essential in providing students 
with the necessary assistance in managing their asthma in the 
school setting to improve school attendance and academic per-
formance, and to encourage physical activity to reduce the 
health risks of obesity. It is also our hope that national medical 
and nursing societies will support these efforts and make them 
ongoing community engagement and quality improvement fea-
tures of their continuing education and maintenance of certi-
fication programs.

Addressing Asthma Mortality, 
Morbidity and Origins
Another quote from Charles Dickens, this time from ‘Great 
Expectations’ is, ‘Suffering has been stronger than all other 
teaching, and has taught me to understand what your heart 
used to be. I have been bent and broken, but – I hope – into a 
better shape.’ Indeed, we have learned a lot from past suffering 
related to asthma, and we now look to a brighter future. Effec-
tive treatments have now been developed not only to relieve but 
also to prevent symptoms including exacerbations. However, 
much has still to be learned if the progression of the disease is 
to be altered and eventually its onset prevented. The tools to 
accomplish this task are being developed.

There are reasons for optimism that overall management of 
asthma can improve. For example, there are devices that can 
effectively measure adherence to asthma therapy. Prompts can 
then be included in order to remind the patient to take his/her 
medication and the clinician can use motivational techniques 
to encourage better self-care. Telemedicine is being developed 
in order to facilitate communication between clinicians at a 
distance and also for patients from the home or school setting 
to their own clinician.

In relation to the science around asthma care, a systems 
biology approach is being developed to understand better ways 
to predict response to medications and also to monitor disease 

format for these two communication documents is necessary 
and will help in communication electronically.

In addition, it would be useful if the electronic medical 
record systems could alert clinicians to potential risk factors for 
loss of control, e.g. a certain constellation of symptom clusters, 
seasonal exacerbations, or biologic risk factors, that could help 
predict an asthma exacerbation in order to take steps to prevent 
it. Systems must continue to be standardized as we gain more 
knowledge about risk factors for exacerbations, as well as pro-
gression and even onset of disease.

In order to effectively communicate within the system and 
co-manage patients, we must also improve methods to harmo-
nize asthma care. Asthma guidelines have helped in designing a 
uniform approach to management. Asthma guidelines are avail-
able for individual countries and are sometimes modified for 
regional application. The Global Initiative for Asthma has 
helped to present a global strategy for asthma care.4 In regards 
to a harmonized implementation effort, the Easy Breathing 
program is a cost-effective, evidence-based, asthma manage-
ment program for healthcare providers that includes training 
and tools to improve the recognition and management of child-
hood asthma.14,15 The program has led to improvements 
for inner city children with asthma in reducing hospitaliza-
tions, outpatient visits and asthma-specific emergency depart-
ment visits, which have varied among black and Hispanic 
children. 15 Additional information about the Easy Breathing 
program can be obtained from their website at http://
www.connecticutchildrens.org/community-child-health/easy 
-breathing-asthma/.

The asthma specialist is in a unique position and has the 
expertise to provide guidance and oversight for asthma care in 
the medical system, including the support of school-centered 
asthma programs. It is important for the specialist to encourage 
harmonization of the approach to asthma care by applying an 
evidence-based guidelines approach to asthma care. This will 
lead to consistency across the community and less confusion. 
There is also a need for ongoing bidirectional communication 
between community asthma care providers and the schools, 
which should prompt a spirit of collaboration and coordination 
in managing asthma among schools, healthcare providers and 
families. We must also improve electronic communication 
between asthma specialists and primary care providers within 
medical systems and across medical systems. Key stakeholders 
in this coordinated effort include students, families, school 
nurses (central role for the school), school administration, 
school personnel (teachers, coaches, etc.), clinicians including 
primary care physicians and specialist care, and payers (families’ 
ability to acquire multiple quick relief inhalers, reimbursement 
for disease management, case management and care coordina-
tion efforts). A concerted effort should result in better asthma 
control with reduced costs from urgent care utilization.

Our own experience with a collaborative program being 
implemented and evaluated in Denver, Colorado and Hartford, 
Connecticut, ‘Building Bridges for Asthma Care’, is an attempt 
to improve communication between schools and medical care 
providers. The Building Bridges school-centered asthma 
program incorporates many of the effective components 
described above, including case management according to the 
asthma risk level for the individual student, use of school 
asthma care plans, onsite quick relief inhalers, asthma educa-
tion for students, families and school staff, and the build out 
and optimization of existing information technology platforms 

http://www.connecticutchildrens.org/community-child-health/easy-breathing-asthma/
http://www.connecticutchildrens.org/community-child-health/easy-breathing-asthma/
http://www.connecticutchildrens.org/community-child-health/easy-breathing-asthma/
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reach adulthood. If executed effectively, this effort should have 
a marked impact on reducing the prevalence of lung disease in 
the future and the consequent burden of respiratory illness on 
society.
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activity. However, such approaches will not only add to the cost 
of medical care but will lead to the implementation of medica-
tions, such as immunomodulators, that may be more costly 
than conventional therapy. The benefits and risks of such an 
approach will need to be carefully assessed in terms of lifetime 
benefits. The pharmaceutical industry has responded by devel-
oping these new medications, and partnerships with academic 
centers and providers will be necessary in order to advance this 
area of discovery in order to meet regulatory requirements and 
assess cost-benefit. This will involve use of such medications at 
the early stage of disease onset or perhaps even before it occurs 
if indicated by a certain risk profile. Hopefully, this new form 
of treatment for childhood asthma coupled with preventative 
measures, such as reduction in tobacco smoke exposure and 
smoking avoidance, will lead to an improved quality of life and 
reduced risk of chronic obstructive airway disease as children 
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KEY POINTS

• The gastrointestinal associated lymphoid tissue protects 
the vast surface of the gastrointestinal tract from patho-
gens while remaining tolerant to antigens from food and 
commensal microbiota.

• Several specialized antigen uptake mechanisms exist for 
the sampling of luminal contents by antigen-presenting 
cells in the Peyer’s patch and lamina propria.

• Antigen-presenting cells of the gastrointestinal tract, 
including dendritic cells and macrophages, maintain 
immune tolerance to antigens from food and commen-
sal microbiota by generating regulatory T cells.

• Immune homeostasis is regulated by factors in the diet 
and by the microbiota.

• Secretory IgA provides an immune barrier by excluding 
antigens from uptake, but antibodies including IgA, IgG 
and IgE can function as antigen uptake mechanisms 
across the intestinal epithelium.

Introduction
The	gastrointestinal	(GI)	tract	is	the	largest	immunologic	organ	
in	the	body.	The	small	intestine	itself	has	the	largest	surface	area	
in	 the	 GI	 tract	 due	 to	 structural	 features	 including	 villi	 and	
microvilli.	The	purpose	of	this	extensive	surface	is	to	facilitate	
nutrient	absorption	from	ingested	foods.	From	the	stomach	to	
the	rectum,	a	single	layer	of	columnar	epithelial	cells	separates	
the	external	environment	of	the	gastrointestinal	lumen	from	the	
body	proper.	The	lumen	contains	a	myriad	of	microorganisms	
and	dietary	proteins.	The	challenge	from	an	immune	perspec-
tive	is	to	guard	the	extensive	surface	area	of	the	GI	tract	from	
breaches	by	microorganisms,	in	particular	pathogenic	microor-
ganisms.	In	the	small	intestine,	the	main	antigenic	load	is	from	
ingested	food.	Along	the	proximal	to	distal	axis,	the	food	antigen	
load	decreases	as	it	is	digested	and	absorbed,	but	the	microbial	
load	increases.	In	the	large	intestine,	there	are	1010–1012	organ-
isms	per	gram	of	dry	luminal	contents.1	The	intestinal	immune	
system	 must	 remain	 nonreactive	 or	 tolerant	 to	 antigens	 from	
food	or	commensal	flora,	yet	retain	the	ability	to	mount	a	pro-
tective	 immune	response	to	enteropathogens.	This	function	is	
accomplished	by	the	gastrointestinal	associated	lymphoid	tissue	
(GALT)	that	has	adapted	to	its	unique	environment.

Structure of the Gastrointestinal 
Associated Lymphoid Tissue (GALT)
The	 gastrointestinal	 tract	 has	 several	 types	 of	 organized	 lym-
phoid	 tissue	 comprising	 the	 GALT.	 Underlying	 the	 intestinal	

epithelial	 layer	 is	 a	 loose	 connective	 tissue	 stroma	 called	 the	
lamina	propria	(LP),	containing	a	resident	population	of	CD4	
and	CD8	T	lymphocytes,	plasma	cells,	macrophages,	dendritic	
cells	(DCs),	eosinophils	and	innate	lymphoid	cells	(ILCs).	The	
LP	of	the	small	and	large	intestine	is	drained	via	lymphatics	that	
empty	into	the	mesenteric	lymph	nodes	(MLN).	Migratory	DCs	
capture	 antigens	 in	 the	 LP	 and	 deliver	 those	 antigens	 to	 the	
MLN.	The	MLN	is	a	typical	secondary	lymph	node	with	orga-
nized	B	cell	follicles	and	paracortical	T	cell	areas.	Peyer’s	patches	
(PP)	are	lymph	nodes	found	within	the	mucosal	wall	and	have	
direct	access	to	the	intestinal	lumen.	PP	are	large	and	visible	by	
eye	as	bulges	on	the	serosal	surface	of	the	intestine.	In	addition	
to	PPs,	the	intestine	contains	smaller	structures	called	isolated	
lymphoid	follicles	(ILF),	each	containing	a	single	B	cell	follicle	
with	 an	 overlying	 follicular	 epithelium.	 Mouse	 intestine	 con-
tains	an	abundance	of	these	small	organized	structures.2,3	The	
precursor	of	 the	ILF	is	 the	cryptopatch,	comprised	of	clusters	
of	lymphoid	tissue	inducer	cells.4	Bacterial	signals	promote	the	
enlargement	of	 the	 ILFs	 through	 the	recruitment	of	B	cells.5,6	
The	MLN,	PP	and	ILF	comprise	the	inductive	sites	in	the	gas-
trointestinal	 tract.	 In	 addition,	 T	 lymphocytes	 are	 normally	
found	between	epithelial	cells	(intraepithelial	 lymphocytes,	or	
IELs).	IELs	are	predominantly	CD8+	T	cells	in	the	small	intes-
tine	and	have	an	oligoclonal	repertoire.	The	immune	cells	of	the	
LP	and	the	IELs	comprise	the	effector	cells	of	the	GALT	and	are	
responsible	for	both	the	maintenance	of	tolerance	to	harmless	
antigens	and	immunity	against	pathogens.	Figure	40-1	shows	a	
schematic	of	the	structure	of	the	GALT.

Mechanisms of Antigen Sampling  
in the Intestinal Mucosa
Food	protein	antigens	are	digested	by	a	combination	of	gastric	
acid,	pancreatic	proteases	and	brush	border	peptidases,	result-
ing	in	a	mixture	of	amino	acids	and	di-	and	tri-peptides,	which	
are	then	absorbed	by	the	intestinal	epithelial	cells.	Dietary	anti-
gens	 that	 escape	proteolysis	 in	 the	 lumen	can	be	 taken	up	by	
the	intestine	in	various	ways.	Soluble	antigens	are	taken	up	by	
enterocytes	 via	 fluid	 phase	 endocytosis	 by	 the	 microvillous	
membrane,	 transported	 in	 small	 vesicles	 and	 larger	 phago-
somes,	 and	 then	 digested	 when	 lysosomes	 combine	 to	 form	
phagolysosomes.	 Intact	 molecules	 that	 remain	 after	 digestion	
are	 deposited	 in	 the	 extracellular	 space	 by	 exocytosis.7	 As	 a	
result,	approximately	2%	of	intact	proteins	reach	the	intestinal	
lymph	 and	 portal	 circulation	 under	 physiologic	 conditions.8	
Goblet	 cells	 have	 also	 been	 identified	 as	 portals	 of	 uptake	 of	
soluble	antigens,	delivering	these	antigens	to	subepithelial	DCs.9

Particulate	 antigens	 are	 poorly	 sampled	 by	 enterocytes,	
where	the	glycocalyx	provides	a	barrier	to	even	relatively	small	
particles.10	 PPs	 are	 overlaid	 by	 specialized	 epithelial	 cells,	
referred	to	as	membranous	or	microfold	(M)	cells.11	M	cells	that	
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can	prime	naïve	T	cells.16	Figure	40-2	outlines	these	major	path-
ways	of	antigen	uptake.

Antigen	 transport	 across	 the	 intestinal	 barrier	 has	 been	
shown	to	be	altered	by	immunization	or	allergic	sensitization,	
either	 enhancing17,18	 or	 inhibiting19	 uptake.	 As	 discussed	 in	
detail	later,	IgA-,	IgG-	and	IgE-facilitated	antigen	sampling	have	
been	documented	in	the	intestinal	mucosa.

Normal Immune Response to 
Sampled Antigens in the Intestine
Food	 contains	 a	 diverse	 mix	 of	 antigens	 that	 are	 capable	 of	
stimulating	immune	responses	if	administered	by	other	routes.	
Administration	 of	 antigens	 by	 the	 oral	 route	 is	 one	 of	 the		
most	effective	means	of	inducing	tolerance.	The	process	of	oral	
tolerance	was	first	defined	experimentally	in	laboratory	rodents	
that	 displayed	 systemic	 unresponsiveness	 to	 immunization		
with	antigens	to	which	they	had	previously	been	fed.	Tolerance	
can	be	transferred	to	a	naïve	animal	by	transferring	T	lympho-
cytes,20,21	demonstrating	that	this	is	an	active	immune-mediated	
process.	Oral	tolerance	has	also	been	demonstrated	in	humans	

overlay	 PPs	 have	 a	 reduced	 glycocalyx	 layer	 and	 shortened	
microvilli	 that	 allow	 for	 binding	 of	 particles	 that	 cannot		
adhere	to	enterocytes.10	In	addition,	they	have	a	sparse	flattened	
cytoplasm	 and	 enhanced	 endocytic	 activity,	 allowing	 rapid	
antigen	 delivery	 into	 the	 subepithelial	 dome	 region	 of	 the	
Peyer’s	patch.	The	subepithelial	dome	is	rich	in	DCs	that	process	
and	present	antigen	to	T	lymphocytes	or	transfer	antigen	to	B	
lymphocytes.

The	intestinal	mucosa	is	densely	populated	with	a	network	
of	DCs	that	function	to	acquire	antigen,	migrate	to	T	cell	areas	
of	lymph	nodes,	and	present	antigen	to	naïve	T	cells.	They	can	
acquire	this	antigen	after	it	has	been	transcytosed	across	entero-
cytes,	 M	 cells	 or	 goblet	 cells	 as	 outlined	 above.	 In	 addition,	
mononuclear	phagocytes	with	dendritic	morphology	have	been	
shown	to	extend	dendrites	between	enterocytes	into	the	intes-
tinal	 lumen.12,13	 These	 dendrites	 are	 functional,	 as	 antigen	
sampling	 extensions	 can	 acquire	 luminal	 bacteria.12,13	 This	
mononuclear	phagocyte	subset	is	more	similar	to	macrophages	
than	DCs	by	transcriptional	profiling14	and	does	not	migrate	to	
the	lymph	nodes	under	steady-state	conditions.15	These	antigen-
sampling	resident	macrophages	provide	antigen	to	DCs,	which	
are	the	cells	that	carry	antigen	to	the	draining	lymph	nodes	and	

Figure 40-1  Structure of  the GALT. Organized  lymphoid structures  in  the gastrointestinal  tract  include the mesenteric  lymph node  (MLN)  that 
drains the mucosa via the lymphatics. Peyer’s patches and isolated lymphoid follicles (ILF) are present within the mucosal wall and are covered by 
specialized antigen sampling cells called M cells. Dendritic cells (DC) continuously migrate from the lamina propria into the MLN to present antigen. 
Organized lymphoid structures contain B cell  follicles surrounded by T cell areas. Within the lamina propria are scattered T cells, B cells, macro-
phages (MP) and DCs. A population of intraepithelial lymphocytes (IEL) is also found through the gastrointestinal tract. A single layer of columnar 
epithelium separates the mucosal immune system from the luminal contents. 
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antigens	are	presented	to	the	naïve	T	cells	by	DCs	is	a	critical	
factor	promoting	the	development	of	regulatory	T	cells	in	the	
intestine.

The Role of Intestinal Dendritic Cells 
in Tolerance and Immunity
An	 abundant	 network	 of	 DCs	 surrounds	 the	 epithelium	 and	
fills	the	lamina	propria.	The	role	of	DCs	in	both	tolerance	and	
immunity	in	the	intestinal	mucosa	was	first	explored	using	the	
growth	 factor	 FMS-like	 tyrosine	 kinase	 3	 ligand	 (Flt3L)	 to	
expand	the	DC	population	in	mice.	Flt3L	treatment	enhanced	
tolerance	responses	to	an	innocuous	antigen	when	it	was	deliv-
ered	orally.31	In	addition,	when	antigen	was	administered	with	
adjuvant	 to	 elicit	 protective	 immunity,	 DC	 expansion	 also	
enhanced	 that	 response.32	 These	 studies	 show	 that,	 like	 else-
where	 in	 the	 body,	 DCs	 are	 essential	 for	 the	 initiation	 of	 an	
active	CD4+	T	cell	response,	whether	regulatory,	or	effector	Th1,	
Th2	or	Th17	in	nature.

In	the	 lamina	propria,	DCs	bearing	the	marker	CD103	are	
derived	from	DC	progenitors	and	constitutively	express	CCR7,	
a	chemokine	receptor	required	for	lymph	node	homing.33	These	
CD103+	 DCs	 are	 required	 for	 the	 generation	 of	 oral	 toler-
ance.15,34	CD103+	DCs	from	the	mesenteric	lymph	node	prefer-
entially	 induce	 the	 development	 of	 Foxp3+	 regulatory	 T	 cells	
that	express	chemokine	receptors	and	adhesion	molecules	that	
support	homing	back	to	the	intestine.	This	resulting	phenotype	
is	induced	by	release	of	retinoic	acid	and	expression	of	TGF-β	
by	the	DCs.35,36	The	regulatory	activity	of	these	DCs	is	modified	
by	 environmental	 factors.	 Local	 tissue	 factors,	 including	 the	
cytokine	GM-CSF37	and	mucins	produced	by	the	epithelium,38	
enhance	 the	 regulatory	 function	 of	 CD103+	 DCs.	 In	 contrast,	
administration	 of	 the	 mucosal	 adjuvant	 cholera	 toxin	 can	

by	 feeding	 a	 neo-antigen	 prior	 to	 immunization	 with	 that	
antigen.22,23

Several	different	phenotypes	of	regulatory	T	cells	have	been	
shown	to	contribute	to	oral	tolerance	induction	to	fed	antigens,	
including	CD8+	TREGS,

24	and	different	subsets	of	CD4+	TREGS.
20,21	

Of	the	CD4+	TREGS,	T	helper	3	(Th3)	cells	and	Foxp3+CD25+	cells	
have	 been	 described	 as	 contributing	 to	 oral	 tolerance	 to	 fed	
antigens.	 Th3	 cells	 produce	 TGF-β	 together	 with	 IL-4	 and	
IL-10,	 can	 be	 identified	 by	 surface	 expression	 of	 latency-
associated	peptide	(LAP),	and	were	first	described	using	myelin	
basic	protein	(MBP)-specific	CD4+	T	cell	clones	from	the	mes-
enteric	 lymph	 nodes	 of	 MBP-fed	 mice.	 Adoptive	 transfer	 of	
these	cells	from	MBP-fed	mice	suppressed	experimental	allergic	
encephalomyelitis,	 an	 experimental	 model	 of	 multiple	 sclero-
sis.25	 Inhibition	 of	 TGF-β	 with	 neutralizing	 antibodies	 can	
abrogate	 tolerance	 responses	 in	 this	 model.26,27	 CD25+Foxp3+	
TREGS	 include	 both	 thymic-derived	 natural	 TREGS	 (nTREGS)	 and	
induced	 TREGS	 (iTREGS)	 generated	 in	 the	 periphery.	 There	 are	
data	both	for	and	against	a	role	for	nTREGS	in	oral	tolerance.26,28	
Feeding	mice	induces	a	population	of	antigen-specific	T	regula-
tory	cells	 that	express	 similar	markers	as	natural	T	regulatory	
cells	 (CD25+,	 Foxp3+	 and	 CTLA-4)	 and	 mediate	 regulatory	
responses	 via	 TGF-β	 but	 not	 IL-10.26	 Specific	 depletion	 of	 all	
Foxp3+	 T	 cells,	 followed	 by	 a	 rest	 period	 to	 allow	 nTREGS	 to	
rebound,	provides	supporting	evidence	that	iTREGS	are	the	most	
critical	 regulatory	 population	 mediating	 oral	 tolerance.29	 Tr1	
cells	are	another	regulatory	subset	that	secrete	IL-10.	Although	
several	studies	indicate	that	IL-10	is	dispensable	for	the	induc-
tion	of	oral	tolerance	to	foods,	IL-10	is	critical	for	the	suppres-
sion	 of	 inflammatory	 responses	 initiated	 by	 the	 intestinal	
microbiota.30

Naïve	 T	 cells	 must	 be	 instructed	 to	 become	 regulatory	 in	
phenotype	 rather	 than	 becoming	 effector	 Th1,	 Th2	 or	 Th17	
cells.	There	is	growing	evidence	that	the	milieu	in	which	food	

Figure 40-2  Antigen uptake in the intestine.  In the intestinal villus  (left), antigen can reach subepithelial dendritic cells  (DCs) by several routes. 
Macrophages (MP) can send extensions between enterocytes to sample particulate antigens directly from the lumen and transfer these antigens to 
DCs. Alternatively, soluble antigens can be taken up by fluid phase endocytosis by enterocytes and be deposited in the lamina propria for uptake 
by macrophages or DCs. Goblet cells can also  function as conduits  for delivery of antigen  to DCs. DCs migrate  from the  lamina propria  to  the 
mesenteric lymph node (MLN), where antigen can be presented to naïve T cells. In the Peyer’s patch (right), M cells are specialized for uptake of 
particulate antigens that are delivered to DCs in the subepithelial space. These DCs can then traffic to the interfollicular areas of the Peyer’s patch 
for presentation to T cells (green) or interaction with B cells (blue). 
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carry	out	their	function.46,47	Targeted	homing	of	lymphocytes	is	
determined	 by	 expression	 of	 specific	 adhesion	 molecules	 and	
chemokine	receptors.48	Homing	to	the	intestine	is	mediated	by	
the	 adhesion	 molecule	 α4β7	 binding	 to	 MAdCAM	 on	 high	
endothelial	 venules.49	 In	 addition,	 the	 chemokine	 receptor	
CCR9	promotes	migration	to	the	small	intestine	where	consti-
tutive	expression	of	 the	 ligand	CCL25	 is	 found.50,51	Migration	
to	 the	 large	 intestine	 is	 promoted	 by	 the	 chemokine	 receptor	
CCR10	binding	to	 its	 ligand	CCL28.52,53	The	 intestinal	migra-
tory	phenotype	is	imprinted	on	lymphocytes	by	stromal	cells,54	
as	well	as	the	CD103+	population	of	DCs	in	the	MLN,35,55	via	a	
retinoic-acid	dependent	mechanism.

Microbial Regulation of  
Mucosal Immunity
The	gastrointestinal	mucosa	is	often	described	as	being	in	a	state	
of	‘physiologic	inflammation’.	In	mice,	the	genetic	deletion	of	a	
wide	 range	 of	 immunoregulatory	 genes	 results	 in	 colitis,	 a		
phenotype	 that	 is	 commonly	 absent	 if	 the	 mice	 are	 raised	 in	
germ-free	conditions.56	Although	microbial	signals	can	induce	
inflammation	 and	 tissue	 damage	 if	 not	 appropriately	 con-
trolled,	 these	 signals	 are	 also	 necessary	 for	 the	 health	 of	 the	
organism.	Our	 intestinal	microbiota	contributes	 locally	 to	the	
digestion	 of	 nutrients,	 regulates	 the	 epithelial	 barrier,	 and	 is	
essential	 for	 maturation	 of	 the	 mucosal	 immune	 system	 in	
addition	to	having	systemic	effects	on	metabolism	and	the	neu-
roendocrine	system.57

Mice	reared	under	germ-free	conditions	have	poorly	devel-
oped	lymphoid	structures	in	the	gastrointestinal	tract,	and	colo-
nization	with	a	single	strain	of	bacteria	 is	sufficient	to	 induce	
significant	changes	in	gene	expression	in	the	intestinal	epithe-
lium	and	maturation	of	the	mucosal	immune	system.58	Differ-
ent	 organisms	 have	 differing	 effects	 on	 the	 development	 of	
effector	 and	 regulatory	 responses	 in	 the	 gastrointestinal	 tract.	
Segmented	 filamentous	 bacteria	 that	 are	 in	 intimate	 contact	
with	mouse	intestinal	epithelium	promote	the	development	of	
Th17	responses	in	the	gastrointestinal	tract.59	Bacteroides fragilis	
and	several	Clostridia	strains	promote	the	development	of	regu-
latory	T	cells.60,61	Humoral	immunity	is	also	significantly	regu-
lated	 by	 the	 commensal	 microbiota.	 Germ-free	 mice	 have	

modify	 these	 CD103+	 DCs	 into	 immunogenic	 rather	 than	
tolerogenic	DCs.39

Macrophages Have a Regulatory 
Phenotype in the Intestine
Macrophages	are	 the	most	abundant	phagocytic	cells	 resident	
in	the	small	and	large	intestinal	LP.	They	form	a	band	of	cells	
directly	beneath	the	surface	epithelium	distinct	from	the	local-
ization	of	DCs.40	Like	DCs,	macrophages	can	 take	up	antigen	
and	present	it	to	T	lymphocytes;	however	macrophages	are	not	
migratory,	and	do	not	reach	lymph	nodes	for	interaction	with	
naïve	T	cells.	Macrophages	from	the	human	intestine	are	adept	
at	 both	 phagocytosis	 and	 killing	 of	 microbes	 after	 uptake.41,42	
Therefore,	they	function	as	a	secondary	barrier	after	the	epithe-
lium	in	preventing	the	influx	of	microbes	from	the	gut	lumen	
into	the	body	proper.	Macrophages	from	the	intestinal	mucosa	
of	 mouse	 and	 human	 are	 nonresponsive	 to	 microbial	 stimuli	
compared	 to	 monocytes	 or	 macrophages	 from	 other	 sites.42,43	
This	was	shown	to	be	due	to	TGF-β	released	from	the	intestinal	
stroma	in	humans42	or	autocrine	effects	of	IL-10	in	the	mouse.43	
IL-10	is	clearly	important	for	immune	homeostasis	in	the	intes-
tine	because	mice	 lacking	IL-10	develop	spontaneous	colitis,44	
as	do	mice	lacking	IL-10	receptor	specifically	in	macrophages.45	
Although	resident	macrophages	do	not	have	access	to	naïve	T	
cells	to	initiate	tolerance	to	fed	antigens,	they	play	an	important	
role	 in	 the	expansion	of	TREGS	during	 the	generation	of	 toler-
ance.29	CX3CR1+	macrophages	extend	dendrites	across	the	epi-
thelium	to	 interact	with	 luminal	contents.	 In	mice	genetically	
deficient	 in	 CX3CR1,	 these	 dendrites	 cannot	 form,	 and	 oral	
tolerance	to	fed	antigens	is	impaired.	The	role	of	gastrointesti-
nal	DCs	and	macrophages	 in	 the	generation	of	 tolerance	and	
immunity	is	outlined	in	Figure	40-3.

Homing of Lymphocytes  
to the Intestine
Lymphocytes	 that	 differentiate	 in	 the	 inductive	 sites	 of	 the	
GALT	 into	 effector	 or	 regulatory	 T	 cells	 or	 IgA-producing	 B	
cells	 home	 preferentially	 to	 the	 intestinal	 lamina	 propria	 to	

Figure 40-3  Function of antigen presenting cells in the 
intestine. A subset of DCs in the lamina propria express 
the marker CD103. These are migratory DCs that acquire 
antigen  and  traffic  to  the  MLN.  In  normal  conditions, 
CD103+ DCs prime naïve T cells and B cells to generate 
a  gut-homing  phenotype  expressing  CCR9  and α4β7. 
CD103+  DCs  promote  the  generation  of  regulatory  T 
cells expressing Foxp3, and promote IgA secretion from 
B cells. The TREGS migrate to the lamina propria, where 
they  interact  with  IL-10-+expressing  CX3CR1+  macro-
phages  and  are  expanded  in  response  to  antigen. 
Mucosal  factors  such  as  GM-CSF  and  mucins  (Muc2) 
promote  the  regulatory  phenotype  of  DCs,  while  the 
presence of the mucosal adjuvant cholera toxin induces 
CD103+  DCs  to  up-regulate  OX40L  and  induce  Th2 
skewing from responder T cells. 
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presence	of	the	inflammatory	cytokine	IL-15,	retinoic	acid	can	
amplify	 inflammatory	 responses	 and	 in	 this	 way	 has	 been	
shown	to	contribute	to	intestinal	damage	in	a	murine	model	of	
celiac	disease.71	Vitamin	D	promotes	homing	of	lymphocytes	to	
the	 gastrointestinal	 tissue	 and	 suppresses	 IL-17	 production,72	
and	vitamin	D	insufficiency	results	in	significant	reduction	of	
a	unique	population	of	regulatory	intraepithelial	 lymphocytes	
bearing	 the	 marker	 CD8αα.73	 Aryl	 hydrocarbon	 receptor	
ligands	(AHR	ligands)	that	are	found	in	the	diet	are	also	regula-
tory74	 and	 promote	 the	 development	 of	 immune	 tolerance	 to	
foods.75	 In	contrast	 to	 these	regulatory	elements	of	 the	diet,	a	
high	fat	diet	can	have	proinflammatory	effects	by	altering	cyto-
kines	from	innate	lymphoid	cells	that	regulate	epithelial	barrier	
function.76

Humoral Immune Responses  
in the Intestine
The	 intestinal	 mucosa	 is	 a	 rich	 site	 of	 antibody	 production,	
particularly	secretory	IgA.	Naïve	B	cells	in	the	MLN	and	PP	are	
activated	by	binding	to	their	antigen,	proliferate,	and	with	T	cell	
help	 differentiate	 into	 antibody-secreting	 cells	 or	 memory	 B	
cells.	GALT	DCs	promote	the	differentiation	of	B	cells	into	IgA-
secreting	cells,	 as	well	 as	up-regulating	CCR9	and	α4β7	on	B	
cells	to	promote	homing	of	cells	to	the	lamina	propria.46	CCR10	
is	 also	 expressed	 on	 a	 subset	 of	 antibody-secreting	 cells	 and	
contributes	to	homing	to	the	large	intestinal	mucosa.52,77	Immu-
noglobulins	play	an	important	role	in	neutralization	of	patho-
gens,	 and	 also	 function	 together	 with	 epithelial-expressed	
receptors	as	specific	antigen-sampling	mechanisms	in	the	intes-
tinal	mucosa.	IgA	is	the	most	abundant	immunoglobulin	pro-
duced	within	the	 intestinal	mucosa,	but	there	 is	also	evidence	
for	 a	 significant	 contribution	 of	 IgG	 to	 host	 defense	 against	
enteropathogens.	 In	 the	 context	 of	 food	 allergy,	 IgE	 and	 its	
receptor	 CD23	 also	 come	 into	 play	 as	 an	 antigen-sampling	
mechanism	and	inducer	of	inflammatory	reactions	in	the	intes-
tine.	Figure	40-4	shows	the	function	of	these	immunoglobulin	
receptors	in	the	intestine.

reduced	 levels	of	all	 isotypes	of	antibodies	with	the	exception	
of	IgE,	which	is	uniquely	elevated.62	IgA	production	is	carefully	
regulated	by	the	commensal	microbiota,	and	the	specificity	of	
the	 IgA	 response	 adapts	 to	 respond	 to	 changes	 in	 intestinal	
microbial	populations.63

Cellular	and	humoral	immune	responses	in	the	gastrointes-
tinal	tract	are	influenced	by	the	commensal	microbiota,	and	it	
is	therefore	not	surprising	that	the	microbiota	is	a	key	factor	in	
the	development	of	tolerance	or	allergy	in	the	gastrointestinal	
tract.	Germ-free	mice	have	a	reduced	capacity	for	the	genera-
tion	of	oral	tolerance,	and	conversely	show	increased	suscepti-
bility	 to	 allergic	 sensitization	 through	 the	 oral	 route.64	
Colonization	 with	 normal	 microbiota,	 or	 with	 Clostridia	
strains,	 results	 in	 the	 expansion	 of	 regulatory	 T	 cells	 and	 the	
suppression	of	allergic	sensitization.64	Toll-like	receptor	(TLR)2,	
TLR4	 and	 TLR9	 are	 host	 receptors	 that	 have	 been	 shown	 to	
contribute	to	tolerogenic	effects	of	the	intestinal	microbiota.65–67	
Metabolic	products	of	the	microbiota,	such	as	short	chain	fatty	
acids,	 also	 promote	 a	 tolerogenic	 tone	 in	 the	 intestine.68	
Although	the	microbiota	has	generally	been	shown	to	be	tolero-
genic,	susceptibility	to	food	allergy	has	been	shown	to	be	trans-
missible	in	mice,69	suggesting	that	there	may	be	pro-allergenic	
bacterial	 strains	 as	 well	 as	 pro-tolerogenic	 strains,	 although	
these	have	yet	to	be	identified.

Influence of Diet on  
Mucosal Immunity
Diet	and	the	microbiota	are	the	two	factors	with	the	strongest	
impact	on	the	mucosal	immune	system,	although	we	are	only	
beginning	 to	 gain	 an	 understanding	 of	 the	 impact	 of	 diet	 on	
immunity.	The	microbiota	is	significantly	altered	by	changes	in	
diet,70	demonstrating	an	indirect	mechanism	of	dietary	regula-
tion	of	the	mucosal	immune	system.	Dietary	components	can	
also	 have	 direct	 effects	 on	 the	 mucosal	 immune	 system.	 The	
vitamin	A	metabolite	retinoic	acid	is	best	known	for	promoting	
the	generation	of	regulatory	T	cells	as	outlined	above,	although	
the	 impact	 of	 retinoic	 acid	 is	 not	 always	 regulatory.	 In	 the	

Figure 40-4  Immunoglobulin  secretion  and  anti-
body-facilitated antigen uptake in the intestine. Epi-
thelial  cells  express  receptors  for  IgA  (pIgR),  IgG 
(FcRn) and IgE (CD23). All three receptors can facili-
tate the secretion of their respective immunoglobu-
lins  in a basal-to-apical direction.  IgA can facilitate 
uptake of antigen by M cells through Dectin-1. FcRn 
captures  IgG-antigen  complexes  for  delivery  to 
dendritic cells  (DCs) and promotes  the generation 
of  tolerance  to  foods  or  immunity  to  pathogens. 
When  allergen-specific  IgE  is  produced  and 
secreted (i.e. during food allergy), IgE-allergen com-
plexes  can  be  captured  from  the  apical  side  by 
CD23 and transported to the basal side of the epi-
thelium. IgE-allergen complexes can then degranu-
late  effector  cells  or  induce  the  migration  of  DCs 
through epithelial-derived chemokines. 
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adulthood	has	uncovered	a	critical	role	for	FcRn	as	an	antigen-
sampling	mechanism	in	vivo.	IgG	is	secreted	into	the	intestinal	
lumen	via	FcRn,	where	it	binds	to	its	antigens	and	can	be	recap-
tured	by	FcRn	and	transported	into	the	intestinal	LP.84	Antigen	
is	then	delivered	to	subepithelial	DCs	that	can	generate	a	func-
tional	 T	 cell	 response.	 This	 pathway	 was	 shown	 to	 promote	
clearance	 of	 the	 murine	 enteric	 pathogen	 Citrobacter roden-
tium.85	Induction	of	tolerance	in	the	neonate	by	antigen	expo-
sure	via	IgG-containing	breast	milk	has	also	been	shown	to	be	
mediated	via	FcRn-facilitated	uptake	and	delivery	to	DCs.86

IgE/CD23

IgE	is	not	generally	thought	of	as	a	secretory	immunoglobulin,	
but	 it	can	be	detected	 in	the	 intestinal	secretions	and	stool	of	
subjects	 with	 food	 allergy.87,88	 The	 low-affinity	 IgE	 receptor	
CD23	is	constitutively	expressed	by	human	intestinal	epithelial	
cells.89,90	Similar	to	studies	with	FcRn,	CD23	has	been	shown	to	
function	 as	 a	 bi-directional	 transporter	 of	 IgE	 across	 gastr-
ointestinal	as	well	as	respiratory	epithelial	cells.89,91

Conclusions
The	 mucosal	 immune	 system	 is	 tightly	 regulated	 to	 prevent	
inappropriate	immune	reactions	to	food	antigens	or	the	com-
mensal	flora,	and	is	responsible	for	guarding	a	vast	surface	area	
against	 pathogenic	 entry.	 Antigens	 can	 gain	 access	 to	 the	
mucosal	immune	system	by	a	number	of	different	mechanisms	
including	 direct	 DC	 uptake	 and	 antibody-facilitated	 antigen	
uptake.	The	normal	response	to	food	antigens	is	an	active	toler-
ance	 response	 mediated	 by	 regulatory	 T	 cells	 and	 induced	 by	
gastrointestinal	DCs	and	macrophages.	Microbiota	and	diet	are	
critical	factors	in	the	maintenance	of	gastrointestinal	immune	
homeostasis.

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

IgA/pIgR

Eighty	percent	of	IgA-secreting	cells	are	found	in	the	gastroin-
testinal	mucosa,	and	daily	production	of	IgA	outpaces	that	of	all	
other	 immunoglobulin	 isotypes	 combined.78	 IgA	 in	 plasma	
occurs	primarily	as	monomers,	but	IgA	in	mucosal	secretions	is	
comprised	of	polymeric	 IgA	(2–4	molecules)	 joined	at	 the	Fc	
region	by	a	joining	‘J’	chain	and	secretory	component	that	is	a	
fragment	of	the	polymeric	Ig	receptor	(pIgR).	There	are	two	IgA	
subclasses,	IgA1	and	IgA2,	that	differ	in	their	resistance	to	intes-
tinal	proteases	(IgA2	being	more	resistant	than	IgA1).	pIgR	is	
expressed	on	the	intestinal	epithelium	and	transports	polymeric	
IgA	from	the	basolateral	face	into	the	intestinal	lumen.	Pentam-
eric	IgM	is	also	transported	into	the	lumen	via	the	pIgR.	Binding	
of	dimeric	IgA	and	pentameric	IgM	to	pIgR	occurs	through	the	
J	chain	that	connects	the	Ig	subunits.	Each	mol	ecule	of	pIgR	can	
only	perform	one	transport	of	Ig,	as	the	extracellular	portion	is	
cleaved	to	form	the	secretory	component.

Secretory	IgA	has	been	shown	to	selectively	bind	to	M	cells	
via	the	interaction	of	constant	domains79	with	Dectin-1.80	Anti-
gens	tagged	to	IgA	are	taken	up	by	M	cells	and	delivered	to	DCs	
in	 the	 PP81	 where	 they	 induce	 an	 immunoglobulin	 response.	
Thus	IgA	may	selectively	allow	for	controlled	entry	of	antigens	
into	 the	 PP	 while	 preventing	 broad	 access	 to	 the	 remaining	
intestinal	mucosa.

IgG/FcRn

Like	IgA,	IgG	is	also	found	in	intestinal	secretions	in	significant	
quantities.	In	rodents,	the	neonatal	Fc	receptor	for	IgG	(FcRn)	
is	expressed	in	the	intestine	prior	to	weaning	and	facilitates	the	
transfer	of	passive	 immunity	 from	 the	mother	via	 colostrum.	
In	humans,	passive	immunity	is	delivered	via	the	placenta,	but	
FcRn	is	expressed	in	the	intestine	and	is	maintained	throughout	
adult	 life.82	This	suggests	a	 function	for	FcRn	beyond	transfer	
of	 passive	 immunity.	 In	 vitro	 systems	 have	 shown	 that		
FcRn	 functions	 as	 a	 bi-directional	 transporter	 of	 IgG.83	 The	
development	of	 transgenic	mice	expressing	human	FcRn	 into	
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KEY POINTS

• A food allergy is an adverse health effect arising from 
an immune response that occurs reproducibly on expo-
sure to a given food, whereas a food intolerance is an 
adverse effect due to a nonimmunologic response,  
e.g. metabolic, pharmacologic or toxic.

• Food allergies may be ‘immediate’ (IgE-mediated) or 
‘delayed’ (non-IgE-mediated) in onset and induce a 
variety of symptoms involving the skin, respiratory or 
gastrointestinal tracts and/or cardiovascular system.

• A thorough and detailed history is the most important 
part of the evaluation and determines which laboratory 
tests should be ordered, which food challenges and 
treatments may be required, and the education that will 
be needed regarding the results.

• Prick skin tests and food-specific IgE levels confirm sen-
sitization and provide some evidence on the probability 
of clinical allergy, but alone are never adequate to make 
the diagnosis of food allergy.

• The oral food challenge remains the ‘gold standard’ for 
diagnosing food allergy.

Introduction
It	is	now	40	years	since	the	first	double-blind	placebo-controlled	
food	challenges	were	performed	and	demonstrated	that	histo-
ries	of	adverse	food	reactions	could	be	objectively	confirmed	or	
refuted.1	Recently,	new	diagnostic	tools	have	become	available	
that	may	decrease	the	number	of	challenges	required	for	accu-
rate	 diagnosis	 and	 management.	 In	 addition,	 treatments	 for	
food	 allergy	 are	 being	 developed	 and	 studied,	 and	 while	 they	
are	 not	 quite	 ready	 for	 clinical	 use,	 these	 developments	 are	
exciting	and	offer	hope	 that	one	day	a	 treatment	will	end	 the	
impact	of	food	allergy	on	patients’	quality	of	life.2

The	definitions	of	terms	in	this	discussion	are	derived	from	
and	consistent	with	the	2010	Guidelines	for	the	Diagnosis	and	
Management	 of	 Food	 Allergy	 in	 the	 United	 States:	 summary		
of	 the	NIAID	Sponsored	Expert	Panel	Report,	 and	 the	 recent	
Practice	Parameter	Update.3,4

‘Food allergy	 is	 defined	 as	 an	 adverse	 health	 effect	 arising	
from	a	specific	immune	response	that	occurs	reproducibly	on	
exposure	 to	 a	 given	 food.’3	 These	 immune	 responses	 may	 be	
IgE-mediated,	 non-IgE-mediated	 or	 an	 apparent	 mixture	 of	
multiple	 mechanisms.	 The	 term	 food intolerance	 is	 used	
to	designate	a	nonimmune	mediated	reaction	that	may	include	
metabolic,	 pharmacologic	 or	 toxic	 mechanisms.	 Another	

important	term	is	sensitization,	which	indicates	that	individuals	
may	 have	 demonstrable	 IgE	 or	 other	 antibodies	 or	 antigen-
reactive	cells	in	the	absence	of	clinical	symptoms.	An	immune-
mediated	food	allergy	requires	both	the	presence	of	sensitization	
and	clinical	responsiveness	when	the	food	is	ingested.

Prevalence
Current	 literature	 suggests	 that	 food	 allergy	 may	 affect	 up	 to	
10%	of	the	population,	but	probably	not	more	than	that	per-
centage.	Studies	of	prevalence	have	certain	limitations,	making	
them	difficult	to	compare.	In	children,	a	2009–2010	study	esti-
mated	that	8%	of	 the	study	population	of	children	have	 food	
allergy.5	 In	 a	 Canadian	 study,6	 after	 adjusting	 for	 improbable	
reports	of	food	allergy,	it	was	estimated	that	6.7%	of	the	overall	
population,	 7.1%	 of	 children	 and	 6.6%	 of	 adults,	 had	 food	
allergy.	Since	these	conclusions	were	based	upon	self-reporting,	
it	is	clear	that	they	are	estimates	at	best.	McGowan	et	al7	used	
the	 National	 Health	 and	 Nutrition	 Examination	 Study	
(NHANES)	2007–2010	data	based	upon	specific	food	allergen	
IgE	measurements	and	a	specific	set	of	definitions	to	arrive	at	
an	 estimated	 prevalence	 of	 food	 allergy	 among	 children	 of	
6.5%.

IgE-Mediated Symptoms (Box 41-1)
CUTANEOUS SYMPTOMS

Food	 allergy-induced	 skin	 symptoms	 generally	 fall	 into	 two	
main	categories:	atopic	dermatitis	and	urticaria.	Urticaria	typi-
cally	begins	promptly	after	the	ingestion	of	a	known	food	aller-
gen,	is	usually	diagnosed	early	and	the	culprit	food	determined.	
Chronic	urticaria	is	rarely	due	to	a	food	allergen.	Rarely,	food	
additives	have	been	reported	to	cause	chronic	urticaria	in	adults,	
but	there	are	no	systematically	confirmed	reports	in	children.

Atopic	dermatitis	has	been	shown	to	be	exacerbated	by	food	
allergies	in	numerous,	carefully	controlled	studies	using	double-
blind,	 placebo-controlled	 food	 challenges.	 Food	 allergic	 reac-
tions	 may	 trigger	 an	 eczematous	 rash	 in	 30–40%	 of	 children	
with	moderate-to-severe	atopic	dermatitis.	In	some	situations,	
the	 onset	 of	 symptoms	 is	 subtle	 and	 somewhat	 delayed,	 with	
irritability	and	then	itching	being	the	first	symptoms	to	appear,	
followed	 by	 erythema	 and/or	 urticaria	 preceding	 the	 more	
typical	erythema	and	morbilliform	eruption	that	may	be	most	
prominent	the	day	after	the	offending	food	is	consumed.	There	
does	 not	 appear	 to	 be	 a	 single	 pattern	 of	 presentation,	 but	
careful	observations	by	families	can	often	make	the	connection,	
especially	when	parents	are	instructed	on	the	typical	presenta-
tion.	The	mechanisms	of	these	reactions	are	considered	in	detail	
in	Chapter	47.8–10
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suggesting	 that	delaying	 food	 introduction	may	 increase	 food	
allergy,	 it	 is	often	difficult	 to	determine	whether	or	not	 to	 try	
elimination	 diets.20	 However,	 when	 infants	 and	 families	 are	
under	 significant	 distress,	 a	 brief	 trial	 of	 dietary	 elimination	
may	be	warranted.21–25

Pollen/Food Allergy Syndrome  
(also see Chapter 46)

Pollen-food	 allergy	 syndrome	 (oral	 allergy	 syndrome)	 is	 a	
common	disorder	in	which	oral	symptoms,	itching	of	the	throat	
and	occasionally	mild	oral	edema	occur	immediately	upon	the	
ingestion	of	certain	foods,	most	commonly	raw	fruits	and	veg-
etables,	 but	 also	 certain	 nuts,	 e.g.	 hazelnuts	 and	 peanuts	 can	
trigger	 these	 symptoms.	 These	 complaints	 are	 due	 to	 specific	
IgE	 antibodies	 directed	 to	 aeroallergens	 that	 cross-react	 with	
certain	 food	 proteins.	 It	 is	 often	 useful	 to	 perform	 skin	 tests	
with	 fresh	 fruits	and	vegetables	 to	confirm	the	diagnosis,	 and	
component	protein	testing	for	hazelnut	(Cor	a	9	and	14)	and	
peanut	 (Ara	 h	 8)	 will	 identify	 IgE	 to	 the	 birch	 pollen	 cross-
reactive	protein,	Bet	v	1.	This	constellation	of	symptoms	is	often	
present	in	children,	but	it	is	often	unrecognized	unless	patients	
with	pollen	allergy	(and/or	their	parents)	are	specifically	queried	
about	the	presence	of	oral	symptoms	with	certain	foods.26–29

Chronic Constipation
A	few	controlled	trials	suggest	that	this	is	worth	considering	in	
youngsters	 having	 persistent	 constipation	 issues,	 but	 this	
remains	controversial.30

Eosinophilic Esophagitis  
(see Chapter 45 and below)

Many	children	with	eosinophilic	esophagitis	(EoE)	have	an	IgE-
mediated	food	allergy	and	atopy,	but	the	underlying	immuno-
pathogenic	mechanism	of	EoE	is	not	IgE-mediated	and	routine	
allergy	tests	are	generally	not	helpful	in	identifying	foods	pro-
voking	symptoms.

CARDIOVASCULAR SYMPTOMS

Allergic	 reactions	 to	 foods	 that	 involve	 the	 cardiovascular	
system	 in	 children	 usually	 appear	 as	 respiratory	 compromise	
first	and	then	progress	to	a	drop	in	blood	pressure	and	shock,	
as	 contrasted	 with	 adults	 who	 may	 have	 the	 sudden	 onset	 of	
cardiovascular	symptoms	before	any	other	symptoms	occur.

ANAPHYLAXIS (see also Chapter 58)

The	working	definition	of	anaphylaxis	is	‘a	serious	allergic	reac-
tion	that	is	rapid	in	onset	and	may	cause	death.’31	The	clinical	
criteria	for	diagnosing	anaphylaxis	are	outlined	in	Chapter	58.	
Acceptance	 and	 use	 of	 these	 criteria	 should	 aid	 emergency	
responders	 in	 the	 rapid	 identification	 of	 anaphylaxis	 and	
prompt	the	institution	of	resuscitative	measures,	as	validated	in	
recent	studies.32,33

Non-IgE Immune-Mediated  
Reactions to Food
Celiac	disease	is	an	autoimmune	process	that	occurs	when	anti-
bodies	 directed	 to	 gluten	 cross-react	 with	 epithelial	 cells	 in		
the	 gastrointestinal	 tract.	 When	 gluten-containing	 foods	 are	

BOX 41-1 DIFFERENTIAL DIAGNOSIS 
OF ADVERSE REACTIONS TO  
FOODS: IMMUNE

IgE-MEDIATED

Immediate (gastrointestinal, respiratory, cutaneous, ocular, car-
diovascular, anaphylactic)

Immediate and late-phase (atopic dermatitis, allergic gastro-
intestinal disorders)

Oral allergy syndrome or pollen-food allergy syndrome

NON-IgE IMMUNE-MEDIATED

Celiac disease, dermatitis herpetiformis
Food protein-induced gastrointestinal illnesses

• Food protein-induced enterocolitis
• Eosinophilic esophagitis, gastroenteritis (allergic)
• Allergic colitis/proctocolitis
• Food protein-induced enteropathy (milk, soy, others)

Food-induced pulmonary hemosiderosis (Heiner’s syndrome)

NON-IMMUNE-MEDIATED

Toxic reactions
Toxic reactions (food poisoning, e.g. scombroid fish 

poisoning)
Non-toxic reactions
Intolerances

Carbohydrate malabsorption (e.g. lactase deficiency, fructose 
deficiency, sucrase-isomaltase deficiency)

Psychological reactions (strongly held beliefs)

RESPIRATORY SYMPTOMS

Respiratory	symptoms	of	a	food	allergic	reaction	include	those	
in	the	upper	respiratory	tract	–	sneezing,	nasal	pruritus,	rhinor-
rhea	and	congestion,	and	periocular	pruritus	and	tearing.	In	the	
lower	 respiratory	 tract,	 symptoms	 and	 signs	 include	 stridor,	
hoarse	voice,	cough,	dyspnea	and	wheezing.	It	is	important	to	
note	that	a	hacking	staccato	cough	may	be	a	sign	of	impending	
laryngeal	obstruction	without	other	symptoms	and	may	lead	to	
abrupt	airway	closure.	Asthma	is	infrequently	the	sole	manifes-
tation	of	an	allergic	reaction	to	food.	However	when	a	patient	
with	asthma	has	symptoms	that	are	not	responding	in	the	usual	
fashion	to	treatment,	a	food	reaction	should	be	considered	and	
the	treatment	approach	altered	to	include	injected	epinephrine.	
Food	allergy	in	individuals	with	asthma	may	predispose	them	
to	more	severe	episodes	and	may	be	a	risk	factor	for	more	severe	
and	fatal	asthma.11–19

GASTROINTESTINAL SYMPTOMS

Immediate-onset	 gastrointestinal	 symptoms	 include	 nausea,	
abdominal	 pain	 and	 cramps,	 vomiting	 and	 diarrhea.	 Nausea	
and	 vomiting	 are	 often	 immediate	 –	 while	 the	 food	 is	 being	
consumed,	raising	the	suspicion	of	food	allergy,	especially	in	an	
individual	 with	 a	 known	 food	 allergy.	 In	 individuals	 without	
known	food	allergy,	these	symptoms	should	raise	the	suspicion	
of	 a	 food	 allergy	 as	 often	 as	 ‘food	 poisoning’	 is	 suspected.	 It	
should	be	noted	that	the	gastrointestinal	symptoms	may	not	be	
accompanied	by	skin	manifestations.	Rapid	resolution	of	gas-
trointestinal	 symptoms	 and	 return	 of	 appetite	 are	 frequently	
noted	after	a	gastrointestinal	food	reaction.	Diarrhea	may	occur	
immediately	or	be	delayed	for	a	few	hours.

The	issue	of	colic	as	a	gastrointestinal	food	allergic	reaction	
in	infants	remains	controversial.	With	newer	feeding	guidelines	
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especially	 fruit	 juice.	 The	 diarrhea,	 which	 often	 has	 an	 acrid	
smell,	may	be	accompanied	by	a	scalded	skin	appearance	in	the	
perianal	and	diaper	area	in	the	youngest	children.

Psychological Reactions
Some	parents	harbor	strongly	held	beliefs	about	specific	foods	
that	 trigger	 various	 symptoms	 in	 their	 children,	 including	
behavioral	changes.	These	beliefs	are	usually	imposed	on	chil-
dren	by	their	parents	and	may	lead	to	food	aversions.	Clinicians	
must	be	vigilant	to	ensure	these	beliefs	and	dietary	restrictions	
do	not	lead	to	malnutrition	or	deficiency	in	specific	nutrients.	
Occasionally,	Münchausen	syndrome	by	proxy	must	be	consid-
ered,	most	often	related	to	behavioral	changes	or	other	subjec-
tive	symptoms.39

Evaluation
HISTORY

A	thorough	and	detailed	history	is	the	most	important	part	of	
the	 evaluation	 and	 will	 determine	 which	 specific	 laboratory	
tests	 to	 order,	 which	 food	 challenges	 and	 treatments	 may	 be	
required,	and	the	education	that	will	be	needed	regarding	the	
results	and	avoidance	of	food	triggers.	The	details	to	be	ascer-
tained	 include	 a	 detailed	 description	 of	 the	 following:	 symp-
toms	that	have	been	observed	including	the	sequence	of	those	
symptoms;	timing	from	onset	of	symptoms	to	their	resolution;	
number	of	events	that	have	occurred	for	each	suspected	food;	
possible	 ingestion	of	 the	food	without	symptoms;	quantity	of	
food	 eliciting	 symptoms,	 including	 the	 least	 amount	 (thresh-
old)	 that	 has	 triggered	 symptoms	 if	 there	 has	 been	 more		
than	 one	 event;	 and	 associated	 factors	 such	 as	 exercise	 (in		
food-dependent	 exercise-induced	 anaphylaxis),	 medication	
(especially	 antireflux	 medication)	 and	 alcohol	 ingestion		
accompanying	the	suspected	food.2–4

A	 history	 of	 anaphylaxis	 or	 a	 severe	 reaction	 increases	 the	
need	for	accurate	details	that	include	getting	the	ingredients	of	
a	meal	from	the	facility	(restaurant,	home	or	school)	where	the	
reaction	 occurred.	 This	 may	 lead	 to	 suspicions	 about	 less	
obvious	 culprits,	 especially	 spices.	 Emergency	 department	
records	may	be	helpful.	It	is	also	important	in	situations	where	
wheezing	has	been	part	of	the	reaction,	to	inquire	if	the	asthma	
symptoms	responded	in	the	usual	manner	for	that	individual.	
If	not	then	a	food	might	have	been	the	trigger.

PHYSICAL EXAMINATION

A	 complete	 physical	 examination	 should	 be	 done	 in	 children	
with	a	history	of	a	food	allergic	reaction;	however,	the	exam	is	
usually	 normal	 unless	 the	 reaction	 is	 occurring	 acutely.	 The	
major	exception	is	atopic	dermatitis,	which	is	a	chronic	condi-
tion	that	may	exacerbate	during	the	acute	reaction.	Other	stig-
mata	 to	 observe	 include	 a	 possible	 abnormal	 abdominal	
examination,	 signs	 of	 malnutrition,	 or	 significant	 failure	 to	
thrive	in	young	children	placed	on	a	restricted	diet.

LABORATORY STUDIES

Skin Testing
Skin	 testing	 by	 the	 prick/puncture	 technique	 is	 an	 easy	 to	
perform,	cost-effective	method	for	 identifying	sensitization	to	

removed	from	the	diet,	the	gastrointestinal	 lesion	resolves.	An	
associated	but	less	common	condition	is	dermatitis	herpetifor-
mis	 that	 is	 often	 mistaken	 for	 atopic	 dermatitis.	 Virtually	 all	
individuals	 with	 celiac	 disease	 exhibit	 HLA-DQ2	 or	 DQ8	
genetic	haplotypes.34

The	eosinophilic	gastrointestinal	disorders	(see	Chapter	45),	
especially	EoE,	appear	to	be	increasing.	In	the	majority	of	chil-
dren,	food	allergy	is	a	significant	trigger;	however,	it	is	not	IgE-
mediated	 and	 therefore	 current	 diagnostic	 methods	 for	
detection	of	 IgE	(skin	tests	and	specific	serum	antibody	mea-
surements)	 are	 generally	 not	 helpful.	 A	 careful	 and	 detailed	
history	may	be	the	most	important	means	of	raising	suspicion	
of	 the	 disease	 and	 prompting	 referral	 of	 the	 youngster	 for	
endoscopy.	 A	 pattern	 of	 seasonal	 exacerbation	 in	 some	 indi-
viduals	raises	the	possibility	of	swallowed	aeroallergens	as	trig-
gers.	 It	 is	 often	 difficult	 to	 monitor	 the	 effectiveness	 of	 food	
elimination	 diets	 because	 there	 are	 no	 noninvasive	 tests	 to	
examine	the	esophagus	for	a	response.

Another	gastrointestinal	syndrome	that	is	immunologically	
mediated	 is	 food	 protein-induced	 enterocolitis	 syndrome	
(FPIES;	see	also	Chapter	44).	A	careful	history	elicits	a	pattern	
of	repetitive	vomiting	that	is	delayed	by	about	2	hours	after	the	
ingestion	of	culprit	foods.	Characteristics	of	FPIES	that	distin-
guish	 it	 from	 IgE-mediated	 gastrointestinal	 reactions	 are	 the	
delayed	onset	of	symptoms,	the	lack	of	immediate	recovery	after	
the	 vomiting,	 and	 the	 continuous	 pattern	 of	 vomiting,	 pallor	
and	 hypotension	 in	 about	 15%	 of	 cases.	 There	 is	 a	 helpful	
website	 for	 both	 parents	 and	 providers	 (fpies.org).35,36	 Food	
protein-induced	proctocolitis	is	characterized	by	gross	or	occult	
blood	in	the	stools	with	an	otherwise	healthy	appearing	infant	
(see	Chapter	44).

Non-Immunologic Reactions
TOXIC REACTIONS

A	number	of	toxic	reactions	have	been	described	that	could	be	
confused	with	allergic	reactions	to	food.	Food	poisoning	due	to	
bacterial	contamination	commonly	provokes	nausea,	abdomi-
nal	pain	and	often	profuse	diarrhea.	Scombroid	fish	poisoning,	
due	to	histamine	in	poorly	prepared	histidine-containing	fish,	
is	less	common	and	can	more	easily	mimic	an	allergic	reaction,	
including	triggering	skin	changes	that	are	not	caused	by	bacte-
rial	 food	poisoning.	These	skin	changes	may	include	flushing,	
urticaria	 and	 angioedema.	 Respiratory	 symptoms	 may	 occur	
due	to	the	large	amount	of	histamine	present.

NON-TOXIC REACTIONS

Auriculotemporal	syndrome	(Frey’s	syndrome)	is	triggered	when	
foods	that	increase	salivation	cause	a	flushing	reflex	through	the	
auriculotemporal	branch	of	the	trigeminal	nerve	resulting	in	a	
‘strap-like’	rash	on	both	sides	of	the	face.37	Gustatory	rhinitis	trig-
gers	rhinorrhea	due	to	the	ingestion	of	spicy	foods.38

Lactose	 intolerance	 due	 to	 lactase	 deficiency	 is	 the	 most	
common	carbohydrate	malabsorption	condition.	When	there	is	
insufficient	lactase	in	the	intestinal	mucosa,	diarrhea	and	bloat-
ing	ensue,	and	the	condition	may	be	confused	with	milk	allergy.	
Depending	upon	the	degree	of	lactase	deficiency,	some	patients	
may	tolerate	small	quantities	of	milk	products	without	symp-
toms.	 Chronic	 diarrhea	 in	 young	 children	 may	 be	 due	 to		
carbohydrate	 malabsorption	 caused	 by	 fructose	 in	 fruit	 and	
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information	 on	 fish,	 shellfish	 and	 a	 few	 other	 foods.	 As	 with	
skin	testing,	detectable	antibody	in	an	immunoassay	gives	prob-
ability	 information	 on	 the	 likelihood	 of	 a	 reaction	 to	 a	 sus-
pected	food,	but	the	history	and	food	challenge	remain	crucial.	
Two	early	studies	established	‘cut-off	values’	giving	95%	deci-
sion	points,	which	suggested	that	values	exceeding	these	levels	
obviated	the	need	for	a	food	challenge.49,50	Since	then,	numer-
ous	other	studies	have	been	performed	in	various	populations	
and	with	children	of	various	ages.40,51–55	Recent	studies	suggest	
that	longitudinal	monitoring	of	specific	serum	antibody	levels	
may	be	useful	 in	deciding	when	a	child	may	have	outgrown	a	
particular	 food	 allergy	 and	 when	 a	 challenge	 is	 likely	 to	 be	
helpful	in	identifying	the	resolution	of	a	food	allergy.	The	rate	
of	fall	of	specific	serum	antibody	levels	may	be	a	useful	predic-
tor	 of	 the	 resolution	 of	 a	 food	 allergy.	 These	 decision	 points	
have	also	been	used	as	‘cut-off ’	values	to	determine	a	reasonable	
level	for	doing	food	challenges	based	on	the	likelihood	of	reso-
lution	of	a	 food	allergy.56	Two	recent	 studies	have	 formulated	
predictive	 curves	 for	 the	 probability	 of	 resolution	 of	 egg	 and	
milk	allergy	in	young	children.57,58

In	vitro	measurements	are	preferred	 in	a	number	of	situa-
tions:	(1)	patients	with	extensive	dermatographism;	(2)	patients	
with	extensive	skin	disease	(atopic	dermatitis	or	urticaria);	(3)	
patients	 who	 cannot	 discontinue	 antihistamines;	 and	 more	
recently	 (4)	 use	 by	 nonspecialists	 who	 do	 not	 perform	 skin	
testing	to	evaluate	children	for	potential	food	allergy.

There	is	no	consensus	on	whether	skin	tests	or	specific	serum	
antibody	levels	are	most	sensitive.	However,	at	 least	one	study	
has	 found	 that	 prick/puncture	 skin	 tests	 and	 immunoassays	
have	similar	sensitivities	and	specificities	when	compared	with	
double-blind,	placebo-controlled	food	challenges.59	At	present,	
most	allergists	use	the	two	tests	together	to	decide	whether	or	
not	 to	 do	 challenges	 (see	 below),	 and	 the	 probability	 of	 the	
challenge	being	positive	for	a	particular	food	(Table	41-1).

A	new	and	potentially	 important	advance	 in	 in	vitro	diag-
nosis	 is	the	availability	of	component-resolved	diagnostics	for	
evaluation	 of	 food	 allergy	 (see	 Chapter	 18).	 However,	 at	 this	
time	only	a	limited	number	of	food	component	proteins	have	
been	demonstrated	 to	correlate	well	with	clinical	 reactivity	 to	
food,	e.g.	peanut	(Ara	h	1,	2,	3,	6	and	8)	and	hazelnut	(Cor	a	1,	
9	and	14).60–63	As	with	other	diagnostic	 tests,	care	needs	to	be	
taken	 when	 using	 component	 measurements	 to	 ensure	 that	
patients	are	not	told	a	food	is	safe	when	it	is	not.64

a	food	and	for	determining	the	probability	that	a	food	challenge	
is	likely	to	be	helpful.40	Food	allergens	eliciting	wheal	diameters	
of	at	least	3	mm	or	larger	than	the	negative	control	are	consid-
ered	positive	test	results.	Negative	skin	tests	have	a	high	negative	
predictive	 accuracy,	 thus	 usually	 excluding	 food	 allergy	 to	
common	 foods.	The	negative	predictive	accuracy	 for	 children	
younger	than	3	or	4	years	of	age	tends	to	be	lower	than	for	older	
children.2–4

Food	extracts	that	elicit	a	positive	result	in	the	absence	of	a	
strong	history	of	clinical	reactivity	typically	have	a	positive	pre-
dictive	accuracy	of	less	than	50%	and	cannot	be	considered	diag-
nostic	 of	 symptomatic	 food	 allergy.	 Some	 studies	 suggest	 that	
larger	skin	tests	(≥	8-mm	wheals	for	some	foods)	correlate	better	
with	symptomatic	food	allergy,	but	there	is	no	correlation	between	
skin	test	size	and	severity	of	reactions.41	If	there	is	a	history	of	a	
convincing	allergic	reaction	to	a	food	and	the	skin	test	is	positive,	
the	test	may	be	viewed	as	diagnostic.	There	have	been	rare	reports	
of	adverse	reactions	to	intracutaneous	skin	tests.42

Skin	 test	 outcomes	 can	 be	 variable	 depending	 on	 a	 few	
factors:	reagents	and	devices	used	for	testing,	experience	of	the	
testing	 personnel	 and	 the	 interpretation	 of	 the	 test	 results.	 A	
strongly	 positive	 history	 incriminating	 a	 specific	 food	 in	 the	
face	of	a	negative	skin	test	must	be	evaluated	further,	e.g.	food-
specific	serum	IgE	determination	and/or	physician-supervised	
oral	food	challenge.

Skin	tests	must	be	selected	judiciously	based	upon	the	history	
rather	than	performing	‘panels	of	food	skin	tests’.	Selection	of	
numerous	foods	to	be	eliminated	from	the	diet	based	on	large	
numbers	of	poorly	selected	skin	tests	may	lead	to	diets	that	are	
difficult	for	families	to	follow	and	may	eliminate	foods	that	are	
clearly	 tolerated,	making	adherence	 to	 the	diet	poor.43	 In	 rare	
instances	 these	 diets	 can	 be	 so	 strict	 as	 to	 be	 nutritionally	
inadequate.39,44

Commercial	skin	test	extracts	vary	considerably	in	allergen	
content.	It	is	often	very	useful	to	use	fresh	fruits	and	vegetables	
for	skin	testing	by	the	technique	referred	to	as	‘prick	to	prick’.	
In	 this	 technique	 the	 fresh	 food	 is	‘pricked	 with	 the	 skin	 test	
device	and	then	the	skin	is	pricked	immediately’.	The	results	of	
these	 tests	 are	 very	 helpful	 when	 positive,	 but	 less	 so	 when	
negative.45–47

Limitations	of	skin	testing	include	a	number	of	variables:	(1)	
commercially	 prepared	 extracts	 often	 lack	 labile	 proteins	
responsible	 for	 IgE-mediated	 sensitization	 to	 most	 fruits	 and	
vegetables	 (as	 noted	 above);	 (2)	 skin	 testing	 on	 skin	 surfaces	
that	have	been	treated	with	topical	steroids	may	induce	smaller	
wheals	 than	 those	 measured	 on	 untreated	 skin;	 (3)	 negative	
prick	skin	tests	with	commercial	extracts	 that	do	not	confirm	
convincing	histories	of	food	reactions	should	be	repeated	with	
the	 fresh	 food	 before	 concluding	 that	 IgE	 is	 absent;	 and	 (4)	
long-term,	high-dose	systemic	steroid	therapy	may	reduce	aller-
gen	wheal	size.

Intradermal	 skin	 testing	 for	 food	 is	 not	 recommended	
because	of	its	high	false	positive	rate	and	its	occasional	associa-
tion	 with	 systemic	 reactions.	 However,	 intradermal	 skin	 tests	
have	 been	 found	 to	 the	 useful	 in	 reactions	 to	 beef,	 pork	 and	
lamb	due	to	reactivity	to	the	meat	proteins	and	galactose-α-1,	
3-galactose.48

In Vitro Testing
Numerous	 studies	 have	 shown	 that	 specific	 serum	 antibody	
levels	correlate	well	with	the	outcome	of	oral	food	challenges,	
especially	for	peanut,	egg,	milk	and	tree	nuts,	but	there	is	 less	

Allergen
Decision 
Point (kUA/L)

Rechallenge 
Value (kUA/L)

Egg ≥7.0 ≤1.5
  ≤2 years old ≥2.0
Milk ≥15.0 ≤7.0
  ≤2 years old ≥5.0
Peanut ≥14.0 ≤5.0
Fish ≥20.0
Tree nuts ≥15.0 <2

Adapted from Sampson HA.50

Note: Patients with food-specific IgE values less than the listed 
diagnostic values may experience an allergic reaction following 
challenge. Unless history strongly suggests tolerance, a physician-
supervised food challenge should be performed to determine if the 
child can ingest the food safely.

TABLE 
41-1 Predictive Value of Food-Specific IgE
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Figure 41-1 Algorithm diagnosing food hypersensitivity. IgE – Immunoglobulin E, DBPCFC, – double-blind, placebo-controlled food challenge. 
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ingested	 (as	 suggested	 by	 the	 history).	 When	 the	 challenge	 is	
negative	or	passed,	up	to	approximately	8–10	g	of	dried	foods	
or	60–100	g	of	wet	food	in	a	single	portion,	the	challenge	ends.	
A	negative	or	passed	challenge	is	not	considered	negative	until	
the	food	is	actually	in	the	patient’s	diet	in	usual	and	customary	
portions	on	multiple	occasions.

Single	blind	food	challenges	are	useful	in	situations	in	which	
an	 objective	 result	 from	 the	 patient	 is	 important,	 such	 as	 a	
history	of	subjective	symptoms,	but	it	is	less	important	for	the	
individual	providing	the	challenge	to	be	blinded.	The	protocols	
may	 be	 the	 same	 or	 similar	 to	 those	 used	 for	 DBPCFC.	 This	
procedure	may	be	useful	when	an	open	challenge	(see	below)	
is	 not	 likely	 to	 be	 accurate	 but	 the	 rigor	 of	 DBPCFC	 is	 not	
needed.

In	the	clinical	setting,	open	food	challenges	are	very	useful	
for	refuting	food	allergy	histories	and	may	be	useful	when	the	
challenge	is	positive	with	objective	symptoms	that	recapitulate	
symptoms	 that	have	been	reported	 in	 the	history.	Open	chal-
lenges	 are	 also	 useful	 for	 determining	 if	 there	 are	 foods	 that	
have	never	been	ingested	but	for	which	there	is	a	positive	diag-
nostic	 test	with	 low	 likelihood.	For	example	a	youngster	with	
egg	allergy	who	has	never	ingested	peanut	but	who	has	a	small	
positive	skin	test	or	a	low	level	of	specific	antibody	may	be	chal-
lenged	under	observation	using	an	open	challenge.

SUMMARY OF APPROACH

Figure	41-1	outlines	a	summary	of	the	approach	for	the	evalu-
ation	of	children	with	a	history	of	adverse	reactions	to	food.	A	
detailed	history	is	followed	by	selection	of	skin	tests	and	in	vitro	
tests	to	be	performed.	The	results	of	these	tests	allow	selection	
of	foods	to	be	challenged	under	observation	or	reintroduced	at	
home.	Care	must	always	be	taken	to	be	certain	that	any	possible	
food	culprit	is	introduced	under	observation.

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

It	 has	 also	 been	 found	 that	 patients	 with	 antibodies	 to	
sequential	 (linear)	 epitopes	 in	 egg	 and	 milk,	 as	 compared		
to	 conformational	 epitopes	 to	 these	 foods,	 are	 more	 likely	 to	
exhibit	 persistent	 food	 allergy.	 Extensive	 heating	 (baking)	 of	
milk	and	egg	changes	conformational	epitopes	that	are	recog-
nized	by	the	majority	of	youngsters,	allowing	them	to	tolerate	
baked	milk-	and	egg-containing	products.	Peptide	microarray	
technology	 is	 characterizing	 patient	 heterogeneity	 and	 may	
more	 accurately	 predict	 clinically	 significant	 food	 allergy	 as	
opposed	to	just	allergen	sensitization.65–78

Serum	IgG	levels	to	foods	have	not	been	found	to	have	clini-
cal	 utility.	All	 individuals	 with	 a	 normal	 immune	 system	 will	
produce	some	IgG	antibodies	to	many	food	proteins.79

‘Atopy	 patch	 tests’	 have	 not	 been	 found	 to	 be	 consistently	
useful	for	detection	of	clinically	significant	food	allergy.3,4,80

FOOD CHALLENGES

The	double-blind,	placebo-controlled	food	challenge	(DBPCFC)	
is	the	gold	standard	for	precise	diagnosis	of	allergic	reactions	to	
foods,	and	has	provided	a	standard	by	which	to	evaluate	other	
tests.	 All	 food	 challenges	 are	 designed	 to	 confirm	 or	 refute	
patient	 histories	 with	 the	 double-blind	 technique	 being	 the	
most	 precise,	 but	 also	 the	 most	 cumbersome.	 Recently,		
an	 attempt	 has	 been	 made	 to	 establish	 standard	 protocols.		
Challenges	that	use	both	active	and	placebo	foods	may	generally	
be	 given	 on	 two	 separate	 days	 or	 one	 set	 (active	 or	 placebo)		
in	 the	 morning	 and	 the	 other	 set	 (placebo	 or	 active)	 after	
lunch.81–91

Unless	a	specific	protocol	is	being	used	as	part	of	a	study,	the	
quantity	of	food	used	in	the	challenge	and	the	interval	between	
portions	is	determined	by	the	history	elicited	from	the	patient/
parents.	 One	 approach	 is	 to	 start	 with	 an	 amount	 about	 one	
half	 of	 that	 thought	 to	 be	 lower	 than	 the	 amount	 previously	
triggering	 symptoms.	 Another	 approach	 is	 to	 make	 up	 the	
entire	challenge	and	then	give	a	certain	percentage	at	the	pre-
scribed	intervals.	The	time	between	portions	should	allow	for	
the	possibility	of	symptoms	to	occur	before	the	next	portion	is	
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KEY POINTS

• Infants most often develop food allergies in the order 
of exposure (e.g. milk, egg, fish, vegetables, etc.).

• The majority of infants and young children with food 
allergies have symptoms that affect at least two organs 
(cutaneous, gastrointestinal or respiratory).

• The most frequent allergic gastrointestinal reactions to 
food in infants and young children include colic, vomit-
ing, diarrhea and failure to thrive. None of these is 
pathognomonic for allergy and may be caused by many 
other conditions.

• Food allergy should be suspected in cases of persistent 
severe symptoms, symptoms related to food intake, two 
or more different symptoms, two or more organ systems 
involved and allergic predisposition.

• Among children presenting with symptoms suggestive 
of food allergy, the diagnosis can be confirmed by con-
trolled elimination/food challenge procedures in only 
about one third.

For	 the	 past	 decades,	 an	 increasing	 awareness	 of	 food	 allergy	
has	 emerged	 in	 western	 industrialized	 societies	 where	 con-
firmed	food	allergy	seems	to	affect	around	3%	to	7%	of	young	
children	 and	 3%	 to	 5%	 of	 adults	 depending	 on	 population,	
methods	 and	 diagnostic	 criteria.1,2	 However,	 the	 public	 per-
ceives	 food	 allergy	 to	 be	 much	 more	 common.2–4	 Given	 the	
public’s	 frequent	 misperception	 that	 various	 mild	 symptoms	
are	 caused	 by	 food-induced	 allergic	 reactions,	 performing	 a	
careful	evaluation	and	correct	diagnostic	procedures	is	impera-
tive	 to	 avoid	 over-diagnosis,	 which	 may	 lead	 to	 malnutrition,	
eating	 disorders	 and	 psychosocial	 problems,	 as	 well	 as	 family	
disruption.1,5	In	contrast,	under-diagnosis	may	result	in	unnec-
essary	symptoms,	growth	failure	and	physical	impairment.

True	 food	 allergies	 (i.e.	 immune-mediated	 reactions)	 are	
most	 often	 immunoglobulin	 E	 (IgE)-mediated	 reactions.	
However,	non-IgE-mediated	reactions	may	play	a	major	role	in	
delayed	reactions.1,5	It	is	evident	that	a	correct	classification	of	
an	adverse	reaction	to	foods	will	depend	on	the	extent	and	the	
quality	of	the	diagnostic	tests	and	procedures	performed.

No	single	laboratory	test	is	diagnostic	of	food	allergy.	There-
fore,	the	diagnosis	has	to	be	based	on	strict,	well-defined	food	
elimination	and	oral	challenge	procedures,	preferably	double-
blind,	placebo-controlled	 food	challenges	(DBPCFCs)	 in	chil-
dren	older	than	2–3	years	and	in	cases	of	subjective	symptoms.5–7	
In	infants,	open,	controlled	challenges	have	been	shown	to	be	
reliable	 when	 performed	 under	 professional	 observation	 in	 a	
hospital	setting	or	a	clinic.8,9	Food	allergy	is	primarily	a	problem	

in	infancy	and	early	childhood.	Most	often	the	infants	develop	
food	 allergies	 in	 the	 same	 order	 as	 the	 introduction	 of	 foods	
into	the	diet.	Thus,	the	prevalence	of	reactions	to	different	foods	
depends	in	part	on	the	eating	habits	of	a	given	population.10,11

This	 review	 concentrates	 on	 gastrointestinal	 symptoms,	
which	may	cause	suspicion	of	food	allergy	in	early	childhood,	
focussing	 on	 indications	 for	 food	 allergy	 evaluation.	 Specific	
disease	 entities,	 such	 as	 enterocolitis,	 proctocolitis,	 enteropa-
thies	 and	 allergic	 eosinophilic	 esophagitis/gastroenterocolitis,	
are	discussed	in	Chapters	44	and	45.

Frequency
In	 prospective	 studies,	 the	 incidence	 of	 cow’s	 milk	 protein	
allergy	(CMPA)	during	the	first	year	of	life	has	been	estimated	
to	 be	 about	 2%	 to	 3%	 based	 on	 strict	 diagnostic	 criteria,	 as	
reviewed	by	Høst.12	Other	common	food	allergens	in	children	
are	egg,	peanuts,	tree	nuts,	soy,	fish	and	cereal	grains.11	The	total	
cumulated	incidence	of	food	protein	allergy	during	the	first	3	
to	5	years	of	life	has	been	found	to	be	about	4%	to	7%.2,13,14	In	
a	prospective	birth	cohort	study,	the	point	prevalence	of	food	
allergy	at	3	years	was	2.3%.4

Adverse	reactions	to	food additives	have	been	demonstrated	
to	affect	less	than	1%	of	unselected	school	children	when	using	
DBPCFCs.15	The	most	common	positive	reaction	was	worsen-
ing	of	atopic	eczema	and	urticaria	 in	atopic	children.	Among	
children	 with	 atopic	 symptoms	 referred	 to	 hospital	 allergy	
clinics,16	 23%	 were	 suspected	 of	 food	 additive	 intolerance.	
However,	only	7%	reacted	to	food	additives	on	open	challenge	
and	only	2%	had	reproducible	reactions	when	DBPCFCs	were	
performed.	Another	study	indicates	that	artificial	colors	and/or	
preservatives	 (sodium	 benzoate)	 in	 the	 diet	 may	 result	 in	 a	
dose-dependent	 increased	 hyperactivity	 in	 3-year-old	 and	
8–9-year-old	children	in	the	general	population.17

In	 children	 with	 symptoms	 suggestive	 of	 food	 allergy,	 it		
has	 been	 possible	 to	 confirm	 the	 diagnosis	 in	 only	 about		
one	 third	 by	 means	 of	 controlled	 elimination/challenge	
procedures.2,3,5,12,14

Age at Onset of Symptoms
The	age	at	which	symptoms	start	depends	on	the	time	of	intro-
duction	of	the	foods;	infants	frequently	develop	food	allergies	
in	the	same	order	as	that	in	which	the	foods	have	been	intro-
duced	 into	 the	 diet.	 Many	 prospective	 studies	 have	 demon-
strated	that	symptoms	in	CMPA	develop	in	early	infancy,	rarely	
after	12	months	of	age.12	The	onset	of	disease	is,	in	most	cases,	
closely	related	to	the	time	of	introduction	of	cow’s	milk-based	
formula.	Allergy	to	hen’s	egg	is	also	more	common	in	younger	
children,	 whereas	 allergies	 against	 peanut,	 tree	 nuts,	 fish	 and	



378	 SECTION G Food Allergy

shellfish,	fruit	and	fruit	juice	often	have	a	later	age	of	onset.11,14	
In	a	Spanish	study,10	this	relationship	between	the	age	of	intro-
duction	of	various	foods	into	the	child’s	diet	and	allergy	to	these	
foods	was	demonstrated	(Table	42-1).

Clinical Features
The	clinical	features	of	food	allergy	in	childhood	are	shown	in	
Table	42-2.	 In	early	 infancy	 the	most	common	food	allergy	 is	
to	cow’s	milk	protein.	Similar	to	other	food	allergies,	the	major-
ity	have	at	least	two	symptoms	and	symptoms	that	affect	at	least	
two	organ	systems.	About	50%	to	70%	have	cutaneous	symp-
toms;	50%	to	60%	gastrointestinal	 symptoms	and	about	20%	

Age (Years) Food

0–1 Milk, eggs
1–2 Peanuts, fish in Scandinavian countries

>2 Fruits, legumes, vegetables

>3 Pollen-related cross-reactivities (oral allergy 
syndrome)

TABLE 
42-1 

Age at Onset of Food Allergy Against 
Different Foods

CUTANEOUS REACTIONS
IgE mediated Urticaria, acute or chronic (rare)

Angioedema
Atopic dermatitis

Non-IgE mediated Atopic dermatitis
Contact rash (e.g. perioral flare due to 

benzoic acid in citrus fruits)

GASTROINTESTINAL REACTIONS
IgE-mediated Immediate gastrointestinal hypersensitivity 

(e.g. nausea, vomiting, diarrhea)
Oral allergy syndrome
Colic

Non-IgE-mediated Allergic eosinophilic esophagitis, gastritis 
or gastroenterocolitis

Enterocolitis syndrome
Dietary protein colitis
Dietary protein enteropathy

RESPIRATORY REACTIONS
IgE-mediated Rhinoconjunctivitis

Asthma (wheezing, cough)
Laryngeal edema
Food-dependent exercise-induced asthma

Non-IgE-mediated Pulmonary hemosiderosis (Heiner’s 
syndrome [rare])

SYSTEMIC ANAPHYLAXIS
IgE-mediated Anaphylaxis

Food-dependent exercise-induced 
anaphylaxis

OTHER REACTIONS
IgE-mediated Otitis media (secondary to allergic rhinitis 

and Eustachian tube dysfunction or an 
allergic middle ear inflammation)

Unknown 
mechanisms

Migraine (rare), arthritis (rare), Henoch-
Schönlein purpura (rare)

TABLE 
42-2 

Clinical Features of Food Allergy in Children 
and Their Most Frequent Mechanisms

to	 30%	 respiratory	 symptoms.8	 Also,	 approximately	 0.5%	 of	
exclusively	breastfed	infants	may	react	to	food	protein	in	their	
mother’s	milk,12	and	in	these	infants	severe	atopic	eczema	is	the	
predominant	symptom.

Symptoms	occurring	within	a	few	minutes	to	2	hours	after	
food	 exposure	 (i.e.	 ‘immediate	 reactions’)	 are	 mostly	 IgE-
mediated,	 whereas	 symptoms	 occurring	 more	 than	 2	 hours	
after	food	intake	are	classified	as	delayed	reactions	and	are	typi-
cally	 not	 IgE-mediated.	 Late	 reactions	 may	 occur	 after	 many	
hours	 even	 up	 to	 a	 few	 days,	 such	 as	 in	 allergic	 eosinophilic	
gastroenteritis.	Delayed	reactions	are	mostly	non-IgE	mediated.	
Anaphylaxis	has	been	reported	with	varying	frequencies,	reflect-
ing	 differences	 in	 patient	 selection.	 It	 is	 clear	 that	 patterns	 of	
reactions	to	foods	may	vary	due	to	different	exposure	levels	and	
different	time	intervals	between	exposures,	as	well	as	different	
thresholds	of	reaction.

Immediate IgE-mediated reactions	to	foods	often	involve	two	
or	more	target	organs,	such	as	the	gastrointestinal	tract,	the	skin	
and	the	lungs,	and	may	result	in	a	variety	of	symptoms,	includ-
ing	life-threatening	reactions	such	as	exacerbations	of	asthma,	
laryngeal	edema	and	anaphylaxis	with	cardiovascular	collapse.	
An	exception	is	the	food-pollen allergy,	or	oral allergy syndrome	
(OAS),	a	mucosal	equivalent	of	urticaria,	which	is	described	in	
Chapter	46.	OAS	is	associated	with	allergic	rhinoconjunctivitis	
and	allergy	to	specific	pollen,	e.g.	birch,	ragweed	and	mugwort	
pollens,	and	is	most	often	elicited	by	specific	foods	with	pollen	
IgE	cross-reacting	with	homologous	proteins	in	fresh	fruits	or	
vegetables.	After	ingestion,	pruritus	and	swelling	in	the	mouth	
and	oropharynx	occurs,	which	may	prompt	the	child	to	refuse	
the	offending	foods.	However,	in	some	cases	OAS	may	progress	
to	more	severe	reactions.18

Gastrointestinal Problems  
in Early Childhood
Gastrointestinal	manifestations	of	food	allergy	can	be	classified	
as	a	continuum	from	clearly	IgE-mediated	to	mixed	reactions	
dominated	 by	 eosinophilic	 granulocytes,	 to	 clearly	 non-IgE-
mediated	reactions.19,20	Immediate	gastrointestinal	hypersensi-
tivity	 and	 oral	 allergy	 symptoms	 are	 mainly	 IgE-mediated;	
allergic	eosinophilic	esophagitis,	 allergic	eosinophilic	gastritis,	
and	allergic	eosinophilic	gastroenterocolitis	are	mixed-IgE	and	
non-IgE-mediated	reactions,	and	food	protein-induced	entero-
colitis,	 proctocolitis	 and	 enteropathy,	 and	 celiac	 disease	 are	
non-IgE	mediated.	The	most	frequent	adverse	reactions	to	food	
in	the	infant	and	young	child	are	immediate	IgE-mediated	reac-
tions	with	manifestations	such	as	nausea,	abdominal	pain	(colic)	
and	vomiting	within	1	to	2	hours	after	food	intake,	and	diarrhea	
within	1	to	6	hours.	The	frequency	of	presenting	gastrointestinal	
symptoms	in	infants	with	CMPA	is	shown	in	Table	42-3.

Among	non-IgE-mediated	disorders,	 food	protein-induced	
enterocolitis	and	proctocolitis	typically	have	their	onset	in	early	
infancy,	 up	 to	 6	 to	 18	 months	 of	 age.	 Mixed	 IgE-	 and	 cell-
mediated	reactions,	allergic	eosinophilic	esophagitis	and	allergic	
eosinophilic	 gastroenterocolitis	 may	 present	 between	 early	
infancy	and	adolescence.	Dietary	protein	enteropathy	and	celiac	
disease	occur	in	early	childhood,	depending	on	the	age	of	expo-
sure	 to	 the	 antigen	 involved.	 The	 mixed-IgE-	 and	 non-IgE-
mediated	disorders	are	discussed	in	detail	in	Chapters	44	and	45.

The	 symptoms	 provoked	 by	 immediate	 gastrointestinal	
allergy	typically	develop	within	minutes	 to	2	hours	after	 food	
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well	as	 respiratory	 symptoms	(Box	42-1).	Proteins	other	 than	
cow’s	milk	protein	have	been	implicated	in	allergic	eosinophilic	
esophagitis,	such	as	wheat,	soy,	peanut	and	egg;	often	multiple	
antigens.	Most	cases	in	young	infants	resolve	in	less	than	1	year.	
Some	studies	suggest	that	a	portion	of	patients	have	both	CMPA	
and	 GERD,	 particularly	 infants	 and	 children	 with	 severe	
GERD.32	 Given	 possible	 selection	 bias	 in	 previously	 reported	
studies,	more	population-based	studies	on	this	subject	are	war-
ranted	 to	 evaluate	 the	 significance	 of	 this	 possible	 causal	
relationship.

CONSTIPATION

Constipation	is	a	common	clinical	problem	affecting	up	to	10%	
of	infants	and	children,33	and	in	a	population-based	study	from	
Italy,	1.8%	(91/5113)	of	children	up	to	12	years	of	age	fulfilled	
the	criteria	for	chronic	constipation	with	the	highest	frequency	
(3.3%)	 among	 children	 aged	 6	 months	 to	 6	 years.34	 Chronic	
constipation	may	cause	blood	in	the	stools	as	well	as	symptoms	
of	colitis	and	recurrent	abdominal	pain	in	older	children.	Some	
reports35–37	describe	chronic	constipation	as	a	manifestation	of	
CMPA.	In	a	recent	study,	the	prevalence	of	atopy	among	chil-
dren	with	chronic	constipation	was	similar	to	that	in	the	general	

intake.	None	of	the	symptoms	is	pathognomonic	for	allergy	and	
may	be	caused	by	many	other	factors	or	diseases.	Symptoms	like	
colic,	 vomiting	 and	 diarrhea	 may	 be	 chronic	 or	 intermittent.	
Frequently,	the	children	have	a	poor	appetite,	poor	weight	gain,	
intermittent	abdominal	pain	and	failure	to	thrive.	Children	who	
show	concomitant	symptoms	in	other	organ	systems	like	urti-
caria	or	atopic	dermatitis	or	respiratory	symptoms	may	easily	
be	 suspected	 of	 having	 a	 food	 allergy.	When	 symptoms	 from	
other	organ	systems	are	lacking,	the	cause	of	the	symptoms	may	
remain	undiagnosed	for	prolonged	periods.	A	family	history	of	
atopic	disease	in	such	cases	should	give	a	clue	to	the	diagnosis	
of	possible	food	allergy.	A	variety	of	feeding	problems	in	young	
infants	 may	 be	 associated	 with	 food	 allergy.	 Allergic	 gastro-
intestinal	 motility	 disorders	 such	 as	 gastroesophageal	 reflux	
disease	 (GERD),	 constipation	 and	 colic	 are	 among	 the	 most	
common	disorders	in	infancy	and	early	childhood.	In	a	subset	
of	infants	with	these	functional	disorders,	a	relation	with	food	
allergy	has	been	reported	following	controlled	food	elimination	
and	challenge	procedures.26

INFANTILE COLIC

Infantile	colic	has	often	been	related	to	food	allergy,18	especially	
CMPA,	and	high	frequencies	of	food	allergy	of	up	to	71%	have	
been	 in	 children	with	colic.27	 In	 that	 and	another	 study,28	 the	
infants	with	colic	due	to	cow’s	milk	protein	only	rarely	showed	
other	features	of	CMPA.	Although	infantile	colic	is	a	common	
symptom	 of	 CMPA,	 it	 is	 almost	 always	 seen	 in	 combination	
with	other	features	of	CMPA.8,29

GASTROESOPHAGEAL REFLUX DISEASE

It	has	been	reported	 that	nearly	half	of	 the	cases	of	GERD	in	
infants	younger	than	1	year	of	age	are	not	only	CMPA	associ-
ated	but	also	CMPA	induced.18,30,31	GERD	is	a	common	disease,	
affecting	up	to	10%	of	infants	in	the	first	year	of	life.	It	is	related	
to	esophagitis	but	may	be	present	without	visible	or	histologic	
inflammation	 of	 the	 esophagus.	 Typical	 symptoms	 of	 GERD	
include	vomiting	with	weight	loss	and	symptoms	of	esophagitis	
(dysphagia,	 vomiting,	 abdominal	 pain,	 sleep	 disturbance),	 as	

Symptom

SELECTED PATIENT SAMPLES (%)
UNSELECTED PATIENTS COHORTS, PROSPECTIVELY 

FOLLOWED FROM BIRTH (%)

Goldman  
et al (1963)21*

Gerrard  
et al (1967)22†

Hill  
et al (1986)23‡

Gerrard  
et al (1973)24§

Jakobsson and 
Lindberg (1979)25‖

Høst and 
Halken (1990)8¶

N = 89 N = 150 N = 100 N = 59 N = 20 N = 39

Colic 28 19 14 20 35 46
Vomiting 33 34 34 22 50 38
Diarrhea 37 47 48 41 25 8
Failure to thrive NG NG 22 NG 10 8
Diarrhea with blood NG NG 4 NG NG 0
Gastroesophageal reflux NG NG 6 NG NG NG

NG – Not given.
*Age at investigation: Group A median, 6 months (2 weeks to 6 years); group B median, 10 months (6 weeks to 13 years).
†Age at investigation: not given.
‡Age at investigation: mean, 16 months (3 to 66 months).
§Age at investigation: not given, but infants followed for 0 to 2 years.
‖Age at investigation: median, 4 months (3 weeks to 1 year).
¶Age at investigation: median, 3.5 months (1 to 11 months), infants followed for 0 to 3 years.

TABLE 
42-3 Presenting Gastrointestinal Symptoms in Infants with Cow’s Milk Protein Allergy

BOX 42-1 SYMPTOMS OF GASTROESOPHAGEAL 
REFLUX DISEASE

Regurgitation
Failure to thrive

Esophagitis
Feeding problems
Signs of pain, especially with meals
Anemia, hematemesis
Stricture symptoms

Respiratory symptoms
Wheezing
Recurrent pneumonia
Apnea, cyanotic episodes
Laryngospasm

Neurologic symptoms
Sandifer’s syndrome
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human	and	cow’s	milk	and	is	an	important	part	of	the	energy	
supply	for	infants	in	particular.	Lactose	is	degraded	in	the	gas-
trointestinal	mucosa	by	the	enzyme	lactase.	Lactose	intolerance	
in	 the	 newborn	 is	 extremely	 rare	 and	 is	 caused	 by	 congenital	
deficiency	of	 lactase.	Acquired	or	adult-type	lactase	deficiency	
usually	 appears	 at	 the	 age	 of	 3	 to	 5	 years.	 Adult-type	 lactase	
deficiency	 is	 very	 common	 in	 those	 of	 African	 and	 Asian	
descent.	It	is	less	common	in	whites,	especially	in	some	groups	
such	as	the	Scandinavian	populations;	in	Denmark,	only	3%	of	
adults	are	affected.

Secondary	lactase	deficiency	is	temporary	and	may	occur	in	
response	 to	 malnutrition	 or	 gastrointestinal	 infections,	 which	
cause	 temporary	 damage	 to	 the	 villi	 of	 the	 small	 intestine,	
where	the	enzyme	lactase	is	produced.	This	sensitivity	to	lactose	
often	lasts	only	a	few	days,	followed	by	complete	recovery.

Lactase	deficiency	(lactose	malabsorption)	may	or	may	not	
be	 associated	 with	 gastrointestinal	 symptoms,	 depending	 on	
many	factors	and	co-existing	conditions.	Lactose	intolerance	is	
defined	 as	 a	 condition	 with	 gastrointestinal	 symptoms	 after	
ingestion	of	lactose	in	a	person	with	lactase	deficiency.38

Lactose	 intolerance	may	be	diagnosed	by	oral	 lactose	chal-
lenge	tests	and	measurements	of	increased	breath	hydrogen,	by	
glucose	 measurements	 or	 by	 direct	 enzyme	 measurements	
within	a	duodenal	biopsy.	A	genetic	test	to	diagnose	the	adult	

population.34	Thus,	food	allergy	should	be	considered	in	severe	
cases	of	chronic	constipation,	but	constipation	does	not	appear	
to	be	a	common	manifestation	of	food	allergy.

DIARRHEA

Diarrhea	 is	 often	 reported	 as	 a	 symptom	 of	 food	 allergy	 in	
young	 infancy.	 On	 the	 other	 hand,	 diarrhea	 is	 also	 a	 very	
common	 symptom	due	 to	‘normal	 reactions’	 caused	 by	 inap-
propriate	 or	 excessive	 intake	 of	 certain	 foods,	 such	 as	 raisins,	
carrots,	legumes	and	other	fruit	–	toddler’s	diarrhea.	Transient	
or	secondary	 lactase	deficiency	may	occur	 in	response	 to	gas-
trointestinal	infections,	which	are	very	common	in	infancy.	This	
intolerance	 to	 lactose	 often	 lasts	 only	 a	 few	 days,	 after	 which	
there	is	a	complete	recovery.38

SPITTING UP/VOMITING

Symptoms	of	spitting	up	and	vomiting	may	be	very	normal	in	
young	 infants.	 The	 most	 common	 cause	 of	 vomiting	 is	 over-
feeding.	Such	infants	show	normal	growth	and	development,	in	
contrast	to	infants	with	underlying	gastrointestinal	disease.19	In	
some	cases,	nonorganic	causes,	e.g.	behavioral	causes,	should	be	
considered.39

FAILURE TO THRIVE

Failure	to	thrive	may	be	caused	by	 immediate	gastrointestinal	
food	allergy	but	is	more	often	due	to	mixed-IgE-	and	non-IgE-
mediated	disorders	of	the	gastrointestinal	tract	causing	malab-
sorption,	severe	vomiting	or	diarrhea.18,19	In	some	children	with	
failure	to	thrive,	organic	causes	cannot	be	demonstrated	and	it	
may	 be	 very	 difficult	 to	 confirm	 nonorganic	 causes.	A	 report	
indicated	 the	 relevance	 of	 ‘behavioral	 causes’	 such	 as	 food	
refusal,	food	fixation,	abnormal	parental	feeding	practices	and	
onset	after	a	specific	trigger.39

Differential Diagnoses
The	 differential	 diagnostic	 considerations	 of	 possible	 food-
related	symptoms	are	age	dependent	and	include,	for	example,	
chronic	 gastrointestinal	 infections,	 nonspecific	 diarrhea	 of	
childhood,	irritable	bowel	syndrome	and	recurrent	abdominal	
pain,	as	described	in	Box	42-2.	Some	differential	diagnoses	of	
food	 allergy	 are	 mainly	 related	 to	 the	 upper	 gastrointestinal	
tract	 whereas	 others	 are	 associated	 with	 diseases	 in	 the	 lower	
gastrointestinal	tract.

NONENTERAL INFECTIONS

Commonly	 seen	 in	 all	 ages,	 although	 most	 frequent	 in	 early	
infancy,	 are	 the	 nonenteral	 infections	 that	 may	 cause	 gastro-
intestinal	 upset,	 regardless	 of	 the	 focus	 of	 the	 infection;		
‘secondary	 dyspepsia’.	 Such	 sequelae	 after	 acute	 or	 chronic		
gastrointestinal	 infection	 should	 always	 be	 ruled	 out	 before	
evaluation	of	food	allergy.

LACTOSE INTOLERANCE

Lactose	 intolerance	 is	an	 important	differential	 to	consider	 in	
the	 diagnosis	 of	 food	 allergy,	 especially	 cow’s	 milk	 allergy.	
Lactose	 constitutes	 a	 majority	 of	 the	 carbohydrate	 content	 of	

*Could be caused by food allergy.

BOX 42-2 DIFFERENTIAL DIAGNOSES OF 
FOOD ALLERGY

INFANT

Upper gastrointestinal symptoms
Infection
Colic*
Gastroesophageal reflux*
Pyloric stenosis (defined age group)
Hiatal hernia
Tracheoesophageal fistula

Lower gastrointestinal symptoms
Enzyme deficiency
Disaccharidase deficiencies (lactase, sucrase-isomaltase)
Glucose-galactose malabsorption
Galactosemia
Phenylketonuria
Infection
Constipation*
Hirschsprung’s disease

TODDLER

Infection
Toddler’s diarrhea
Gastroesophageal reflux*
Constipation*
Lactose intolerance
Malabsorption (celiac disease, cystic fibrosis)
Bizarre diets

SCHOOL-AGE CHILD

Infection
Recurrent abdominal pain
Lactose intolerance
Malabsorption (celiac disease, cystic fibrosis, Schwachman 

syndrome)
Inflammatory bowel disease
Eosinophilic gastroenteritis*
Other causes (immunodeficiency, Henoch-Schönlein disease)
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caused	by	other	conditions,	a	careful	evaluation	for	other	causes	
is	important	at	an	early	stage.

None	of	the	symptoms	related	to	immunologically	or	non-
immunologically	mediated	adverse	reactions	to	foods	is	pathog-
nomonic,	although	some	characteristics	should	be	suggestive	of	
food	allergy	(Box	42-3).

No	laboratory	test	is	diagnostic	of	food	allergy.1,6,9,20	There-
fore,	the	diagnosis	has	to	be	based	on	a	careful	case	history	and	
on	 strict,	 well-defined	 food	 elimination	 and	 challenge	 proce-
dures	establishing	a	causal	relation	between	the	ingestion	of	a	
particular	 food	 (or	 food	 protein)	 and	 a	 subsequent	 obvious	
clinical	 reaction1,6,9,19,20	 (see	 also	 Chapter	 41).	 Possible	 helpful	
diagnostic	 tests	 include	 skin	 prick	 tests	 or	 determinations	 of	
serum	allergen-specific	IgE	levels.	These	tests	are	often	useful	in	
choosing	the	elimination	diet	and	the	challenge	procedure	for	
the	 classification	 of	 the	 disorder	 and	 for	 determining	 the	
prognosis.

Conclusions
Food	allergy	is	most	frequently	a	problem	in	infancy	and	early	
childhood.	Children	with	food	allergy	may	experience	a	variety	
of	 symptoms	affecting	different	organ	 systems	and	 leading	 to	
feeding	disorders.	The	disease	manifestations	often	are	localized	
to	 the	 gastrointestinal	 tract,	 but	 food	 allergy	 may	 also	 cause	
local	 symptoms	 in	 the	 skin	 and	 the	 respiratory	 tract.	 About		

type	 of	 lactase	 deficiency	 was	 found	 to	 be	 valid,	 especially	 in	
older	children.38,40	Recently,	it	has	been	proposed	that	such	tests	
should	 be	 followed	 by	 a	 blinded	 single-dose	 challenge	 of	
ingested	lactose.38

Adult-type	or	primary	lactase	deficiency	is	a	lifelong	condi-
tion.	The	treatment	of	lactose	intolerance	is	reduced	ingestion	
of	 milk	 and	 dairy	 products	 with	 lactose.	 Avoidance	 does	 not	
need	to	be	complete,	such	as	for	children	with	CMPA.	A	firm	
diagnosis	of	lactose	intolerance	and	the	threshold	for	develop-
ment	of	symptoms	should	be	established	because	the	sensitivity	
to	 lactose	 is	 variable.	 In	 most	 lactose-intolerant	 individuals,	
considerable	amounts	of	lactose	–	usually	up	to	250	mL	of	milk	
–	 may	 be	 ingested	 before	 symptoms	 develop.	 Lactase	 enzyme	
replacement	is	another	treatment	option.38

IRRITABLE BOWEL SYNDROME

Irritable	bowel	syndrome	(IBS)	or	recurrent	abdominal	pain	in	
children	is	a	clinical	syndrome	with	a	variable	pathogenic	back-
ground,	including	psychosomatic	reactions,	lactose	intolerance,	
food	allergy	and	 inflammatory	 conditions	 such	as	gastritis	or	
inflammatory	 bowel	 disease.	 It	 has	 been	 concluded	 that	 food	
reactions	are	unlikely	 to	be	major	determinants	 in	 the	patho-
genesis	of	IBS	and	that	double-blind,	placebo-controlled	food	
challenges	 are	 mandatory	 for	 investigation	 of	 this	 possible	
causal	relationship.41,42

TODDLER’S DIARRHEA

To	avoid	unnecessary	investigations	for	food	allergy,	it	is	impor-
tant	 to	 pay	 attention	 to	 this	 very	 common	 ‘disorder’.	 Many	
infants	and	young	children	have	a	high	intake	of	dietary	fiber	
and	fruit	sugar	 from	high	amounts	of	 fruits,	 legumes,	vegeta-
bles,	raisins	and	great	volumes	of	 fruit	 juice.	This	 is	a	normal	
cause	of	loose	stools	and	diarrhea,	often	resulting	in	referrals	to	
allergists	for	investigation	of	food	allergy,	which	is	unnecessary	
when	children	have	normal	growth	and	development.	Layper-
sons,	especially	parents,	need	more	information	and	knowledge	
about	‘normal’	reactions	to	foods	in	children.	The	simple	advice	
is	to	reduce	the	intake	of	such	foods.

MÜNCHHAUSEN’S SYNDROME BY PROXY

During	the	past	decades,	many	infants	and	young	children	have	
been	investigated	for	food	allergy	without	a	convincing	indica-
tion	 for	 such,	 often	 comprehensive,	 diagnostic	 procedures.		
In	 cases	 where	 there	 is	 a	 lack	 of	 obvious	 possible	 allergic		
symptoms,	 physicians	 should	 abstain	 from	 unnecessary	 and	
potentially	 harmful	 investigations	 of	 healthy	 children	 with	
parent-,	often	mother-,	induced	or	imaginary	symptoms.43

Evaluation and Management
In	infants	and	young	children,	food	allergy	should	be	suspected	
if	severe	symptoms	persist,	especially	if	there	is	more	than	one	
symptom	 and	 if	 relevant	 differential	 diagnoses	 have	 been	
excluded	(Boxes	42-3	and	42-4).

Gastrointestinal	symptoms	in	food	allergy	are	often	chronic	
or	 acute	 vomiting,	 diarrhea	 and	 colic.	 Colic	 appears	 to	 be	 a	
common	 symptom,18	 but	 as	 already	 mentioned	 nearly	 always	
occurs	 in	 combination	 with	 other	 symptoms.8,12,29	 Since	 most	
of	these	gastrointestinal	symptoms	are	nonspecific	and	may	be	

BOX 42-3 KEY CONCEPTS

Characteristics of Food Allergy

• Persistent symptoms
• Symptoms related to food intake
• Two or more different symptoms
• Symptoms in two or more different organs
• Allergic predisposition

BOX 42-4 THERAPEUTIC PRINCIPLES

General Approach to Evaluation of Food Allergy in 
Children with Gastrointestinal Problems

CONSIDER EVALUATION IN CASE OF:

Persistent symptoms in infant/young child with vomiting, diar-
rhea, colic or failure to thrive, and

Other common differential diagnoses are excluded, especially 
gastroenteritis and lactose intolerance

Particularly in cases where:
History of symptoms exacerbated by particular foods or
Other coexisting atopic manifestations, especially

Atopic eczema/urticaria
Allergic rhinitis

Initial screen
Careful case history and physical examination
Skin prick test/specific IgE to implicated foods

Extra suspicion for ‘history-positive’ foods
Extra suspicion for common food allergens (milk, hen’s egg, 

wheat, soy, peanut, tree nut, fish, shellfish)
Consider elimination diet for a sufficient period to eliminate 

symptoms
Consider controlled oral challenges to exclude/confirm food 

allergy
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To	avoid	unnecessary	diets	and	stigmatization,	 it	 is	 impor-
tant	 to	 rule-out	‘normal	 reactions’	 to	 foods	 and	 relevant	 dif-
ferential	diagnoses	before	undertaking	specific	comprehensive	
diagnostic	 procedures	 for	 food	 allergy.	 To	 avoid	 unnecessary	
diets,	malnutrition	and	severe	reactions	such	as	anaphylaxis,	it	
is	important	to	make	the	proper	diagnosis	in	case	of	suspected	
food	allergy.

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

50%	to	70%	of	food	allergic	infants	show	cutaneous	symptoms,	
50%	to	60%	gastrointestinal	symptoms	and	about	20%	to	30%	
respiratory	symptoms.	Among	young	children	with	cow’s	milk	
allergy,	 the	majority	have	 two	or	more	symptoms,	and	symp-
toms	 generally	 affect	 two	 or	 more	 organ	 systems.	 Mostly,	 the	
symptoms	 occur	 within	 a	 few	 minutes	 after	 food	 exposure	
(immediate	reactions),	but	delayed	reactions	involving	the	skin,	
gastrointestinal	tract	and	lungs	may	also	occur.	Among	children	
presenting	with	symptoms	suggestive	of	food	allergy,	the	diag-
nosis	 can	 be	 confirmed	 by	 controlled	 elimination/challenge	
procedures	in	only	about	one	third	of	individuals.
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KEY POINTS

• The rise in food allergy is more rapid than genetic devia-
tion would allow and the current consensus is that envi-
ronmental factors integrally linked to the ‘modern 
lifestyle’ are likely to be key drivers of this phenomenon. 
The concept that these factors might be potentially 
modifiable is supported by studies demonstrating that 
food allergy is more common in developed than devel-
oping countries, and migrants appear to acquire the 
incident risk of allergy of their adopted country.

• There is emerging evidence that the early immunomod-
ulatory effects of microbial exposure (including through 
indoor pet ownership and siblings) and nutritional pat-
terns (including breast or formula feeding, exposure to 
allergenic solids and specific nutrient optimization such 
as vitamin D) are both important determinants of the 
risk of early-onset inflammatory diseases such as allergic 
disease, including food allergy.

• At present there is no clear evidence that prebiotics, 
probiotics or synbiotics prevent food allergy and mixed 
evidence regarding hydrolyzed formula. Although 
‘breast is best,’ there are insufficient data currently  
to support the hypothesis that breastfeeding is 
protective.

• Food allergy is most commonly acquired during the first 
year of life, with peak incidence of 5% to 10% occurring 
at 1 year of age. The prevalence falls until late child-
hood, where it plateaus at about 3.5% through 
adulthood.

• Whereas milk and egg allergies are most frequently 
outgrown in childhood, peanut allergy most commonly 
remains a lifelong issue. Tree nut, fish and shellfish 
allergy are also much more likely to continue into adult-
hood than are egg and cow’s milk allergy.

Introduction
Allergic	diseases	have	become	the	most	common	chronic	dis-
eases	 of	 childhood	 as	 part	 of	 a	 shifting	 profile	 of	 disease	 in	
modern	 societies.	 Even	 more	 recently,	 an	 epidemic	 of	 food	
allergy	has	emerged,	particularly	in	the	last	10	to	15	years.	For	
good	reason,	we	have	described	this	as	the	‘second	wave’	of	the	
allergy	epidemic.1	This	phenomenon	appears	to	still	be	evolving	
in	 many	 regions,	 and	 it	 is	 still	 unclear	 why	 it	 has	 occurred	
decades	after	the	‘first	wave’	of	asthma	and	respiratory	allergy	
reached	a	peak	in	industrialized	countries.

There	 is	concern	 that	 this	growing	early	predisposition	 for	
the	 allergic	 phenotype	 may	 portend	 a	 greater	 burden	 of	

later-onset	allergic	diseases	such	as	asthma	and	allergic	rhinitis,	
and	contribute	to	an	escalating	burden	of	inflammatory	disease	
in	 this	 new	 generation.2	 The	 parallel	 increase	 in	 many	 other	
immune	 diseases	 and	 inflammatory	 noncommunicable	 dis-
eases	(NCDs)	strongly	suggests	broader	immunologic	effects	of	
modern	risk	factors	on	human	health.2	In	this	context,	allergy	
may	be	regarded	as	the	most	common	and	earliest	manifesta-
tion	 of	 the	 vulnerability	 of	 the	 immune	 system	 to	 modern	
environmental	 change.	 Strategies	 to	 improve	 early	 ‘immune	
health’	may	therefore	not	only	prevent	allergic	disease	but	also	
ultimately	reduce	the	burden	of	other	inflammatory	diseases.

Because	 the	rise	 in	 food	allergy	 is	more	rapid	 than	genetic	
deviation	would	allow,	 the	current	 consensus	 is	 that	 environ-
mental	 factors	 integrally	 linked	 to	 the	 ‘modern	 lifestyle’	 are	
likely	to	be	key	drivers	of	this	phenomenon.	The	concept	that	
these	 factors	 might	 be	 potentially	 modifiable	 is	 supported	 by	
studies	 demonstrating	 that	 food	 allergy	 is	 more	 common	 in	
developed	 than	developing	countries,	 and	migrants	appear	 to	
acquire	the	incident	risk	of	allergy	of	their	adopted	country.3

Factors	associated	with	a	‘modern	lifestyle’	include	a	myriad	
of	 changes	 to	 our	 level	 of	 public	 health	 including	 improved	
sanitation,	 secure	 water	 supplies	 (with	 associated	 decreased	
prevalence	of	Helicobacter pylori	 infection),	widespread	use	of	
antibiotics	 and	 increasing	 rates	 of	 immunization,	 improved	
nutrition,	 decreased	 helminthic	 infestation,	 improved	 food	
quality	(and	presumably	less	microbial	load	in	the	food	chain)	
as	well	as	generally	improved	nutrition	and	associated	obesity.	
These	factors	might	work	individually	or	in	concert	to	effect	a	
failure	in	the	development	of	oral	immune	tolerance	in	the	first	
year	of	life	when	development	of	IgE-mediated	food	allergy	is	
most	likely	to	occur.	In	addition	there	is	likely	to	be	at	least	some	
component	 of	 gene-environment	 interaction.	 That	 is	 to	 say,	
lifestyle	 factors	 may	 have	 a	 differential	 effect	 depending	 on	
genetic	status	of	the	individual.4

The Importance and Timing  
of Early Intervention
This	new	epidemic	of	food	allergy	is	most	striking	in	preschool	
children,	 particularly	 in	 the	 first	 year	 of	 life.	 In	 high-income	
countries	such	as	Australia,	more	than	20%	of	1-year-old	infants	
now	 have	 evidence	 of	 food	 sensitization	 and	 more	 than	 10%	
now	have	challenge-proven	IgE-mediated	food	allergy.5	However	
it	 is	 not	 yet	 clear	 whether	 intervention	 measures	 need	 to	 be	
targeted	prenatally	or	will	be	equally	 effective	 if	 administered	
postnatally.	There	is	certainly	evidence	that	an	atopic	predispo-
sition	has	declared	 itself	by	 the	 time	of	birth	 in	at	 least	 some	
infants	 although,	 since	 food	 allergy	 phenotypes	 cannot	 be	
declared	 until	 postnatally,	 it	 is	 difficult	 to	 tease	 out	 whether	
interventions	may	still	be	effective	in	the	postnatal	period.
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(including	 breast	 or	 formula	 feeding,	 exposure	 to	 allergenic	
solids	and	specific	nutrient	optimization	such	as	vitamin	D)	are	
both	important	determinants	of	the	risk	of	early-onset	inflam-
matory	diseases	such	as	allergic	disease,	including	food	allergy,	
although	the	interplay	between	these	two	sets	of	risk	factors	has	
not	been	formally	evaluated.

INFANT FEEDING

Breast Milk
It	is	universally	agreed	that	human	milk	should	be	the	first	and	
most	important	source	of	nutrition	for	the	infant.	It	contains	a	
vast	 array	 of	 bioactive	 factors	 including	 hormones,	 growth	
factors,	 neuropeptides	 and	 antiinflammatory	 and	 immuno-
modulatory	agents	that	influence	many	physiologic	systems	and	
promote	 normal	 gut	 colonization	 for	 both	 short-term	 and	
long-term	benefits.19

Allergens	are	normally	secreted	in	breast	milk	and	appear	to	
be	an	important	early	source	of	exposure.20–22	This	may	actually	
be	important	in	initiating,	maintaining	and	reinforcing	normal	
tolerance	to	foods	and	even	inhaled	allergens.23,24	While	this	has	
been	demonstrated	in	animals,	human	evidence	is	more	limited	
because	randomized	controlled	trials	are	not	possible.	System-
atic	analysis	of	observational	studies	on	the	protective	effect	of	
breastfeeding	 has	 shown	 conflicting	 results,	 and	 many	 of	 the	
studies	included	were	conducted	decades	ago	when	food	allergy	
was	uncommon	and	methods	of	assessment	were	limited.25	An	
early	 review	by	Muraro	et	al26	 including	15	observational	and	
14	 interventional	 studies	 concluded	 that	 breastfeeding	 for	 at	
least	4	months	was	associated	with	a	 reduced	cumulative	 risk	
of	cow’s	milk	allergy	in	high-risk	infants	over	18	months	of	age.	
None	 of	 these	 studies	 was	 either	 randomized	 or	 prospective,	
and	most	systematic	reviews	since	have	failed	to	find	a	specific	
beneficial	effect	on	food	allergy.27,28	Several	cohort	studies	sug-
gested	 that	 extended	 exclusive	 breastfeeding	 may	 increase	 the	
likelihood	of	sensitization	or	food	allergy29,30	in	infants	at	high	
risk	(reviewed	in	reference	28).	This	may	relate	to	the	timing	of	
first	complementary	foods	rather	than	the	effects	of	breast	milk	
per	se	(below).	In	this	regard	there	is	some,	albeit	limited,	evi-
dence	 that	 continued	 breastfeeding	 during	 the	 period	 when	
complementary	foods	are	initiated	may	promote	tolerance	and	
have	 protective	 effects.31	 Even	 so,	 many	 expert	 bodies	 recom-
mend	that	breastfeeding	should	continue	while	solids	are	intro-
duced	into	the	diet32,33	although	strong	scientific	evidence	that	
it	plays	a	role	in	the	prevention	of	allergic	disease	is	both	lacking	
and	 unlikely	 to	 be	 available	 due	 to	 the	 unethical	 aspects	 of	
randomization	 trials	 that	would	need	 to	 include	a	‘no	breast-
feeding’	arm.34

Formula Feeding
There	has	been	significant	interest	in	the	use	of	modified	infant	
formulas	 –	 especially	 partially	 (PHF)	 and	 extensively	 hydro-
lyzed	cow’s	milk	formula	(EHF)	–	for	prevention	of	early	child-
hood	allergic	disease.	Intense	expectations	from	families	with	a	
history	of	allergy	seeking	readily	available	primary	prevention	
interventions	 have	 been	 responded	 to	 by	 industry	 with	 the	
development	of	 a	 range	of	‘allergy	prevention’	 formulae.	Fur-
thermore	 expert	 bodies	 have	 felt	 the	 need	 to	 provide	 recom-
mendations	 regarding	 the	 use	 of	 formula	 for	 prevention	 of	
allergies.	 Current	 infant	 feeding	 guidelines	 in	 Europe,33	 the	
USA32	 and	 Australia	 all	 recommend	 that	 hydrolyzed	 formula	
can	 be	 considered	 as	 primary	 prevention	 therapy	 for	 allergic	

ANTENATAL INTERVENTION

During	 pregnancy,	 there	 is	 close	 immunologic	 interaction	
between	 the	 mother	 and	 her	 offspring	 providing	 enormous	
opportunities	to	influence	fetal	immune	development.	The	pla-
centa	and	the	fetus	are	vulnerable	to	a	wide	range	of	exogenous	
and	 endogenous	 maternal	 influences.	 Contrary	 to	 traditional	
concepts,	human	fetal	T	cells	are	responsive	as	early	as	22	weeks’	
gestation.6	 We	 have	 shown	 emergent	 differences	 in	 immune	
function	 at	 birth	 in	 newborns	 destined	 to	 develop	 allergy7,8	
indicating	 that	‘the	 scene	 is	 set’	 to	 some	extent	 by	 birth.	This	
highlights	 the	 importance	 of	 considering	 a	 broad	 range	 of	
immunomodulatory	factors	that	may	begin	to	have	their	effects	
much	earlier	in	pregnancy	than	previously	suspected.	Notably,	
most	of	 the	 environmental	 factors	 implicated	 in	 the	develop-
ment	of	allergic	disease	(including	microbial	exposure,	dietary	
factors,	cigarette	smoke	and	other	pollutants)	have	been	shown	
to	 influence	 fetal	 immune	 function	 and	 contribute	 to	 an	
increased	risk	of	subsequent	allergic	disease	(reviewed	in	refer-
ences	9	and	10).	Moreover,	 there	 is	 also	preliminary	evidence	
that	 each	of	 these	has	been	associated	 with	 epigenetic	 effects,	
including	 activation	 or	 silencing	 of	 immune-related	 genes	
through	epigenetic	modifications.9,10

POSTNATAL INTERVENTION

The	early	postnatal	period	also	appears	to	be	a	critical	period	
in	the	development	of	oral	tolerance.	Events	in	the	gastrointes-
tinal	 tract	 are	 vitally	 important	 for	 normal	 immune	 matura-
tion.	 After	 birth	 we	 encounter	 a	 vast	 array	 of	 new	 antigenic	
proteins	in	relatively	high	‘doses’.	Most	of	this	foreign	antigenic	
load	 is	derived	from	colonizing	commensal	bacteria	and	food	
components.	 We	 have	 to	 learn	 very	 quickly	 to	 distinguish	
‘friend’	 from	 ‘foe’	 on	 a	 large	 scale.	 To	 prevent	 inflammatory	
responses	to	largely	harmless	antigens,	the	gastrointestinal	asso-
ciated	 lymphoid	 tissue	 (GALT)	 has	 evolved	 complex	 mecha-
nisms	to	promote	tolerance	as	a	default	response	(reviewed	in	
reference	11).	The	human	intestines	harbor	between	10	and	100	
trillion	resident	microbiota,	and	this	vast	and	complex	ecosys-
tem	 forms	gradually	over	 the	first	 years	of	 life.	The	 collective	
genetic	 material	 of	 these	 bacteria	 (called	 the	‘microbiome’)	 is	
estimated	 to	 contain	 150	 times	 more	 genes	 than	 our	 human	
genome.12	 Through	 co-evolution	 and	 established	 ‘mutualism’	
the	microbiota	play	an	essential	role	in	homeostasis	of	multiple	
interconnected	host	metabolic	and	immune	functions.13

The	success	of	oral	tolerance	appears	to	depend	on	a	number	
of	oral	exposures.	Although	 the	best	known	of	 these	 is	breast	
milk,	‘optimal’	microbial	diversity	(still	an	ill-defined	concept)	
and	other	dietary	immunomodulatory	factors	including	prebi-
otics	(soluble	fiber),	fat	soluble	vitamins	(including	vitamin	D)	
and	polyunsaturated	fatty	acids	(PUFAs)	may	all	have	 impor-
tant	antiinflammatory	effects	(reviewed	in	reference	14).	There	
is	 also	 some	 evidence	 to	 suggest	 that	 both	 the	 gastric	 acid	
milieu15	 and	 a	 possible	 ‘window	 of	 opportunity’	 of	 optimal	
allergenic	solids	introduction	between	4	and	6	months	of	age16,17	
are	potential	factors	for	oral	tolerance	development	(see	below).

Immunomodulatory Strategies
There	 is	 now	 emerging	 evidence	 that	 the	 early	 immuno-
modulatory	 effects	 of	 microbial	 exposure	 (including	 through	
indoor	pet	ownership	and	 siblings18)	 and	nutritional	patterns	
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least	 2	 years	 of	 age	 recommended	 for	 infants	 with	 a	 family	
history	of	allergy.44	This	did	not,	however,	appear	 to	have	 the	
desired	effect	of	reducing	the	prevalence	of	food	allergy	and	in	
2008	lack	of	evidence	of	a	protective	effect	 led	to	the	removal	
of	advice	to	delay	the	introduction	of	any	foods	beyond	4	to	6	
months	of	age	with	current	guidelines	outlined	below.

A	systematic	review	of	the	relationship	between	early	intro-
duction	of	solid	foods,	defined	as	introduction	before	4	months	
of	 age,	 and	 allergy,	 conducted	 in	 2005,	 identified	 only	 one	
cohort	study	investigating	the	relationship	between	early	intro-
duction	of	solids	and	food	allergy.45	The	one	included	study,	a	
birth	cohort	of	135	infants	with	atopic	parents,	found	that	early	
introduction	 of	 solid	 foods	 was	 associated	 with	 an	 increased	
risk	of	having	reported	symptoms	of	food	allergy	by	1	year	of	
age.	 However,	 no	 difference	 was	 seen	 in	 food	 challenge	 con-
firmed	 allergy	 and	 there	 was	 also	 no	 difference	 in	 allergy	 to	
milk,	egg	or	wheat,	diagnosed	by	history	and	skin	prick	test,	at	
5	years	of	age.

In	a	recent	 large	observational	cohort	study	 in	Melbourne,	
Australia,	 we	 found	 no	 relationship	 between	 timing	 of	 intro-
duction	of	solid	foods	and	challenge-confirmed	egg	allergy	at	1	
year	 of	 age.17	 Solid	 foods	 in	 this	 cohort	 were	 predominantly	
introduced	between	4	and	6	months	of	age,	with	only	4%	intro-
ducing	solids	before	age	4	months	and	5%	after	6	months,	thus	
an	effect	of	very	early	or	late	introduction	of	solids	cannot	be	
ruled	out.

Exposure to Allergenic Foods
Early	intervention	studies	primarily	investigated	the	impact	of	
combined	maternal	and	infant	allergen	avoidance	on	the	preva-
lence	of	food	sensitization	and	allergy	among	‘high-risk’	infants	
with	 a	 family	 history	 of	 allergy.	 Not	 surprisingly,	 the	 initial	
reports	from	these	studies	showed	lower	rates	of	food	sensitiza-
tion	and	allergy	in	infants	avoiding	allergenic	foods,	indicating	
that	allergic	symptoms	did	not	develop	in	the	absence	of	expo-
sure	to	these	foods.	However,	protection	did	not	appear	to	be	
maintained	after	 the	 introduction	of	allergenic	 foods	 into	 the	
diet.	Later	follow-up	of	the	study	population	in	early	childhood	
showed	no	reduction	in	the	prevalence	of	food	sensitization	and	
allergy	 among	 those	 with	 early	 allergen	 avoidance,	 suggesting	
that	these	strategies	were	ineffective	in	promoting	the	develop-
ment	of	tolerance.46

More	recently,	large	observational	studies	have	attempted	to	
untangle	the	impact	of	timing	of	introduction	of	specific	foods	
(such	as	peanut,	egg	or	cow’s	milk)	and	development	of	allergy	
to	those	foods.	The	relationship	between	age	at	introduction	of	
cow’s	milk	products	and	cow’s	milk	sensitization	at	age	2	was	
investigated	 in	 the	 Dutch	 birth	 cohort	 study	 described	 previ-
ously.47	Although	there	was	a	trend	for	a	decreased	risk	of	sen-
sitization	with	delayed	introduction	of	cow’s	milk,	this	did	not	
reach	 statistical	 significance.	 This	 analysis	was	 also	 limited	by	
the	 low	 percentage	 of	 the	 cohort	 for	 which	 sensitization	 data	
were	available	and	by	the	lack	of	a	clinically	relevant	outcome	
(symptomatic	cow’s	milk	allergy).	A	study	of	12,234	newborn	
infants	 in	 Israel	 with	 0.5%	 prevalence	 of	 IgE-mediated	 cow’s	
milk	allergy	found	that	infants	exposed	to	cow’s	milk	in	the	first	
14	days	of	life	were	less	likely	to	be	cow’s	milk	allergic	compared	
to	those	first	exposed	to	cow’s	milk	after	14	days,48	although	this	
was	not	controlled	for	family	history	of	cow’s	milk	allergy.

Two	birth	cohort	studies	designed	to	investigate	risk	factors	
for	type	1	diabetes	investigated	the	relationship	between	timing	
of	food	introduction	and	food	sensitization	or	allergy.49,50	Both	

diseases.	These	guidelines	have	been	informed	by	the	Cochrane	
review,	the	last	update	of	which	occurred	in	2009.35	This	review	
supports	 the	use	of	hydrolyzed	 formula	 for	 the	prevention	of	
allergy	 especially	 in	 high-risk	 infants	 who	 are	 unable	 to	 be	
completely	 breastfed	 although	 the	 authors	 themselves	 recom-
mend	further	larger	trials	because	of	the	methodological	con-
cerns	and	inconsistency	of	the	findings	of	the	studies	included	
in	the	review.	It	should	be	noted	that	the	findings	of	this	review	
are	heavily	influenced	by	the	reported	benefits	of	PHF	during	
the	first	six	years	of	life	demonstrated	by	the	largest	study	of	the	
review,	 the	 German	 Infant	 Nutritional	 Intervention	 (GINI)	
study.	We	have	recently	demonstrated	that	the	Cochrane	review	
suffers	 from	 small-study	 publication	 bias	 (scarcity	 of	 small	
negative	studies),36	and	thus	is	likely	to	have	overestimated	the	
beneficial	effect	of	PHF.	Since	the	last	update	of	this	review,	new	
evidence	from	a	large	intervention	trial	of	high-risk	infants	(the	
Melbourne	 Atopic	 Cohort	 Study;	 MACS)	 has	 emerged	 chal-
lenging	the	effectiveness	of	PHF.37	Additionally,	while	the	GINI	
study	outcomes	up	until	the	6-year	follow-up	were	promising,	
subsequent	 results	 have	 shown	 little	 evidence	 of	 an	 ongoing	
preventive	 effect	 between	 the	 ages	 of	 7	 and	 10	 years.38	 These	
more	recent	findings	have	also	not	yet	been	incorporated	into	
the	 Cochrane	 review.35	 GINI	 and	 MACS	 are	 the	 two	 largest	
trials	conducted	to	evaluate	the	effectiveness	of	PHF	and	both	
were	 industry	 supported	 through	 the	 provision	 of	 formulae.	
Interestingly,	 although	 there	 is	 significant	 debate	 around	 the	
role	of	PHF	for	the	prevention	of	allergic	disease,39,40	both	show	
similar	results	when	the	findings	of	the	intention	to	treat	analy-
sis	 (ITT)	 are	 compared.	 Although	 both	 have	 substantial	
strengths,	 each	 has	 limitations.	 As	 it	 would	 be	 unethical	 to	
mandate	one	type	of	feeding	–	breastfeeding	exclusively	or	fully	
over	complementary	formula	feeding	–	it	is	not	surprising	that	
both	studies	are	complicated	by	the	impact	of	parental	choice	
during	 the	 feeding	 intervention.	 Irrespective	 of	 the	 strengths	
and	limitations	of	each	study,	even	in	the	best	case	scenario,	the	
number	of	high-risk	children	who	would	need	to	be	 fed	with	
partially	hydrolyzed	formula	to	prevent	one	child	from	develop-
ing	 allergic	 disease	 in	 the	 first	 year	 of	 life	 is	 as	 high	 as	 8041	
provided	infant	feeding	patterns	in	GINI	were	replicated.

It	 is	 interesting	 that	 most	 recent	 recommendations	 from	
GINI	suggest	that	casein-predominant	EHF	might	be	expected	
to	have	a	more	profound	biologic	effect	because	the	formula	is	
more	extensively	modified.42	However	most	guidelines’	recom-
mendations	are	based	on	the	fact	that	PHF	is	both	cheaper	and	
more	palatable	 than	EHF	and	 therefore	 should	be	considered	
in	place	of	EHF.	Certainly	in	some	countries	EHF	can	only	be	
medically	prescribed,	which	significantly	increases	costs	to	the	
healthcare	 system.	 Added	 to	 the	 fact	 that	 a	 large	 number	 of	
infants	would	require	treatment	for	a	beneficial	effect,	the	data	
suggest	that	recommendation	of	modified	formula	as	a	preven-
tion	measure	for	allergic	disease	may	be	premature.

Timing of First Solids
Infant	diet	has	long	been	thought	to	affect	the	risk	of	developing	
food	 allergies.	 In	 the	 1960s	 infants	 were	 typically	 given	 solid	
foods	in	the	first	3	months	of	life,	but	the	1970s	saw	the	intro-
duction	 of	 guidelines	 recommending	 delayed	 introduction	 of	
solids	until	 after	4	months	of	 age	because	of	 a	perceived	 link	
between	early	introduction	of	gluten	and	celiac	disease.43	By	the	
late	 1990s,	 expert	 bodies	 had	 begun	 to	 recommend	 delaying	
solids	 until	 after	 6	 months	 of	 age,	 with	 further	 delay	 in	 the	
introduction	of	allergenic	 foods	such	as	egg	and	nuts	until	at	
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The	most	recent	American	Academy	of	Pediatrics	guidelines	
(Table	43-1)	state	that	there	is	insufficient	evidence	to	recom-
mend	maternal	dietary	restrictions	during	pregnancy	or	breast-
feeding.	For	infants	at	high	risk	of	atopic	disease,	there	is	some	
evidence	 that	 exclusive	 breastfeeding	 for	 at	 least	 4	 months	 is	
protective	 against	 cow	 milk	 allergy	 in	 the	 first	 2	 years	 of	 life.	
However,	there	is	no	evidence	that	delaying	the	introduction	of	
solids,	 including	allergenic	 foods,	until	 after	 4	 to	 6	months	 is	
protective.32

Restoring More Traditional  
PUFA Status
Declining	 consumption	 of	 antiinflammatory	 n-3	 polyunsatu-
rated	 fatty	 acids	 (PUFA)	 has	 been	 another	 significant	 dietary	
change	with	increasing	urbanization.	This	has	been	replaced	by	
increasing	 intakes	 of	 proinflammatory	 saturated	 fat	 and	 syn-
thetic	and	n-6	PUFA.	In	many	western	diets,	the	ratio	of	n-6	to	
n-3	fatty	acids	ranges	from	approximately	20	to	30	:	1	instead	
of	the	traditional	range	of	1	to	2	:	1.53	Changes	in	the	diets	of	

studies	contained	only	infants	with	a	family	history	or	personal	
genetic	risk	of	diabetes.	Poole	and	colleagues	found	that	intro-
duction	of	wheat	after	6	months	of	age	was	associated	with	an	
increased	risk	of	parent-reported	wheat	allergy.49	This	finding	
was	based	on	16	 children	with	parent-reported	wheat	 allergy,	
only	four	of	whom	had	detectable	levels	of	wheat-specific	IgE	
on	blood	testing.	The	authors	also	failed	to	control	for	a	history	
of	eczema	in	the	child,	which	is	likely	to	be	associated	with	both	
dietary	modifications	and	an	 increased	 risk	of	 food	 sensitiza-
tion.	The	second	study	found	that	introduction	of	egg	after	10.5	
months	was	associated	with	an	increased	risk	of	sensitization	to	
egg	at	age	5.50	The	relevance	of	 this	finding	 is	questionable	as	
neither	 history	 of	 early	 allergic	 symptoms	 in	 the	 child	 nor	
family	history	of	food	allergy	or	eczema	were	considered	in	the	
analysis,	both	of	which	are	likely	to	be	important	confounders.	
A	 recent	 Turkish	 study	 of	 1015	 infants	 found	 no	 association	
between	 age	 at	 introduction	 of	 egg	 and	 egg	 sensitization,51	
however	 the	 study	 was	 relatively	 underpowered	 with	 only	 19	
egg	sensitized	infants	and,	as	for	the	above	studies,	did	not	use	
objectively	confirmed	food	allergy	as	the	outcome.

A	landmark	study	by	Du	Toit	et	al	compared	the	prevalence	
of	 peanut	 allergy	 among	 Jewish	 school	 children	 in	 Israel	 and	
the	 UK.52	 Although	 the	 study	 found	 that	 Israel	 had	 a	 lower	
prevalence	of	peanut	allergy	in	school	aged	children	and	that	in	
general	peanuts	were	introduced	earlier	into	the	diet	of	infants	
in	that	country	compared	to	the	UK,	the	study	design	did	not	
allow	a	direct	link	between	age	at	first	peanut	consumption	and	
peanut	allergy	on	the	individual	 level.	Furthermore,	the	study	
was	 unable	 to	 eliminate	 other	 environmental	 factors	 as	 the	
cause	of	the	differing	prevalence	of	peanut	allergy,	a	possibility	
that	is	consistent	with	the	study	finding	a	higher	prevalence	of	
other	food	allergies	such	as	egg,	tree	nut	and	cow’s	milk	allergy	
in	 the	 UK	 as	 well	 as	 a	 difference	 in	 prevalence	 of	 eczema,	 a	
co-associated	 condition.	 Interestingly,	 although	 there	 was	 a	
higher	prevalence	of	egg	allergy	in	the	UK,	this	was	not	accom-
panied	by	a	statistically	significant	difference	in	age	at	introduc-
tion	of	egg.

By	 contrast,	 the	 Healthnuts	 study	 in	 Australia	 found	 that,	
compared	with	introduction	at	4	to	6	months,	introducing	egg	
into	the	diet	later	was	associated	with	higher	rates	of	egg	allergy	
(adjusted	odds	 ratio	3.4	 [95%	CI	1.8	 to	6.5]	 for	 introduction	
after	 12	 months).	 Most	 interestingly,	 introduction	 of	 cooked	
egg	such	as	scrambled,	baked	or	fried	was	more	protective	than	
simply	 introducing	 egg	 in	 baked	 goods,	 with	 those	 who	 had	
been	introduced	to	cooked	egg	at	4	to	6	months	being	five	times	
less	 likely	 to	 develop	 egg	 allergy	 than	 those	 waiting	 until	 the	
normally	recommended	time	of	10	to	12	months	of	age,	even	
after	adjusting	for	confounding	factors.	There	was	no	protective	
effect	among	infants	who	were	first	introduced	to	baked	egg	in	
their	diet	between	4	and	6	months,	presumably	because	a	lower	
dose	 exposure	 does	 not	 provide	 protection.	 No	 other	 factors	
such	as	maternal	food	allergen	avoidance	or	prolonged	breast-
feeding	 were	 associated	 with	 altered	 risk	 of	 egg	 allergy	 after	
adjusting	for	confounders.17

Together	 these	 studies	 provide	 reasonable	 evidence	 that	
delaying	the	introduction	of	solids	in	general	or	allergenic	solids	
in	particular	 is	unlikely	to	reduce	the	risk	of	 food	allergy	and	
may	 even	 paradoxically	 increase	 the	 risk.	 This	 is	 reflected	 in	
current	guidelines	in	Australia,	Europe	and	the	USA,	which	no	
longer	provide	any	recommendations	on	the	best	time	to	intro-
duce	these	foods,	citing	a	lack	of	evidence	base	for	the	preven-
tion	of	food	allergy.

Interventions Summary

Pregnancy diet No evidence of effectiveness
Lactation diet Maternal antigen avoidance does not prevent 

atopic disease with the possible exception 
of atopic dermatitis. More data needed

Breastfeeding Evidence exists that exclusive breastfeeding 
for at least 4 months vs feeding with cow’s 
milk formula decreases cumulative 
incidence of atopic dermatitis and cow’s 
milk allergy in the first 2 years of life

Evidence exists that exclusive breastfeeding 
for at least 3 months protects against 
wheezing in early life, but there is not 
convincing evidence that exclusive 
breastfeeding in high-risk infants protects 
against allergic asthma beyond 6 years of 
age

Soy formula No convincing evidence exists for the use of 
soy formula for allergy prevention

Protein 
hydrolyzate 
formula

Mixed evidence exists that atopic dermatitis 
may be delayed or prevented by the use of 
an extensively or partially hydrolyzed 
formula as compared to cow’s milk formula 
in high-risk infants who are not breastfed 
exclusively for 4 to 6 months although more 
recent studies suggest a null effect. Not all 
hydrolyzed formulas have the same 
protective benefit. Cost must be considered 
in any decision-making process

Delayed 
introduction 
of solid foods

No convincing current evidence exists that 
delaying the introduction of solid food, 
including fish, egg and peanut, beyond 4 to 
6 months protects against the development 
of allergic disease. There is emerging 
evidence that introduction of solids 
between 4 and 6 months may even be 
protective

Data from Greer FR, et al. Pediatrics 2008;121:183–91. Copyright © by 
the American Academy of Pediatrics, all rights reserved.
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their	nadir,	than	in	spring/summer72	and	there	are	similar	links	
to	birth	seasonality	in	the	southern	hemisphere.71

We	have	recently	confirmed	that	Melbourne,	the	most	south-
ern	major	city	in	Australia,	has	the	highest	reported	prevalence	
of	documented	 infantile	 food	allergy	 in	 the	world,	with	more	
than	10%	of	a	population	sample	of	1-year-old	infants	having	
challenge-proven	 IgE-mediated	 food	 allergy.5	 In	 a	 separate	
study,	 we	 have	 shown	 that,	 compared	 to	 the	 northern	 states,	
children	 residing	 in	 Australia’s	 southern	 states	 are	 six	 times	
more	 likely	 to	have	peanut	allergy	at	age	6	years	and	 twice	as	
likely	to	have	egg	allergy	than	those	in	the	northern	states.73	We	
have	 also	 shown	 that	 the	 delayed	 introduction	 of	 egg,	 one	 of	
breastfed	infants’	richest	sources	of	vitamin	D,	increases	the	risk	
of	developing	egg	allergy	by	age	12	months	by	at	least	5-fold.17	
Finally,	 increasing	vitamin	D	 insufficiency	 in	Melbourne	over	
the	 last	 20	 years,74	 paralleling	 the	 rise	 in	 food	 allergy,	 is	 sup-
ported	by	our	own	data	showing	that	20%	of	pregnant	women	
are	vitamin	D	insufficient.69,75

Using	the	Healthnuts	population	based	study	we	found	that	
infants	 of	 Australian-born	 parents,	 but	 not	 of	 parents	 born	
overseas,	with	vitamin	D	insufficiency	(<50	nM/L)	were	more	
likely	to	be	peanut	(aOR	11.51,	95%	CI	2.01,	65.79,	P	=	 .006)	
and/or	 egg	 (aOR	 3.79,	 95%	 CI	 1.19,	 12.08,	 P	=	 .025)	 allergic	
than	 those	 with	 adequate	 vitamin	 D	 levels	 independent	 of	
eczema	 status.76	 Among	 those	 with	 Australian-born	 parents,	
infants	with	vitamin	D	 insufficiency	were	more	 likely	 to	have	
multiple	 (≥2)	 than	 single	 food	 allergies	 (aOR	 10.48,	 95%	 CI	
1.60,	68.61	vs	aOR	1.82,	95%	CI	0.38,	8.77	respectively).These	
results	 provide	 the	 first	 direct	 evidence	 that	 vitamin	 D	 suffi-
ciency	may	be	an	 important	protective	 factor	 for	 food	allergy	
in	the	first	year	of	life.

Vitamin	D	could	influence	the	onset	and	resolution	of	food	
allergy	via	several	plausible	mechanisms.	The	vitamin	D	recep-
tor	is	widely	expressed	in	the	immune	system	including	T	cells,	
in	 particular	 promoting	 the	 expression	 of	 IL-10	 secreting		
T	 regulatory	 cells	 crucial	 to	 maintaining	 immune	 tolerance77	
and,	potentially,	playing	a	key	role	in	the	induction	of	tolerance	
in	food	allergic	individuals.78	Vitamin	D	metabolites	also	con-
tribute	to	innate	epithelial	defenses	by	stimulating	production	
of	 antimicrobial	 proteins	 such	 as	 cathelicidins79,80	 and	 defen-
sins.81	Randomized	controlled	trials	assessing	the	potential	role	
of	 vitamin	 D	 in	 the	 prevention	 of	 food	 allergy	 are	 urgently	
needed.

Modulation of the Maternal  
and Infant Microbiome
Changes	in	the	microbiota,	induced	by	a	range	of	modern	envi-
ronmental	 factors	 and	 dietary	 patterns,	 are	 implicated	 in	 the	
rising	predisposition	to	a	range	of	inflammatory	and	metabolic	
disorders.82	This	underscores	the	likely	importance	of	strategies	
that	 improve	 gut	 homeostasis	 and	 the	 microbiome	 as	 part		
of	 disease	 prevention	 strategies.2,83	 A	 low-fiber,	 high-fat	
‘western’	diet	is	associated	with	adverse	changes	in	gut	micro-
biome,	altered	gut	barrier	function,84	increased	systemic	endo-
toxin	and	low-grade	Toll-like	receptor	(TLR)-mediated	systemic	
inflammation	with	increased	C-reactive	protein	(CRP),	IL-1β,	
tumor	necrosis	factor	(TNF)	and	IL-6.	Animal	models	provide	
clear	 evidence	 that	 the	 gut	 microbiota	 modulate	 immune		
programming,	 and	 that	 manipulation	 of	 the	 microbiome		
can	 prevent	 not	 only	 allergic	 disease85	 and	 autoimmune	

Australian	women	are	also	reflected	in	the	changing	content	of	
breast	milk,	which	has	similarly	shown	falling	n-3	PUFA	content	
and	increasing	n-6	PUFA	levels.54	This	has	led	to	falling	intake	
of	antiinflammatory	n-3	PUFA	in	early	life	during	the	critical	
period	of	immune	maturation.

Based	 on	 this,	 n-3	 PUFA	 rich	 fish	 oils	 have	 been	 logical	
interventions	 for	 prevention	 and	 treatment	 of	 a	 number	 of	
inflammatory	 conditions.	 In	 one	 of	 the	 earliest	 randomized	
controlled	trial	(RCT)	intervention	studies	for	allergy	preven-
tion,	 we	 supplemented	 allergic	 women	 with	 fish	 oil	 from	 20	
weeks’	gestation	and	demonstrated	a	range	of	immunomodula-
tory	effects	in	their	neonates.55–57	We	also	saw	preliminary	evi-
dence	of	reduced	food	(egg)	sensitization	and	eczema	severity	
at	1	year	of	age55	although	food	allergy	itself	was	not	assessed.	
In	a	much	larger	subsequent	RCT	in	706	pregnant	women,	we	
again	 observed	 that	 fish	 oil	 supplementation	 significantly	
reduced	 egg	 sensitization	 at	 12	 months	 of	 age	 in	 high-risk	
infants.58	Atopic	 eczema	 was	 also	 less	 common	 in	 the	 fish	 oil	
group.	At	 the	3-year	 follow-up,	eczema	was	still	 less	common	
in	 the	 fish	 oil	 group	 although	 this	 was	 no	 longer	 statistically	
significant.59	These	observed	reductions	may	still	be	important	
given	the	cost	and	burden	of	allergic	disease.	In	a	separate	study,	
we	also	examined	the	effects	of	early	postnatal	fish	oil	supple-
mentation	in	high-risk	infants	(N	=	420)	for	the	first	6	months	
of	life.	We	observed	that	increased	infant	n-3	PUFA	levels	were	
associated	 with	 lowered	 allergen-specific	 Th2	 responses	 and	
elevated	polyclonal	Th1	responses.60	Although	n-3	PUFA	levels	
at	 6	 months	 were	 associated	 with	 lower	 risk	 of	 eczema	 and	
recurrent	wheeze,	there	was	no	effect	of	the	intervention	per	se	
on	the	primary	study	outcomes.61

The	results	from	these	and	other	n-3	long-chain	PUFA	sup-
plementation	RCTs	suggest	that	the	dose,	timing	and	duration	
of	n-3	long-chain	PUFA	supplementation	may	influence	sensi-
tization	and	allergic	disease	outcomes.	It	has	been	proposed	that	
a	 combination	 of	 measures	 to	 ensure	 more	 traditional	 PUFA	
status	throughout	the	pre-	and	postnatal	period,	during	impor-
tant	periods	of	immune	development	and	maturation,	may	be	
most	efficacious.62	Notably,	early	interventions	using	fish	oil	for	
allergy	prevention	in	early	childhood60,61,63	have	also	shown	ben-
efits	for	metabolic	programming,64	oxidative	stress56	and	reduc-
ing	 cardiovascular	 risk.65,66	 Furthermore,	 in	 addition	 to	
immunomodulation55,60	and	allergy	reduction,55,58	we	have	also	
seen	 beneficial	 effects	 on	 aspects	 of	 neurodevelopment	 after	
both	prenatal67	and	early	postnatal68	fish	oil	 supplementation.	
In	summary,	restoring	the	higher	n-3	PUFA	levels	seen	in	more	
traditional	diets	provides	a	clear	example	of	an	early	immuno-
modulatory	intervention	with	potential	multisystem	benefits.

Vitamin D
The	recent	hypothesis	that	low	vitamin	D	may	increase	the	risk	
of	food	allergy69	is	supported	by	two	lines	of	ecologic	inquiry.	
First,	there	is	a	strong	latitudinal	prevalence	gradient,	with	those	
countries	 further	 from	 the	 Equator	 (and	 thus	 lower	 ambient	
ultraviolet	radiation)	recording	more	admissions	to	hospital	for	
food	 allergy-related	 events70	 and	 more	 prescriptions	 for	 epi-
nephrine	 autoinjectors	 for	 the	 treatment	 of	 anaphylaxis.70,71	
These	findings	appear	 to	be	 independent	of	 longitude,	physi-
cian	density	or	 socioeconomic	 status.	Second,	 season	of	birth	
may	play	a	role:	children	attending	emergency	departments	in	
Boston	 with	 a	 food-related	 acute	 allergic	 reaction	 were	 more	
likely	to	be	born	in	autumn/winter,	when	vitamin	D	levels	reach	
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pregnancy,	 probiotics	 have	 been	 shown	 to	 significantly	 alter	
expression	of	 innate	TLR-related	genes	 in	the	placenta	and	in	
the	fetal	gut.93	We	have	also	shown	changes	in	cord	blood	serum	
cytokines.105

There	 is	 now	 growing	 interest	 in	 using	 ‘prebiotic’	 fiber	 to	
promote	 favorable	 colonization	 and	 reduce	 inflammation.	 In	
humans,	prebiotic	fiber	selectively	stimulates	growth	of	benefi-
cial	gut	microbiota,	particularly	bifidobacteria	but	also	lactoba-
cilli,106	 in	 a	 dose	 dependent	 manner.	 Prebiotic	 fermentation	
products,	 short-chain	 fatty	 acids	 (SCFA),	 have	 direct	 antiin-
flammatory	 effects.107	 This	 promotes	 intestinal	 integrity	 and	
reduces	systemic	endotoxin	and	antigenic	load	in	experimental	
models.	Acetate,	butyrate	and	propionate	are	among	the	most	
abundant	 SCFA	 and	 play	 a	 critical	 role	 in	 local	 and	 systemic	
metabolic	 function	 and	 stimulating	 regulatory	 immune	
responses.84	Accordingly,	 human	 randomized	 controlled	 trials	
using	 prebiotics	 have	 shown	 some	 beneficial	 effects	 on	 the	
microbiome	 and	 immune	 function	 with	 reduced	 systemic	
inflammation,	and	metabolic	dysregulation.108

There	are	now	several	studies	in	the	postnatal	period	showing	
beneficial	 effects	 on	 early	 colonization	 and	 a	 reduction	 of	
eczema	 with	 prebiotic	 supplementation106,109	 although	 effects	
on	 the	 prevention	 of	 food	 allergy	 have	 been	 disappointing,	
which	is	somewhat	surprising	since	eczema	and	food	allergy	so	
frequently	co-associate	 in	the	first	year	of	 life.	The	first	major	
study	to	investigate	the	effect	of	prebiotics	on	allergy	prevention	
used	a	mixture	of	galactooligosaccharide/fructoologosaccharide	
prebiotics	 during	 the	 first	 6	 months	 of	 life	 in	 formula-fed	
infants	at	high	risk	of	atopy.106	At	6	months	of	age	the	rate	of	
eczema	was	 significantly	 lower	 in	 the	 treatment	group	(9.8%;	
95%	CI	5.4–17.1%)	compared	with	the	placebo	group	(23.1%;	
95%	 CI	 16.0–32.1%).	 By	 2	 years	 of	 age,	 the	 cumulative	 inci-
dence	of	eczema,	recurrent	wheeze	and	allergic	urticaria	were	
all	 significantly	 lower	 in	 the	 treatment	 group	 compared	 with	
the	 control	 group,	 although	 the	 follow-up	 was	 limited	 to	
approximately	 half	 of	 the	 original	 population.110	 In	 a	 similar	
study	of	formula-fed	infants	at	low	risk	of	allergy,	there	was	also	
a	 significant	 reduction	 in	 eczema	 in	 those	 randomized	 to	 a	
formula	 containing	 prebiotics	 (neutral	 oligosaccharides	 and	
pectin-derived	acidic	oligosaccharides)	compared	with	regular	
formula.109	The	results	of	other	studies	are	awaited	before	rec-
ommendations	can	be	considered.

Studies	of	prebiotic	oligosaccharides	 in	pregnancy	are	 also	
still	 limited.	 In	 animal	 models,	 prebiotics	 in	 pregnancy	 alter	
colonization	and	metabolic	homeostasis111	and	reduce	eczema-
like	 inflammation	 in	 offspring.112	 Observational	 studies	 in	
human	pregnancy	show	that	high-fiber	diets	are	associated	with	
a	 reduced	 risk	 of	 pre-eclampsia	 and	 dyslipidemia.	 To	 our	
knowledge,	the	only	RCT	to	use	prebiotics	in	pregnancy	was	too	
small	(N	=	48)	to	reliably	assess	immune	effects	on	the	fetus	or	
clinical	 effects,	 but	 did	 achieve	 favorable	 changes	 in	 maternal	
gut	microbiota.113	This	highlights	 the	need	 for	human	studies	
of	prebiotics	in	pregnancy.

While	 the	 use	 of	 a	 prebiotic	 alone	 may	 be	 effective,106	 the	
combination	with	bifidobacteria	and	lactobacilli	probiotics	is	a	
logical	strategy	to	assist	in	favorable	diversity,	already	showing	
some	 benefit	 in	 the	 postnatal	 period.114	 Prebiotics	 promote	
microbial	diversity	by	 stimulating	 the	growth	of	commensals.	
Prebiotics	 also	 provide	 the	 substrate	 for	 antiinflammatory	
short-chain	fatty	acid	production	by	bacteria.	This	 is	 likely	 to	
have	more	global	effects	on	gut	homeostasis	than	only	adding	

phenomena,	 but	 also	 the	 risk	 of	 obesity,	 cardiovascular	 and	
metabolic	 disease	 through	 well-described	 metabolic	 effects	
(reviewed	in	references	2	and	82).

Early	 microbial	 diversity,	 beginning	 in	 utero,	 is	 a	 major	
driving	factor86,87	in	the	normal	maturation	of	both	Th17,88	and	
TREG	function89,90	and	suppressing	the	propensity	for	Th2	allergic	
responses	in	early	childhood.8	Epidemiologic	studies	also	indi-
cate	 that	 a	 ‘high	 microbial	 environment’	 during	 pregnancy	
affords	greater	protection	from	allergy	than	postnatal	exposure	
alone.91	 Thus,	 while	 continued	 postnatal	 microbial	 exposure	
is	 critical	 for	 immune	 maturation	 and	 allergy	 protection,	 the	
role	 of	 the	 antenatal	 period	 must	 not	 be	 overlooked	 or	
underestimated.

Contrary	 to	 long-standing	 assumptions,	 the	 womb	 is	 not	
‘sterile’	after	all.	 In	normal	healthy	pregnancies,	microbes	can	
be	detected	 in	amniotic	fluid,	placental	 and	 fetal	membranes,	
cord	blood	and	meconium,	providing	a	‘pioneer’	microbiome.92	
In	murine	studies,	labeled	bacteria	are	transferred	from	mother	
to	 fetus	 during	 pregnancy.93	 It	 is	 increasingly	 clear	 that	 the	
maternal	 microbial	 environment	 during	 pregnancy	 is	 also	
important	in	early	immune	programming,	providing	an	initial	
antenatal	source	of	immunostimulation.82,94

So	far,	most	allergy	prevention	studies	aimed	at	 improving	
early	colonization	have	focused	on	improving	postnatal	coloni-
zation	in	the	infant,	rather	than	on	influencing	immune	devel-
opment	 during	 fetal	 life.	 The	 first	 attempts	 to	 increase	 gut	
microbial	 diversity	 for	 allergy	 prevention	 were	 with	 probiotic	
supplements.95	Although	some	of	these	studies	used	probiotics	
in	pregnancy,	most	only	used	probiotics	the	last	2	to	4	weeks	of	
gestation	with	the	dominant	goal	of	influencing	infant	coloni-
zation	in	the	postnatal	period.83	The	only	RCT	(N	=	241)	to	use	
probiotics	earlier	than	this	for	allergy	prevention	(but	still	 for	
only	 8	 weeks	 in	 late	 pregnancy)	 significantly	 reduced	 infant	
eczema.96

Collectively	 there	 have	 now	 been	 more	 than	 20	 studies	 to	
examine	the	effects	of	probiotics	in	allergy	prevention.	Although	
the	findings	have	been	variable,	the	most	consistent	finding	has	
been	 protection	 from	 early	 allergic	 outcomes	 such	 as	 eczema	
(reviewed	in	references	83	and	97).	Several	meta-analyses	have	
now	been	performed,	each	generally	concluding	that	probiotics	
reduce	the	risk	of	eczema	but	have	no	consistent	effects	on	food	
allergy	or	other	allergic	outcomes.97–101	The	most	recent	meta-
analysis97	included	13	prevention	studies	and	found	that	probi-
otic	 treatment	 reduced	 the	 incidence	 of	 eczema	 by	 21%	 (RR	
0.79,	95%	CI	0.71–0.88).	This	effect	was	still	evident	when	the	
analysis	 was	 restricted	 to	 patients	 with	 IgE-associated	 eczema	
(RR	0.80,	95%	CI	0.66–0.96).

We	 speculate	 that,	 given	 the	 likely	 role	 of	 the	 maternal	
microbiome	 in	 pregnancy	 for	 both	 immune	 and	 metabolic	
homeostasis,102	it	is	logical	to	investigate	the	effects	of	the	com-
bination	 of	 pre-	 and	 probiotics	 (synbiotics)	 much	 earlier	 in	
pregnancy,	 at	 a	 time	 when	 fetal	 responses	 are	 first	 initiated.94	
Providing	some	support	 for	 this,	a	 recent	 large-scale	observa-
tional	study	of	40,614	Norwegian	mother-child	pairs	found	that	
probiotic	milk	consumption	in	pregnancy	(assessed	at	22	weeks’	
gestation)	 was	 associated	 with	 a	 reduced	 incidence	 of	 atopic	
eczema	and	allergic	rhinoconjunctivitis	at	3	years	of	age.103	To	
our	knowledge	the	only	RCT	(N	=	256)	to	use	probiotics	from	
the	 first	 trimester	 did	 not	 assess	 immune	 effects	 or	 allergic	
outcomes	but	reported	a	number	of	metabolic	benefits	for	both	
the	 mother	 and	 the	 fetus.104	 Even	 in	 the	 final	 weeks	 of	
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are	 also	 highly	 susceptible	 to	 food	 allergy,120	 suggesting	 a	
strong	 genetic	 propensity	 that	 is	 amplified	 by	 a	 western		
environment.	 This	 is	 consistent	 with	 earlier	 work	 indicating	
evolutionary	 differences	 in	 genetic	 polymorphisms	 affecting	
candidate	genes.

Finally,	 eczema	does	appear	 to	be	an	 important	 risk	 factor	
for	 the	 development	 of	 food	 allergic	 disease:	 up	 to	 50%	 of	
infants	with	moderately	severe	early-onset	eczema	(within	the	
first	3	months)	develop	challenge-proven	food	allergy	by	age	1	
year.124	 This	 population-based	 observation	 has	 been	 noted	 in	
clinical	 populations	 and	 suggests	 that	 eczema	 genes	 (such	 as	
filaggrin,	FLG)	may	be	important	determinants	of	food	allergic	
disease.	A	multisite	study	of	peanut	allergy	found	that	FLG	null	
mutations	were	associated	with	a	significantly	increased	risk	of	
peanut	allergy;125	however,	history	of	eczema	and	sensitization	
status	was	not	available	for	all	infants,	therefore	the	impact	of	
FLG	on	these	outcomes	could	not	be	assessed	independently	of	
food	allergy.	 In	 the	Healthnuts	 study	we	 found	 that	FLG	null	
mutations	were	associated	with	food	sensitization	(but	not	food	
allergy	over	and	above	that	risk)	independent	of	eczema	status.	
This	 suggests	 that	 there	 could	 be	 a	 different	 pathogenesis	 for	
food	 sensitization	 and	 food	 allergy.	 That	 is,	 the	 epidermal	
barrier	dysfunction	due	to	filaggrin	deficiency	might	cause	food	
sensitization	regardless	of	clinical	eczema	status,	but	filaggrin-
induced	skin	barrier	dysfunction	might	not	play	a	further	role	
in	 the	 progression	 to	 food	 allergy	 from	 sensitization.	 These	
results	 provide	 support	 for	 the	 dual	 allergen	 hypothesis	 pro-
posed	by	Gideon	Lack.126	Expanding	on	this	hypothesis,	filag-
grin	deficiency	might	provide	a	mechanism	for	the	development	
of	sensitization,	but	a	second	factor	(or	factors),	either	environ-
mental	or	genetic	(or	both),	may	be	important	for	converting	
food	sensitized	infants	to	food	allergic	status.

Natural History of Food Allergy
Food	allergy	is	most	commonly	acquired	during	the	first	year	
of	 life,	with	peak	incidence	of	5%	to	10%	occurring	at	1	year	
of	age.	The	prevalence	 falls	until	 late	childhood,	where	 it	pla-
teaus	at	about	3.5%	through	adulthood.	The	prevalence	of	per-
ceived,	but	unconfirmed,	food	allergy	or	food	intolerance	is	as	
high	as	25%.127

It	appears	that	prevalence	of	food	allergies	has	been	increas-
ing	over	recent	years.	In	2003,	Sicherer	and	colleagues128	reported	
that	the	rate	of	allergy	to	peanut	or	tree	nut,	or	both,	in	children,	
rose	from	0.6%	to	1.2%	between	1997	and	2003,	primarily	as	a	
result	 of	 an	 increase	 in	 the	 reported	 allergy	 to	 peanuts	 from	
0.4%	to	0.8%	over	this	period.	In	2004,	the	overall	prevalence	
of	food	allergy	in	the	USA	was	reported	as	6%	in	young	children	
and	3.7%	in	adults.129	The	prevalence	of	milk	allergy	in	children	
vs	adults	was	2.5%	vs	0.3%,	egg	1.3%	vs	0.2%,	peanut	0.8%	vs	
0.6%,	tree	nut	0.2%	vs	0.5%,	fish	0.1%	vs	0.4	%	and	shellfish	
0.1%	 vs	 2.0%.	 Prevalence	 of	 sensitization	 to	 foods	 peaked	 at	
10%	at	1	year,	declining	to	3%	at	6	years	of	age.	Egg	and	milk	
IgE	 were	 the	 most	 common	 positives,	 followed	 by	 wheat	 and	
soy;	no	clinical	confirmation	of	food	allergy	was	reported.

In	a	Danish	study	by	Host	and	Halken,130	1,749	children	were	
followed	 prospectively	 from	 birth	 to	 the	 age	 of	 3	 years.	 Milk	
allergy	was	suspected	in	117	children	(6.7%)	and	confirmed	by	
milk	 elimination	 and	 oral	 challenge	 in	 39	 (2.2%),	 with	 more	
than	half	having	documented	IgE-mediated	disease.	In	a	study	
from	the	Isle	of	Wight,131	all	children	born	over	a	1-year	period	

one	or	two	probiotic	strains	into	the	vast	and	complex	ecosys-
tem	of	the	gut.

In	summary,	at	present	there	is	no	clear	evidence	that	prebi-
otics,	probiotics	or	synbiotics	prevent	food	allergy.

Targeting and Individualizing 
Prevention Strategies – Considering 
Phenotypic, Environmental and 
Genotypic Risk
The	effectiveness	of	any	‘preventive’	intervention	is	likely	to	vary	
with	both	genetic	and	environmental	factors,	including	mater-
nal	 allergic	 status,	 which	 may	 also	 have	 direct	 effects	 on	 the	
immunologic	 milieu	 during	 pregnancy	 and	 lactation.	 Just	 as	
concepts	 of	 individualized	 ‘precision	 medicine’	 are	 being	
explored	 for	disease	 treatment,	prevention	strategies	may	also	
ultimately	need	to	be	tailored	according	to	the	context,	condi-
tions	and	other	factors	determining	risk.	This	requires	a	better	
understanding	of	both	the	genetic	and	environmental	determi-
nants	of	allergic	risk,	which	are	likely	to	be	extremely	variable	
and	 complex,	 and	 raises	 a	 series	 of	 issues	 that	 will	 become	
increasingly	 relevant	as	 technologies	 evolve,	 including	how	 to	
target	interventions,	how	to	identify	specific	groups	at	risk	and	
how	to	refine	strategies	according	to	the	level	of	risk.

At	 present	 there	 are	 no	 good	 early	 markers	 of	 genetic	 risk	
apart	from	‘family	history’,	which	remains	the	only	predictor	of	
allergic	disease	in	use.	This	is	crude	and	imperfect	with	variable	
specificity	 (48–67%)	 and	 sensitivity	 (22–72%)	 and	 a	 positive	
predictive	value	generally	less	than	40%.115–117	Because	there	are	
many	 and	 diverse	 genetic	 determinants	 of	 allergy,	 predicting	
risk	 through	 genotyping	 is	 not	 yet	 possible.	 In	 the	 meantime	
there	 have	 been	 attempts	 to	 identify	 early	 predictive	 biologic	
markers.	Currently	none	of	these	has	any	established	predictive	
value.118

A	better	understanding	of	the	genetic	predispositions	exist-
ing	to	food	allergy	will	lead	to	the	determination	of	whether	a	
rise	in	food	allergy	is	occurring	asymmetrically	between	high-
risk	and	low-risk	groups.	There	is	evidence	that	Asian	popula-
tions	may	be	more	susceptible	to	allergic	disease	when	living	in	
‘westernized’	 environments.119,120	 Earlier	 studies	 of	 respiratory	
disease	observed	that	both	allergic	symptoms	and	sensitization	
were	 more	 common	 in	 Asian	 Australians	 than	 in	 non-Asian	
Australians.119	Rates	were	also	higher	in	Australian-born	Asians	
than	 in	Asian	 immigrants,	 in	 whom	 the	 prevalence	 increased	
with	 length	 of	 stay	 in	 Australia.119	 Recently,	 the	 Healthnuts	
study	 (2011)	 found	 a	 higher	 rate	 of	 food-sensitized	 eczema	
among	children	of	Asian	descent.121	Interestingly,	on	examina-
tion	of	risk	factors	for	eczema	development	(a	closely	associated	
infantile	 allergic	 disease)	 the	 study	 found	 that	Asian	 children	
were	not	only	more	likely	to	have	eczema	than	their	non-Asian	
counterparts	but	that	their	parents	were	less	likely	to	have	aller-
gic	disease	than	non-Asian	parents.	This	was	particularly	so	for	
Asian	parents	who	had	migrated	to	Australia	less	than	five	years	
previously,	 suggesting	 a	 strong	 gene-environment	 interaction	
even	over	and	above	that	of	a	migrational	generational	effect.122	
More	recent	studies	have	similarly	noted	that	non-white	races	
are	 more	 susceptible	 to	 food	 allergy.	 In	 the	 USA,	 the	 2007	
National	 Health	 Interview	 Survey	 found	 that	 non-Hispanic	
children	 had	 higher	 rates	 of	 reported	 food	 allergy	 compared	
with	 Hispanic	 children.123	 Asian	 populations	 in	 particular	
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Although	it	had	generally	been	thought	that	once	food	aller-
gies	 have	 resolved	 they	 are	 unlikely	 to	 recur,	 the	 unsettling	
recurrence	of	peanut138	and	fish139	allergy	has	been	reported	in	
patients	 with	 previously	 negative	 food	 challenges	 following	 a	
history	of	earlier	allergy.	Further	to	this	point,	in	2003,	Fleischer	
and	colleagues140	 reported	 that	 in	a	group	of	84	patients	with	
peanut	 allergy,	55%	of	 those	with	peanut	 IgE	 levels	<5	kUA/L	
were	able	 to	pass	peanut	 challenges,	while	63%	of	 those	with	
levels	<2	kUA/L	were	able	to	tolerate	peanuts.	Recurrence	of	the	
peanut	allergy	was	reported	in	2	patients,	both	of	whom	did	not	
ingest	peanuts	regularly	after	they	had	passed	their	challenges.	
Two	years	later,141	this	group	also	reported	that	9%	of	patients	
with	 tree	 nut	 allergy	 could	 ultimately	 pass	 a	 double-blind,	
placebo-controlled	food	challenge	to	tree	nut.

It	 seems	 that	 there	 are	 likely	 different	 phenotypes	 of	 food	
allergy,	whose	natural	history	depends	not	only	on	the	amount	
of	IgE	measured	or	concomitant	allergic	conditions	but	also	the	
specific	epitope	against	which	the	IgE	is	directed.	Vila	and	col-
leagues142	 demonstrated	 that	 the	 specific	 cow’s	 milk	 IgE	 from	
patients	with	persistent	cow’s	milk	allergy	is	more	likely	to	bind	
to	the	linear	(sequential)	epitopes	of	α1-	and	β-casein	as	com-
pared	 to	 higher	 levels	 of	 IgE	 to	 the	 conformational	 (native)	
epitopes	 in	 children	 who	 had	 lost	 their	 clinical	 sensitivity	 to	
cow’s	milk	as	documented	by	oral	food	challenge.

Lately,	the	phenomenon	that	some	children	with	egg	allergy	
can	tolerate	heated	egg	(egg	in	baked	goods)	but	not	whole	egg	
has	 been	 studied.	 Lemon-Mulé	 and	 colleagues143	 recently	
reported	that	a	majority	of	egg	allergic	children	could	tolerate	
heated	egg,	particularly	those	with	smaller	SPT	and	egg-specific	
IgE	levels.	Furthermore,	continued	ingestion	of	heated	egg	led	
to	 decreased	 skin	 test	 wheal	 diameter,	 ovalbumin-specific	 IgE	
and	 ovalbumin-	 and	 ovomucoid-specific	 IgG4.	 The	 authors	
noted	that	these	immunologic	changes	parallel	those	that	one	
would	expect	to	see	in	clinical	tolerance.	The	same	group	earlier	
reported	similar	immunologic	findings	in	milk	allergic	children	
who	could	tolerate	heated	milk	products.144	Seventy	five	percent	
of	the	milk	allergic	children	were	able	to	tolerate	heated	milk.	
The	authors	postulated	that	this	tolerance	could	be	due	to	the	
loss	of	conformational	epitopes	that	comes	from	heating.	There	
is	 now	 an	 evolving	 practice	 of	 offering	 baked	 cow’s	 milk	 or	
baked	 egg	 oral	 food	 challenges	 to	 infants	 and	 children	 with	
cow’s	milk	and	egg	allergy	respectively	with	the	aim	of	provid-
ing	a	more	liberated	diet	and	the	potential	to	induce	tolerance	
to	the	uncooked	food	allergen.145,146

Conclusions and Future Directions
The	modern	environment,	with	its	compound	risk	factors	for	
development	of	allergy,	presents	many	challenges.	Strategies	to	
effectively	overcome	these	risk	factors	present	even	greater	chal-
lenges,	 particularly	 as	 many	 risk	 factors	 are	 driven	 by	 wider	
social,	cultural	and	economic	factors	and	cannot	necessarily	be	
addressed	 by	 individual	 efforts.	 If	 the	 hygiene	 hypothesis	 is	
found	to	be	central	to	the	rise	of	both	atopy	in	general	and	food	
allergy	more	specifically,	this	effect	might	be	expressed	through	
a	delayed	generational	 effect	 and	 the	 impact	of	maternal	 epi-
genetic	modification	on	fetal	priming	of	the	immune	system.

Countries	 with	 a	 westernized	 lifestyle	 appear	 to	 have	 the	
highest	rates	of	allergic	disease,	and	allergies	are	less	common	
in	developing	countries.	To	date	there	has	been	little	informa-
tion	 on	 these	 differences	 or	 why	 they	 might	 be	 occurring.	
Emerging	 evidence	 suggests	 that	 changes	 in	 the	 environment	

(N	=	1,456)	were	followed	for	the	development	of	peanut	and	
tree	nut	allergy	until	4	years	of	age.	Fifteen	(1.2%)	of	the	981	
skin-tested	children	were	found	to	be	sensitized	to	peanuts	or	
tree	nuts.	In	a	large	German	study,132	radioallergosorbent	tests	
(RASTs)	were	performed	yearly	to	the	age	of	6	years	on	a	birth	
cohort	of	4,082	children.

It	has	long	been	established	that,	whereas	milk	and	egg	aller-
gies	are	most	frequently	outgrown	in	childhood,	peanut	allergy	
most	 commonly	 remains	 a	 lifelong	 issue.	 Tree	 nut,	 fish	 and	
shellfish	 allergy	 are	 also	 much	 more	 likely	 to	 continue	 into	
adulthood	than	are	egg	and	cow’s	milk	allergy.	Recent	studies	
suggest	that	milk133	and	egg	allergy134	are	more	persistent	than	
they	were	15	years	ago.	 In	addition,	 the	eventual	 tolerance	or	
persistence	of	allergy	may	be	predictable	by	degree	of	positivity	
of	allergy	tests	or	concomitant	allergic	conditions.	Cow’s	milk	
and	 egg	 allergy	 in	 particular	 are	 more	 likely	 to	 resolve	 early	
although	the	first	data	to	 look	 longitudinally134	 found	that	up	
to	 60%	 of	 children	 presenting	 to	 a	 tertiary	 center	 with	 food	
allergy	had	developed	tolerance	by	16	years	of	age.	However	this	
study	was	limited	because	it	followed	the	self-fulfilling	clinical	
prophesy	 that	 those	 with	 a	 sustained	 elevated	 skin	 prick	 test	
were	 unlikely	 to	 have	 developed	 oral	 tolerance	 and	 therefore	
were	not	offered	oral	food	challenges	–	the	most	objective	way	
to	formally	diagnose	tolerance.	Recently	Peters	et	al	followed	a	
population-based	 longitudinal	 cohort	 and	 found	 that	47%	of	
infants	 with	 challenge-proven	 food	 allergy	 at	 12	 months	 had	
resolution	by	age	2	years.135	This	study	was	unique	in	that	oral	
food	 challenges	 were	 systematically	 undertaken	 in	 all	 infants	
with	a	positive	skin	prick	test	(SPT),	irrespective	of	how	large	
the	 wheal	 size,	 minimizing	 underdiagnosis	 of	 tolerance.	 Fur-
thermore,	egg	allergy	was	subphenotyped	by	undertaking	baked	
egg	 challenges	 in	 addition	 to	 raw	 egg	 allergy	 challenges.	 The	
study	 found	 that	 those	with	baked	egg	 tolerance	(80%	of	egg	
allergic	infants	at	age	12	months)	were	three	times	more	likely	
to	develop	tolerance	by	age	2	years	than	those	who	were	baked	
egg	allergic.	This	study	was	supported	by	a	similarly	designed	
study	from	the	CoFAR	collaboration	although	the	latter	assessed	
the	 rate	 of	 egg	 allergy	 resolution	 in	 a	 clinic	 cohort	 of	 older	
children.136

In	addition	 to	baked	egg	allergy	 status	described	by	Peters	
et	al,135	predictors	of	egg	allergy	remission	in	the	CoFAR	study136	
included	 initial	 reaction	 characteristics	 (isolated	 urticaria/
angioedema	 vs	 other	 presentations),	 baseline	 egg-specific	 IgE	
level,	 egg	 SPT	 wheal	 size,	 eczema	 severity	 and	 IgG4	 and	 IL-4	
responses.	Further	studies	assessing	prognostic	implications	for	
food	allergy	should	therefore	carefully	subphenotype	at	baseline	
using	 clear	 and	 valid	 criteria	 (including	 baked	 egg	 challenges	
for	egg	allergy)	as	well	as	ensuring	that	analysis	of	tolerance	is	
made	using	the	gold	standard	outcome,	oral	food	challenge.

In	 addition	 to	 a	 lower	 general	 prevalence,	 peanut	 and	 tree	
nut	 allergies	 appear	 to	 have	 a	 lower	 rate	 of	 resolution	 than	
either	egg	or	cow’s	milk	allergies.	Again	very	 few	 longitudinal	
data	 exist	 and	 only	 peanut	 data	 from	 clinic	 recruited	 cohorts	
are	available.137	Ho	and	colleagues137	demonstrated	that	peanut	
SPT	wheal	of	6	mm	or	greater	(hazard	ratio	2.74,	95%	CI	1.13–
3.79)	 and	 specific	 IgE	 >3	kUA/L	 (hazard	 ratio	 2.74,	 95%	 CI	
1.13–6.61)	were	predictive	of	persistent	peanut	allergy.	As	per	
the	Savage	report,134	challenges	in	this	cohort	were	only	initiated	
if	SPT	wheal	sizes	fell	below	a	threshold	consistent	with	the	95%	
PPV	for	allergy	diagnosis.137	Information	about	peanut	allergy	
resolution	using	systematic	challenges	is	urgently	needed	as	are	
any	longitudinal	data	regarding	tree	nut	allergy	resolution.
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to	 be	 the	 main	 factors	 contributing	 specifically	 to	 the	 rise	 in	
food	allergy.

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

related	to	a	western	lifestyle	and	to	economic	development	are	
the	most	important	factors	causing	the	rise	in	allergic	disease.1	
In	 particular,	 improved	 hygiene,	 less	 exposure	 to	 microbial	
organisms,	changes	in	diet	(eating	less	fish	and	vegetables),	less	
exposure	 to	 sunlight	 (reduced	 UV	 and	 therefore	 reduced	
vitamin	D),	and	possibly	increased	use	of	antibiotics	are	thought	
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KEY POINTS

• A number of gastrointestinal food allergic disorders 
are not typically associated with food-specific IgE 
antibodies.

• These dietary protein-induced cell-mediated disorders 
usually present in infancy.

• There is a broad differential diagnosis to consider when 
evaluating infants with possible gastrointestinal food 
allergy.

• Diagnosis may require medically supervised oral food 
challenges, and treatment requires dietary elimination.

• Except for celiac disease, these non-IgE-mediated 
gastrointestinal allergies typically resolve during 
childhood.

This chapter focusses upon four non-IgE-mediated food hyper-
sensitivity disorders that affect the gastrointestinal tract: food 
protein-induced proctocolitis, enterocolitis, enteropathy and 
celiac disease.1 These disorders have overlapping symptoms, but 
are distinguishable clinically and have distinct patterns of 
symptoms and clinical course.2

Epidemiology/Etiology
DIETARY PROTEIN PROCTOCOLITIS

Eosinophilic proctocolitis is characterized by the presence of 
mucusy, bloody stools in an otherwise healthy infant. The dis-
order is attributed to an immune response directed, most com-
monly, against cow’s milk protein. The mean age at diagnosis is 
approximately 60 days, with a range of 1 day to 6 months.3–6 
The bleeding is often mistakenly attributed to perirectal fissures, 
although bleeding associated with fissures tends to present with 
streaks of blood on hard, formed stool rather than mixed in 
frothy, mucusy stool, which is typical of proctocolitis. Failure to 
thrive is absent. About 60% of cases occur in breastfed infants 
where the immune response results from maternal ingestion of 
the food allergen, usually cow’s milk, which is passed in immu-
nologically recognizable form into the breast milk. In formula-
fed infants, the reaction is associated with cow’s milk or, less 
commonly, soy.4,7 Proctocolitis has rarely been described in 
infants fed hypoallergenic, extensively hydrolyzed formulas.8 
Associated peripheral blood eosinophilia, hypoalbuminemia 
and/or anemia are uncommon.4,9,10 Markers of atopy such as 

atopic dermatitis or a positive family history of atopy are not 
significantly increased compared with the general population.

Endoscopic examination is usually not needed for diagnostic 
purposes but, when performed, shows patchy erythema, friabil-
ity and a loss of vascularity generally limited to the rectum.11 
High numbers of eosinophils (5 to 20 per high-power field) or 
eosinophilic abscesses are seen in the lamina propria, crypt 
epithelium and muscularis mucosa.9,12 The eosinophils are 
frequently associated with lymphoid nodules (lymphonodu-
lar hyperplasia)9,13 and rarely with granuloma formation.14 
However, lymphonodular hyperplasia is not unique to this con-
dition.9,12 The pathophysiology is unknown. Because inflamma-
tion is confined to the lower colon and is common in breastfed 
infants, it has been hypothesized that dietary antigens com-
plexed to breast milk IgA may play a part in the activation of 
eosinophils and the distribution of the inflammatory process.3

The frequency of food allergy causing rectal bleeding in 
infants has not been extensively studied. Xanthakos and col-
leagues5 performed colonoscopy and biopsy on 22 infants pre-
senting with rectal bleeding, and proved eosinophilic colitis in 
14 (64%). The remainder had normal biopsies (23%) or non-
specific colitis (14%). This group recommended dietary elimi-
nation for those with eosinophilic colitis and the majority had 
resolution within 1 to 3 weeks. However, the relationship of 
cow’s milk protein to symptoms was not proven by rechallenge. 
Arvola and colleagues15 examined 40 infants presenting with 
rectal bleeding. Infants were randomized to either avoid cow’s 
milk protein or maintain their current diet. The duration or 
severity of bleeding was no different between the two groups. 
During follow-up, cow’s milk allergy was diagnosed in 18% of 
the infants (based upon various criteria including flares of 
atopic dermatitis and urticaria upon food challenge as well as 
rectal bleeding) and for these infants, there was a reduced length 
of bleeding when they had been randomized to an elimination 
diet at study outset. Atopic dermatitis and inflammation of the 
colonic mucosa were associated with persistence of cow’s milk 
allergy to the age of 1 year. These studies indicate that food 
allergy may not be a common cause of rectal bleeding in infants 
unless there are additional signs of allergy, and that milk 
protein-induced proctocolits has to be differentiated from 
benign idiopathic neonatal transient eosinophilic colitis.6,16

FOOD PROTEIN-INDUCED ENTEROCOLITIS 
SYNDROME (DIETARY PROTEIN 
ENTEROCOLITIS) (Box 44-1)

Food protein-induced enterocolitis syndrome [FPIES]) describes a 
symptom constellation of profuse vomiting, lethargy and diar-
rhea, usually diagnosed in the first months of life and most com-
monly attributable to an immune response to cow’s milk or soy.17 
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induced enterocolitis of infancy.24 Confirmation of the allergy 
included a negative search for other causes, improvement  
when not ingesting the causal protein and a positive oral chal-
lenge resulting in vomiting/diarrhea, evidence of gastrointes-
tinal inflammation through stool examination, and a rise in  
the peripheral polymorphonuclear leukocyte count to over 
3,500 cells/mL.

Numerous foods, other than milk and soy, have subsequently 
been documented as triggers for FPIES, including rice, oat, 
meats, fish, fruits, vegetables and egg.25–29 The dramatic nature 
of the presentation often results in evaluations for sepsis or 
surgical diagnoses,30 and a delay in final diagnosis until more 
than one episode has occurred.25

Since infantile FPIES is a diagnosis that can be made clini-
cally, there are no large series in which biopsies have been per-
formed solely in patients fulfilling Powell’s criteria. Regarding 
immunopathology, studies have focussed upon the role of T 
cells and the importance of tumor necrosis factor (TNF)-α.31–35 
In a large cohort of Japanese infants with non-IgE-mediated 
food allergy, TNF-α, interleukin (IL)-6, and Th2 cytokines 
(IL-3, IL-5 and IL-13), but not interferon (IFN)-γ or IL-17 were 
increased in the supernatant from milk protein-stimulated 
peripheral blood mononuclear cell cultures of patients com-
pared to nonallergic controls.36 Chung and colleagues37 exam-
ined the presence of TNF-α in duodenal biopsy specimens 
using immunostains in infants with FPIES. Semiquantitative 
analyses revealed higher staining for TNF-α in affected infants 
with villus atrophy compared to those without atrophy and  
in normal controls. Taken together, these studies support the 
notion that TNF-α plays a role in the acute and chronic symp-
toms of FPIES. It is also known that the regulatory cytokine 
transforming growth factor (TGF)-β1 is involved in the protec-
tion of the epithelial barrier of the gut from the penetration of 
foreign antigens.37–39 Chung and colleagues37 demonstrated that 
the type 1, but not type 2, receptor for TGF-β1 were decreased 
in duodenal biopsy specimens in patients with FPIES compared 
to controls. Analysis of humoral features in milk-induced 
enterocolitis showed milk-protein specific IgA, but very low 
levels of specific IgG1 and IgG4; this has been theorized to be 
pathogenic because IgG4 might otherwise block complement 
fixing antibodies.40 Specific IgE is sometimes noted as well, and 
may be a marker of persistence.21,41,42

DIETARY PROTEIN ENTEROPATHY

This disorder is characterized by protracted diarrhea, vomiting, 
malabsorption and failure to thrive. Additional features may 
include abdominal distention, early satiety, edema, hypopro-
teinemia and protein-losing enteropathy.43 Symptoms usually 
begin in the first several months of life, depending on the time 
of exposure to the causal proteins. The disorder was described 
primarily from the 1960s to the 1990s44–47 and was commonly 
attributed to cow’s milk protein. A decrease in prevalence was 
documented in Finland48 and Spain49 and attributed to a rise in 
breastfeeding and/or the use of adapted infant formula. There 
have been no clear reports of this diagnosis in the past several 
years, although presentations of eosinophilic gastroenteritis 
with protein-losing enteropathy share many features with pre-
vious descriptions of this disorder.50–52

Unlike gluten-sensitive enteropathy (celiac disease), this 
enteropathy generally resolves in 1 to 2 years, and there is no 
increased threat of future malignancy.53

Inflammation involves both the small and large bowels. Unlike 
allergic proctocolitis, the majority of affected infants are asymp-
tomatic while exclusively breastfed on an unrestricted maternal 
diet. When the causal protein remains in the diet (e.g. in young 
infants fed with cow’s milk or soy-based formulas), chronic 
symptoms can include watery or bloody diarrhea, poor growth, 
anemia, hypoalbuminemia and fecal leukocytes; the illness may 
progress to dehydration and hypotension over the course of days 
to weeks.18–20 Removal of the causal protein leads to resolution of 
symptoms but re-exposure results in a characteristic delayed (by 
about 1 to 3 hours) onset of repetitive, often projectile vomiting, 
lethargy, elevation of the peripheral blood polymorphonuclear 
leukocyte count and possibly reduced temperature, thrombocy-
tosis, hypotension, diarrhea, dehydration, acidemia and methe-
moglobinemia.21 These reactions mimic sepsis.

Powell22 initially characterized the syndrome. She described 
nine infants with severe, protracted diarrhea and vomiting. The 
symptoms developed at 4 to 27 days after birth (mean, 11 days) 
in infants on a cow’s milk-based formula. Switching to a soy-
based formula resulted in transient improvement, but symp-
toms generally recurred in 7 days. Seven of the nine infants were 
below birth weight, and eight of nine presented with dehydra-
tion. Eight of the infants appeared acutely ill and underwent 
sepsis evaluations that were negative. All infants were noted to 
have low serum albumin, elevated peripheral blood polymor-
phonuclear leukocyte counts, and stools that were positive  
for hemoglobin and reducing substances. The hospital course 
usually involved improvement while on intravenous fluids, fol-
lowed by recurrence of dramatic symptoms with reintroduction 
of soy- or cow’s milk-based formula, including the development 
of shock in several infants. Follow-up with oral challenges was 
carried out with cow’s milk and soybean formulas at a mean 
age of 5.5 months, and 14 of the 18 challenges were positive. 
Ten of 14 challenges resulted in vomiting (onset 1 to 2.5 hours 
after ingestion; mean 2.1 hours) and all experienced diarrhea 
(onset 2 to 10 hours; mean 5 hours) with blood, polymorpho-
nuclear leukocytes and eosinophils, and increased carbohydrate 
in the stool. There was a rise in peripheral blood polymorpho-
nuclear cell counts in all positive challenges, peaking at 6 hours 
after ingestion, with a mean rise of 9900 cells/mm3 (range 5,500 
to 16,800 cells/mm3). Only isolated gastrointestinal symptoms 
were reported.

The results of these studies led Powell22,23 to propose 
criteria for a positive oral challenge to diagnose food protein- 

BOX 44-1 CLINICAL PEARLS: FOOD 
PROTEIN-INDUCED ENTEROCOLITIS 
SYNDROME (FPIES)

• May mimic sepsis with presentations that include vomiting, 
lethargy, diarrhea, acidemia, leukocytosis, thrombocytosis, 
hypotension and methemoglobinemia.

• Common triggers include milk, soy, rice and oats.
• For infants with milk or soy FPIES, use an extensively hydro-

lyzed casein-based formula rather than a soy or milk formula 
due to common (up to 50%) concomitant FPIES to these 
foods.

• For infants with milk/soy FPIES, avoid oats/rice as first solids.
• Onset of FPIES after the age of 1 year is uncommon and FPIES 

typically resolves in the first 1 to 5 years.
• Children with detectable milk-specific IgE antibodies have a 

more protracted course than those without IgE antibodies; 
some may convert to immediate IgE-mediated milk allergy.
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anaphylaxis. Depending on the constellation of findings, various 
diagnostic strategies are used, description of which is beyond 
the scope of this chapter. However, the presence of a number of 
clinical elements may underscore the possibility of a food aller-
gic disorder. The general approach to the diagnosis of food-
allergic disorders affecting the gut is outlined in Figure 44-1. 
Various features may suggest a differentiation of the disorders 
described in this chapter from those related to IgE antibody-
mediated gastrointestinal allergies (oral allergy, gastrointestinal 
anaphylaxis) and those that are sometimes associated with IgE 
antibodies (eosinophilic gastroenteropathies and reflux). The 
timing of symptoms following ingestion of the causal food 
(acute in IgE antibody-mediated disease), symptoms (isolated 
vomiting in gastroesophageal reflux disease) and selected test 
results (biopsy revealing an eosinophilic infiltrate in allergic 
eosinophilic gastroenteropathy) differentiate these food allergic 
disorders. The food-related disorders must also be distinguished 
from a host of disorders that have similar clinical findings but 
alternative etiologies. Table 44-1 delineates the disorders whose 
features may most closely overlap the cell-mediated food aller-
gic disorders.

The distinguishing clinical features of dietary protein-
induced proctocolitis, enteropathy, enterocolitis and celiac 
disease are listed in Table 44-2. Although they may represent a 
spectrum of disorders with similar etiologies, the treatment and 
natural course of these diseases vary, making a specific diagnosis 
imperative. The causal foods, symptoms and family history 
usually indicate the likely disorder. In some cases, the diagnosis 
requires initial confirmation of reactivity/association deter-
mined by resolution of symptoms with an elimination diet and 
recurrence of symptoms after oral challenge.1,2 In some cases, 
specific tests are needed (e.g. serologic tests for IgA endomysial 
or tissue transglutaminase antibody and small bowel biopsy). 
The disorders are not IgE antibody-mediated, but if there has 
been immediate onset of symptoms following ingestion or an 
association of gastrointestinal allergy with other features of IgE 
antibody-mediated food allergy (e.g. atopic dermatitis, asthma), 
screening tests for food-specific IgE antibody (prick skin tests, 
serum food-specific IgE antibodies) may be helpful in defining 
the process causing the reactions. A number of tests are of 
unproved value for the diagnosis of food allergy and should not 
be used. These include measurement of IgG4 antibody, 
provocation-neutralization (drops placed under the tongue or 
injected to diagnose and treat various symptoms) and applied 
kinesiology (muscle strength testing).67

Evaluation and Management
DIETARY PROTEIN PROCTOCOLITIS

The diagnosis of dietary protein proctocolitis should be enter-
tained in an infant who is otherwise well and presents with 
mucusy bloody stools, an absence of symptoms indicating a 
systemic disease, coagulation defect or another source of bleed-
ing. The definitive diagnosis requires withdrawal of the pre-
sumed allergen with monitoring for resolution of symptoms; 
however, additional testing and refeeding of the eliminated 
protein is advisable after resolution because transient rectal 
bleeding in infancy is more frequently not related to allergy.15 
A survey of 56 pediatric gastroenterologists showed that 84% 
prescribe empiric dietary trials.5 In the absence of biopsy con-
firmation and especially in the absence of other signs of atopy, 

CELIAC DISEASE

Celiac disease, also termed celiac sprue or gluten-sensitive enter-
opathy and estimated to affect 1% of the population, is caused 
by an immune response triggered by wheat gluten or related rye 
and barley proteins that results in inflammatory injury to the 
small intestinal mucosa.54–57 The classic presentation occurs in 
infants after weaning, at the time when cereals are introduced 
into the diet. Early (<4 months of age) or delayed (>7 months) 
introduction of wheat may be a risk factor,58,59 and breastfeeding 
may be a related protective factor.60 Symptoms partly reflect 
malabsorption, with patients exhibiting failure to thrive, anemia 
and muscle wasting. Additional symptoms are varied and 
include diarrhea, abdominal pain, vomiting, osteoporosis, bone 
pain and aphthous stomatitis. Subclinical or minimal disease is 
possible, delaying diagnosis into adulthood.57 Chronic ingestion 
of gluten-containing grains in patients with celiac disease is 
associated with increased risk of enteropathy-associated T cell 
lymphoma. Celiac disease is associated with autoimmune  
disorders and IgA deficiency. Another associated disorder is 
dermatitis herpetiformis,61 a gluten-responsive dermatitis char-
acterized by pruritic, erythematous papules, and/or vesicles 
distributed symmetrically on the extensor surfaces of the elbows 
and knees, and also on the face, buttocks, neck and trunk.

Endoscopy of the small bowel in active celiac disease typi-
cally reveals total villous atrophy and extensive cellular infil-
trate. The disorder is caused by gliadin-specific T cell responses 
against deamidated gliadin produced by tissue transglutamin-
ase.62 Gliadin stimulation of monocytes and macrophages may 
also contribute to the inflammatory response.63,64 Antigen pre-
sentation appears to be a central issue in the immunopathology 
because about 95% of patients are HLA-DQ2, with the remain-
der being HLA-DQ8.54,65 Gliadin is one of the few substrates for 
tissue transglutaminase, which deamidates specific glutamines 
within gliadin, creating epitopes that bind efficiently to DQ2 
gut-derived T cells.66 The activation of DQ2- or DQ8-restricted 
T cells initiates the inflammatory response.56 Elimination of 
gliadin from the diet results in a down-regulation of the T cell-
induced inflammatory process and normalization of the 
mucosal histology.

Differential Diagnosis
Because the gastrointestinal tract has a limited number of 
responses to inflammatory damage, there is an overlap in the 
symptoms observed with these disorders. Differentiating  
them requires consideration of key, distinct clinical features  
and directed laboratory examinations. Moreover, numerous 
medical disorders must be considered in the evaluation of 
patients presenting with gastrointestinal complaints. Some of 
these disorders include other food hypersensitivities, but food 
intolerance (nonimmune disorders such as lactase deficiency) 
and toxic reactions (e.g. bacterial poisoning) are potential 
considerations.

The differential diagnosis can encompass virtually any  
cause of abdominal complaint, including the following catego-
ries: infection (viral, bacterial, parasitic), anatomic (pyloric ste-
nosis, anal fissures, motility disorders, lymphangiectasia, 
Hirschsprung’s disease, reflux, intussusception), inflammatory 
disorders (inflammatory bowel disease), metabolic disorders 
(disaccharidase deficiencies), malignancy, immunodeficiency 
and others. The differential diagnosis of severe FPIES includes 
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refeeding should be considered soon after resolution of symp-
toms, given the high rate of spontaneous resolution.6,16 In cow’s 
milk or soy formula-fed infants, substitution with a protein 
hydrolysate formula can be undertaken. The majority of infants 
who develop this condition while ingesting protein hydrolysate 
formulas will experience resolution of bleeding with the substi-
tution of an amino acid-based formula, although follow-up 
challenges to prove that the formula substitution was required 
have not been systematically undertaken.5,8,68 Management in 
breastfed infants requires maternal restriction of cow’s milk or 
possibly soy, egg or other foods.4 In up to 12% of breastfed 
infants, bleeding may persist despite extensive food elimination 
from the maternal diet and requires switching the infant to a 

Figure 44-1  Evaluation  of  food  allergy  requires  a 
simultaneous  consideration  of  alternative  diagnoses 
(infection,  anatomic,  metabolic,  etc.)  and  disorders 
caused  by  food  allergy,  including  those  described  
in  this  chapter  and  others  (i.e.  oral  allergy  syndrome, 
anaphylaxis,  eosinophilic  gastroenteropathies,  food-
related  reflux  disease)  and  nonimmune  adverse  reac-
tions  to  foods  (lactose  intolerance).  Laboratory  tests 
and decisions for elimination and challenge are based 
on specific elements of the history and an appreciation 
for the clinical manifestations and course of the various 
disorders (see text). RAST – Radioallergosorbent test. 

Consider reintroduction of specific foods and/or formal
challenges if confirmation needed (except celiac disease)

Challenge positive, symptoms returned

Elimination diet
(diagnostic and/or therapeutic)

Continue exclusion of food
Consider periodic re-evaluation/

rechallenge (except for celiac disease)

Maintain diet

Improved

Possible food
allergy

Directed history, physical examination,
consider selected laboratory tests, e.g.:
    Tests for IgE antibody (prick skin tests/RASTs)
    Negative in cell-mediated, food-allergic disorders
    Endoscopy/biopsy
    Blood count and differential, erythrocyte sedimentation rate
    Stool analysis (heme, leukocytes, eosinophils, parasites)
    IgA antiendomysial antibody

Suspicion of food-related disorder, e.g.:
    Temporal relationship to food allergen
    Exclusion of anatomic, metabolic,
    infectious and inflammatory disorders
    Improvement in symptoms with dietary exclusion
    Similarities to clinical syndromes induced by food
    hypersensitivity responses

Other causes identified, not consistent
with food allergy → Stop, not food allergy

Food tolerated/challenge passed
 → add food to diet

Not improved → Not food allergy-related/
wrong food(s) identified, reconsider diagnosis

hypoallergenic formula. If breastfeeding is continued, chronic 
bleeding may lead to mild anemia despite iron supplementation 
and to hypoalbuminemia. In spite of the persistent symptoms, 
most children become tolerant to cow’s milk by the age of 12 
months and have no long-term sequelae.3 Progressive bleeding, 
despite dietary restriction, should prompt re-evaluation with 
consideration for proctocolonoscopy and biopsy.69 Since there 
is generally no risk of a severe reaction, the foods can be gradu-
ally reintroduced into the diet either as a trial to prove a causal 
relationship or months afterward to monitor for resolution of 
the allergy. However, if there is a suspicion of mild enterocolitis 
(e.g. vomiting in addition to hematochezia) or a history to 
suggest IgE-mediated reactions, dietary advancement may 
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Clinical 
Disease Symptoms

Proctocolitis Anal fissure
Infection
Perianal dermatitis
Transient idiopathic neonatal eosinophilic colitis
Necrotizing enterocolitis
Volvulus
Hirschsprung’s disease
Intussusception
Coagulation disorders

FPIES Sepsis/infection
Necrotizing enterocolitis
Intussusception
Lymphangiectasia
Volvulus
Ileus
Metabolic disorder

Enteropathy Infection
Eosinophilic gastroenteropathy with protein loss
Bowel ischemia
Inflammatory bowel disease
Lymphangiectasia
Autoimmune enteropathy
Immune deficiency
Tropical sprue
Malignancy

TABLE 
44-1 

Examples of Clinical Disease That May 
Overlap Symptoms of Cell-Mediated, Dietary 
Protein-Induced Disease

Vomiting Diarrhea Growth Foods Other Onset

Proctocolitis Absent Minimal, bloody Normal Breast/milk/soy Days to 6 months
FPIES Prominent Prominent Poor Milk/soy/rice/oat Re-exposure: severe, 

subacute symptoms
Days to 1 year; adult onset 

to shellfish
Enteropathy Variable Moderate Poor Milk/soy Edema due to intestinal 

protein loss
2–24 months

Celiac Variable Variable Poor Gluten HLA-DQ2–associated >4 months

TABLE 
44-2 

Clinical Features Helpful in Distinguishing Dietary Protein-Induced Proctocolitis, Enteropathy, Enterocolitis 
and Celiac Disease

require caution with repeated testing (e.g. skin or serum tests 
for specific IgE to the causal food) and medically supervised 
oral food challenges (OFCs).

FOOD PROTEIN-INDUCED ENTEROCOLITIS 
SYNDROME

As noted earlier, the diagnosis of FPIES rests on clinical and 
challenge criteria. Most patients do not undergo a formal chal-
lenge during infancy because the diagnosis becomes self-evident 
after elimination of the causal protein, and frequently patients 
experience inadvertent re-exposure, proving their sensitivity 
before a diagnostic test feeding.67 It must be appreciated that 
chronic ingestion, or re-exposure to the causal food, can result 
in a clinical picture that is severe, may mimic sepsis, and  
may include acidemia and methemoglobinemia.,21,25,27,41,42,70–72 
Approximately half of infants with cow’s milk reactions also 
react to soy, and among children reacting to milk/soy, about 
25% react to additional proteins such as rice or oat.41,42,71 Since 

there is a high percentage of patients with sensitivity to both 
cow’s milk and soy, switching directly to a casein hydrolysate is 
recommended. For the rare patients reactive to hydrolysate, an 
amino acid-based formula is appropriate.42,73 Caution and delay 
are also advised regarding the introduction of common triggers 
such as rice and oat when milk/soy reactions have already 
occurred.17,74

Follow-up challenges should be performed at intervals to 
determine tolerance (approximately every 12 to 24 months, 
depending on the clinical severity). These challenges should be 
performed under physician supervision with intravenous fluids 
and emergency medications immediately available because dra-
matic reactions, including shock, can occur. Re-evaluation for 
the development of antigen-specific IgE antibody before chal-
lenge is helpful because 4–30% of cases develop IgE antibodies 
to the FPIES food, and among those with food-specific IgE, one 
in four converts to IgE-mediated reactions over time.21,41,42 
Patch testing does not provide diagnostic information.75,76 In 
the experience of the authors,21,42 about half of positive chal-
lenges require treatment (usually intravenous fluids). In view of 
the presumed T cell involvement in FPIES pathophysiology, 
corticosteroids have been administered for severe reactions. A 
small case series suggested effectiveness of intravenous ondan-
setron for stopping emesis induced during FPIES OFCs.77 Five 
children older than 3 years who developed emesis during an 
FPIES OFC were treated with a 0.2 mg/kg dose of ondansetron, 
together with an intravenous physiologic saline bolus. Three of 
the four children treated with intravenous ondansetron experi-
enced resolution of emesis and lethargy within 10 to 15 minutes, 
while one required an additional dose of ondansetron. Another 
child who was treated with oral ondansetron required an addi-
tional dose of intravenous ondansetron to improve severe 
abdominal pain. Intramuscular ondansetron has been used in 
five young children (four were under the age of 3 years) with 
rapid resolution of symptoms during the OFC.78 Ondansetron 
is usually well tolerated, although special caution may be war-
ranted in children with underlying heart disease due to the 
potential to prolong the QT interval. More studies are needed 
to define the role of ondansetron in FPIES management.

While intravenous fluids constitute first-line management in 
the treatment of FPIES, the role of epinephrine in treatment is 
not known, but it should be available in case of severe cardiovas-
cular reactions. Given the risk for hypotension, the challenge is 
best performed under physician supervision with consideration 
for obtaining intravenous access. Food challenges for this non-
IgE-mediated syndrome are typically performed with 0.06 to 
0.6 g/kg of the causal protein, with lower doses for those patients 
with a history of severe reactions. The challenge protocol and 
definition of a positive response are shown in Table 44-3.
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The natural history is variable, depending on the population 
studied. A large population-based cohort study from Israel 
reported resolution of milk FPIES in 90% by age 2 years.79 A 
retrospective study of 35 children from Australia evaluated over 
a span of 16 years showed rice (14 children), soy12 and milk7 to 
be the most common triggers, and sensitivity was lost by the 
age of 3 years to rice and soy in about 80%.25 In a cohort of 23 
Korean infants with milk/soy FPIES, resolution rates were 64% 
for milk and 92% for soy by 10 months of age and all were toler-
ant by 20 months.80 In a retrospective US study, overall signifi-
cantly lower rates of resolution of FPIES were found, 35% by 
age 2 years, 70% by age 3 years and 85% by age 5 years.41 In a 
mixed design US study, overall median age at resolution of milk 
FPIES was 13 years, while the median age for patients with 
undetectable milk IgE antibodies was 5 years, indicating that 
IgE positivity is associated with a more persistent form of 
FPIES.42 These differences may reflect differences in study 
designs and/or selection bias toward a more severe and persis-
tent phenotype among children evaluated at referral centers. 
About 50% of children outgrow rice or oat FPIES by age 4 to 5 
years.41,42,81 However, some patients maintain their allergy well 
beyond the age of 6 years, even into adulthood.41,42,81

DIETARY PROTEIN ENTEROPATHY  
AND CELIAC DISEASE

There are no specific diagnostic tests for dietary protein-induced 
enteropathy; therefore, the diagnosis depends on exclusion of 
alternative diagnoses, biopsy evidence of enteropathy, and proof 
of sensitivity through dietary elimination and rechallenge. Since 
the symptoms are not as dramatic as enterocolitis syndrome, 
observation during dietary ingestion and exclusion of the causal 
protein must be undertaken to verify the diagnosis. Unlike 
dietary protein enteropathy, celiac disease can be evaluated in 
part through specific in vitro tests. Tests for IgA antiendomysial 

Diagnostic Step Procedures and Assessment

Preparation for 
challenge

Verify normal weight gain, no 
gastrointestinal symptoms while off causal 
protein

Obtain baseline stool sample and peripheral 
blood polymorphonuclear leukocyte count

Consider intravenous access
Medications ready to treat reaction

Administration of 
challenge

Administer challenge (typically 0.15–0.6 g of 
food protein/kg body weight)

Observe for symptoms (usual onset of 
vomiting 1–3 hours)

Repeat peripheral blood polymorphonuclear 
leukocyte count 6 hours after ingestion

Collect subsequent stools for 24 hours
Evaluation of 

positive 
challenge

Symptoms (vomiting, lethargy, diarrhea)
Rise in peripheral polymorphonuclear 

leukocyte count (>3,500 cells/mm3)
Fecal blood (gross or occult)
Fecal leukocytes
Fecal eosinophils
Positive challenge: three of five criteria 

positive
Equivocal: two of five criteria positive

From Powell24 and Sicherer et al.21

TABLE 
44-3 

Oral Food Challenges for Food Protein-
Induced Enterocolitis Syndrome

antibody (using tissue transglutaminase) are sensitive (85–98%) 
and specific (94–100%) with excellent positive (91–100%) and 
negative (80–98%) predictive values.56,82,83 If celiac disease is 
suspected based on a suspicious cadre of findings (family 
history, steatorrhea, anemia, failure to thrive), serologic tests for 
IgA endomysial antibody and a small bowel biopsy should be 
undertaken.55,56,84,85 If there is enteropathy, but negative serol-
ogy, alternative diagnoses (see Tables 44-1 and 44-2) should be 
reconsidered. If the diagnosis is not strongly suspected, the in 
vitro tests can be undertaken, and if negative, the diagnosis is 
generally excluded, but a positive test would warrant confirma-
tion with a biopsy. A gluten-free diet is necessary to treat celiac 
disease and must be maintained indefinitely. However, enter-
opathy induced by milk generally resolves in 1 to 2 years, at 
which time rechallenge is warranted.

Treatment
There are no curative therapies for dietary protein-induced 
proctocolitis, enteropathy, enterocolitis or celiac disease; treat-
ment is based on dietary elimination. Only patients with dietary 
protein-induced enterocolitis or some individuals with celiac 
disease and ‘celiac crisis’ experience severe reactions, so these 
patients must also be instructed on how to proceed in the event 
of an accidental ingestion. Such patients should report to an 
emergency department in the event that fluid resuscitation is 
needed.

Education concerning dietary management is reviewed else-
where (Chapter 48). It must be emphasized that education about 
the details of avoidance is crucial so that dietary elimination 
trials and therapeutic interventions are accurately undertaken. 
Often, recurrence of symptoms is caused by poor adherence or 
insufficient education. Issues of cross-contamination, label 
reading, restaurant dining and even the use of medications that 
may contain causal food proteins make avoidance of major 
dietary proteins very difficult. With celiac disease, oat does not 
contain gluten,56,86 but contamination of oat flour with wheat 
gluten remains a problem. Support groups and the advice of a 
knowledgeable dietician are crucial adjuncts for patients under-
taking these nutritionally and socially limiting diets.

Even without performing adjunctive laboratory tests or chal-
lenges to confirm a specific disorder, switching between milk, 
soy and casein-hydrolysate formulas is commonly undertaken 
by pediatricians and families as a test of intolerance or allergy. 
There are no specific guidelines concerning these formula 
changes. It is helpful to know that only a small proportion of 
infants with IgE-mediated cow’s milk allergy (14%) will react 
to soy.87 In contrast, those with FPIES are more likely (40–50%) 
to react to soy protein. For these infants, a switch to extensively 
hydrolyzed cow’s milk-based formula should be considered. For 
the few infants with symptoms that persist while taking a casein 
hydrolysate, amino acid-based formula may be required.42,88 
Breastfeeding is preferred over commercial formulas as the 
source for infant nutrition, but maternally ingested protein can 
elicit allergic symptoms in the breastfed infant.19,89,90 Therefore, 
maternal dietary manipulation (e.g. avoidance of milk protein) 
can be undertaken for treatment of breastfed infants, but  
with infants who have multiple food allergies this may be dif-
ficult, so substitution with infant formulas may be needed in 
some cases.

Except for celiac disease, resolution of the allergy is expected, 
so a review of the diet and any accidental exposures, and tests 
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as indicated are undertaken on a yearly basis with the expecta-
tion that proctocolitis will resolve in 1 year and protein-induced 
enteropathy and enterocolitis in general in 1 to 3 years. It has 
been hypothesized that some adults with isolated gastrointesti-
nal responses to foods (usually seafood) may have a stable form 
of mild enterocolitis.91

Conclusions
Dietary protein-induced proctocolitis, enterocolitis (FPIES) 
and enteropathy (including celiac disease) represent well-
characterized immunologic responses to dietary proteins (Box 
44-2). Although distinct in their clinical presentation, they rep-
resent cell-mediated hypersensitivity disorders that are not 
based on IgE antibody-mediated mechanisms. The symptoms 
of these disorders generally present in infancy or early child-
hood and must be differentiated from disorders with similar 
symptoms, and from each other. A careful clinical history, 
limited laboratory studies, and directed elimination and chal-
lenge can readily disclose the type of disorder and causal foods. 
Knowledge of the course of these disorders assists in making a 
plan for long-term therapy: either reintroduction of the food 
to determine if tolerance has occurred or prolonged dietary 
elimination. The immunologic mechanisms of these disorders 
are being elucidated, and these advances are likely to permit 
improved diagnostic and therapeutic strategies in the future.

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

BOX 44-2 KEY CONCEPTS: EVALUATION AND 
MANAGEMENT OF DIETARY PROTEIN-
INDUCED, CELL-MEDIATED DISORDERS

• The differential diagnosis of cell-mediated (non-IgE-medi-
ated) gastrointestinal food allergic disorders includes other 
types of food hypersensitivity (IgE-mediated, eosinophilic 
gastroenteropathy), nonimmune reactions to foods, and dis-
orders with similar manifestations (infection, anatomic disor-
ders, metabolic disease).

• Diagnosis requires a history, physical examination, exclusion 
of alternative diagnoses and selected diagnostic procedures, 
including dietary elimination and oral challenge, biopsy and 
selected laboratory evaluations.

• Proctocolitis occurs in infants and consists of mucusy, bloody 
stools attributed primarily to cow’s milk proteins passed in 
maternal breast milk. However, rectal bleeding in infants is 
not commonly caused by food allergy.

• Enteropathy occurs in infancy and has symptoms related to 
protein malabsorption. It is most commonly caused by cow’s 
milk protein and generally resolves by age 1 to 3 years.

• FPIES occurs in infancy and has symptoms that include promi-
nent vomiting, lethargy, diarrhea and growth failure with pos-
sible progression to a sepsis-like clinical picture. It is usually 
attributed to cow’s milk and/or soy protein and usually 
resolves by the age of 1 to 5 years.

• Celiac disease often presents at weaning due to an immuno-
logic response to gluten. The disease may present at any age. 
Classic symptoms include vomiting, anemia, poor growth, and 
steatorrhea. The diagnosis is assisted through serology for 
IgA antiendomysial antibodies and is a lifelong disorder 
requiring elimination of gluten.
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KEY POINTS

• IgE-mediated anaphylactic reactions to foods occur 
immediately after ingestion, are acute life-threatening 
events, and can cause gastrointestinal, pulmonary and 
cardiovascular symptoms.

• Eosinophilic esophagitis (EoE), involving chronic eosino-
philic inflammation limited to the esophagus, causes 
weight loss, feeding difficulties, emesis, dysphagia and 
food impaction.

• Eosinophilic gastroenteritis (EoG) involves eosinophilic 
infiltration into any area of the gastrointestinal tract, 
most commonly the stomach and small intestine.

• Eosinophilic proctocolitis (EoP) usually presents in early 
infancy as a result of milk protein intolerance.

Overview
Gastrointestinal	 disorders	 involving	 an	 accumulation	 of		
eosinophils	 include	 a	 variety	 of	 conditions	 including	 classic	
IgE-mediated	food	allergy,	inflammatory	bowel	disease,	gastro-
esophageal	reflux	and	the	primary	eosinophilic	gastrointestinal	
disorders	(eosinophilic	esophagitis,	eosinophilic	gastroenteritis	
and	eosinophilic	colitis).	The	goal	of	this	chapter	is	to	provide	
an	 overview	 of	 those	 conditions	 that	 are	 characterized	 by	 an	
eosinophilic	 infiltration	 in	 the	 gastrointestinal	 tract	 and	 are	
largely	driven	by	 food-specific	antigens.	Food	hypersensitivity	
will	be	briefly	reviewed;	the	majority	of	the	discussion	will	focus	
on	the	primary	eosinophilic	gastrointestinal	disorders.

Food Allergy or Hypersensitivity
IgE-MEDIATED ALLERGY AND ANAPHYLAXIS

Type	I	(IgE-mediated)	immediate	hypersensitivity	reactions	to	
foods	are	most	common	in	young	children,	with	50%	of	these	
reactions	developing	 in	 the	first	year	of	 life.	The	majority	are	
reactions	to	cow’s	milk	or	to	soy	protein	from	infant	formulas.1	
Other	 food	 allergies	 begin	 to	 predominate	 in	 older	 children,	
including	egg,	fish,	peanut	and	wheat.	Together	with	milk	and	
soy,	 these	 account	 for	 more	 than	 90%	 of	 food	 allergy	 in	
children.2

Blinded	 food	 challenges	 have	 shown	 that	 symptoms	 refer-
able	 to	 the	 gastrointestinal	 tract	 in	 IgE-mediated	 allergy		
typically	begin	within	minutes	of	the	ingestion,	although	occa-
sionally	they	may	be	delayed	for	up	to	2	hours.	They	tend	to	be	
short-lived,	 lasting	 1	 to	 2	 hours.3,4	 Symptoms	 include	 nausea,	

vomiting,	abdominal	pain	and	diarrhea;	there	may	also	be	oral	
symptoms,	skin	manifestations,	wheezing	or	airway	edema.

Eosinophilic Gastroenteropathies
The	 eosinophilic	 gastroenteropathies	 are	 an	 interesting,	 yet	
somewhat	poorly	defined	set	of	disorders	that	must	include	the	
infiltration	of	at	least	one	layer	of	the	gastrointestinal	tract	with	
eosinophils,	 in	the	absence	of	other	known	causes	for	eosino-
philia	(e.g.	parasitic	infections	or	drug	reactions).5,6	Peripheral	
eosinophilia	is	not	required	for	diagnosis,	although	it	 is	a	fre-
quent	 finding.	 First	 reported	 over	 50	 years	 ago,	 the	 clinical	
spectrum	of	these	disorders	was	defined	solely	by	various	case	
reports.	As	these	reports	became	more	frequent,	various	aspects	
of	the	disease	became	better	described	and	stratified.	Additional	
insight	into	the	role	of	the	eosinophil	in	health	and	disease	has	
allowed	 further	 description	 of	 these	 disorders	 with	 respect	 to	
the	underlying	defect	that	drives	the	inflammatory	response	in	
those	 afflicted.	 Perhaps	 most	 important	 to	 the	 definition	 of	
these	disorders	has	been	the	understanding	of	the	heterogeneity	
of	the	sites	affected	within	the	gastrointestinal	tract	(Box	45-1).

Eosinophilic	 gastroenteropathies	 are	 thought	 to	 arise	 from	
the	interaction	of	genetic	and	environmental	factors.	Of	note,	
approximately	10%	of	 individuals	with	one	of	these	disorders	
has	a	family	history	in	an	immediate	family	member.7	In	addi-
tion	there	 is	evidence	for	the	role	of	allergy	 in	the	etiology	of	
these	conditions,	including	the	observations	that	up	to	75%	of	
patients	 are	 atopic8,9	 and	 that	 an	 allergen-free	 diet	 can	 some-
times	reverse	disease	activity.8–10	 Interestingly,	only	a	minority	
of	individuals	with	eosinophilic	gastroenteropathies	have	food-
induced	 anaphylaxis11	 and	 therefore	 these	 disorders	 exhibit	
properties	 that	 are	 intermediate	 between	 pure	 IgE-mediated	
allergy	and	cellular	mediated	hypersensitivity	disorders.

EOSINOPHILIC ESOPHAGITIS

Eosinophilic	esophagitis	(EoE)	represents	a	chronic,	 immune/
antigen-mediated	esophageal	disease	characterized	clinically	by	
symptoms	related	to	esophageal	dysfunction	and	histologically	
by	eosinophil-predominant	 inflammation.12	This	disorder	has	
been	 given	 several	 names	 including	 eosinophilic	 esophagitis,	
allergic	esophagitis,	primary	eosinophilic	esophagitis	and	idio-
pathic	eosinophilic	esophagitis.

Etiology
EoE	is	caused	by	an	abnormal	immunologic	response	to	specific	
antigens.	In	the	vast	majority	of	cases	the	antigens	responsible	
are	food	antigens,	although	there	appears	to	be	a	contribution	
from	 other	 environmental	 antigens	 in	 certain	 individuals.13	
While	several	studies	have	documented	resolution	of	EoE	with	
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epithelial	 cell	 hyperplasia	 that	 mimic	 EoE.	 In	 addition,	 Fogg	
et	al	reported	a	case	of	a	21-year-old	female	with	asthma	and	
allergic	 rhinoconjunctivitis	 who	 also	 had	 EoE.19	 The	 patient’s	
EoE	 became	 symptomatic	 with	 exacerbations	 during	 pollen	
seasons,	followed	by	resolution	during	winter	months.

Familial	clustering	of	cases	of	EoE	has	led	to	the	assumption	
that	 there	 may	 be	 a	 genetic	 predisposition	 to	 the	 disease.	 In	
recent	 years,	 several	 candidate	 genes	 have	 been	 identified	 as		
risk	variants	for	the	development	of	EoE.	Among	these	are	the	
genes	that	code	for	eotaxin-3,20	thymic	stromal	lymphoprotein	
(TSLP)21	and	filaggrin.22	A	genome-wide	association	approach	
to	 identify	EoE	risk	variants	was	undertaken	 in	 two	 indepen-
dent	EoE	and	control	populations,	revealing	a	single	suscepti-
bility	locus	in	both	cohorts	that	corresponded	to	locus	5q22.1,21	
in	 which	 11	 single	 nucleotide	 polymorphisms	 (SNPs)	 resided	
within	a	single	haplotype	block	spanning	the	TSLP	gene.	TSLP	
has	been	implicated	in	the	development	of	atopic	disease	previ-
ously,23,24	and	more	recently	Noti	et	al	showed	that	in	a	mouse	
model	 of	 eosinophilic	 esophagitis,	 neutralization	 with	 anti-
TSLP	 antibody	 alleviated	 tissue	 eosinophilia	 associated	 with	
disease.25

Clinical Manifestations
Eosinophilic	esophagitis	can	occur	in	all	age	groups	but	tradi-
tionally	 presents	 in	 younger	 patients	 with	 a	 male	 to	 female		
ratio	 of	 about	 3	:	1.	 However,	 with	 increased	 awareness	 of	 the	
disorder	 among	 internist-gastroenterologists,	 there	 has	 also	
been	increased	recognition	of	the	disorder	in	adults.	Estimates	
of	 prevalence	 are	 approximately	 50	 patients	 per	 100,000		
population,	 but	 EoE	 appears	 to	 be	 more	 prevalent	 in	 certain	
populations.

Patients	typically	present	with	one	or	more	of	the	following	
symptoms:	vomiting,	regurgitation,	nausea,	epigastric	or	chest	
pain,	 water	 brash,	 globus	 and/or	 decreased	 appetite.10,26	 Less	
common	 symptoms	 include	 growth	 failure	 and	 hematemesis.	
Esophageal	 dysmotility	 and	 dysphagia	 are	 less	 common	 in	
younger	children	but	become	increasingly	prevalent	in	adoles-
cents	and	adults.	Symptoms	can	be	frequent	and	severe	in	some	
patients	 but	 extremely	 intermittent	 and	 mild	 in	 others.	 The	
majority	of	patients	may	experience	daily	dysphagia	or	chronic	
nausea	 or	 regurgitation	 while	 others	 may	 have	 infrequent	 or	
rare	 episodes	 of	 dysphagia.	 Some	 patients	 develop	 coping	
mechanisms	to	adapt	to	their	chronic	dysphagia	including	over-
chewing	food,	drinking	excessively	during	meals	to	propel	food	
downward,	 dipping	 foods	 in	 ‘lubricants’	 such	 as	 ketchup	 or	
gravy	and	avoiding	meats.	It	 is	 important	for	the	physician	to	
perform	a	detailed	history	of	these	compensatory	mechanisms.	
Up	to	50%	of	patients	manifest	additional	allergy-related	symp-
toms	 such	 as	 asthma,	 eczema	 or	 rhinitis.	 Furthermore,	 more	
than	50%	of	patients	have	one	or	more	parents	with	history	of	
allergy	(Box	45-2).

Children	with	EoE	have	been	studied	in	comparison	to	those	
with	gastroesophageal	reflux	(GER).8,9	While	the	symptoms	of	
vomiting	and	abdominal	pain	occurred	similarly	in	both	groups,	
dysphagia,	 diarrhea	 and	 growth	 failure	 were	 predominant	 in	
those	with	EoE	(Table	45-1).

Evaluation and Diagnosis
Patients	with	chronic	refractory	symptoms	of	gastroesophageal	
reflux	disease	(GERD)	or	dysphagia	should	undergo	evaluation	
for	 EoE.	 While	 laboratory	 and	 radiologic	 assessment	 may	 be	
appropriate,	the	majority	of	these	patients	should	undergo	an	

strict	avoidance	of	food	antigens,	in	1995	Kelly	et	al	published	
the	seminal	paper	on	EoE.14	Because	the	suspected	etiology	was	
an	abnormal	 immunologic	 response	 to	 specific	unidentifiable	
food	antigens,	each	patient	was	treated	with	a	strict	elimination	
diet	which	included	an	amino	acid	based	formula.	Patients	were	
also	allowed	clear	 liquids,	corn	and	apples.	Seventeen	patients	
were	 initially	 offered	 a	 dietary	 elimination	 trial;	 10	 patients	
adhered	to	 the	protocol.	The	 initial	 trial	was	determined	by	a	
history	 of	 anaphylaxis	 to	 specific	 foods	 and	 abnormal	 skin	
testing.	These	patients	were	subsequently	placed	on	a	strict	diet	
consisting	of	an	amino	acid	based	formula	for	a	median	of	17	
weeks.	Symptomatic	improvement	was	seen	within	an	average	
of	3	weeks	after	the	introduction	of	the	elemental	diet	(resolu-
tion	in	8	patients,	improvement	in	2).	In	addition,	all	10	patients	
demonstrated	a	significant	improvement	in	esophageal	eosino-
philia.	All	patients	reverted	 to	previous	symptoms	upon	rein-
troduction	of	foods.

While	 an	 exact	 explanation	 for	 this	 type	 of	 response	 was		
not	 determined,	 Kelly	 et	 al	 suggested	 an	 immunologic	 basis,	
secondary	 to	 a	 delayed	 hypersensitivity	 or	 a	 cell-mediated	
hypersensitivity	 response,	 as	 the	 cause	 for	 EoE.	 Spergel	 et	al	
demonstrated	that	foods	that	cause	EoE	do	not	do	so	through	
immediate	hypersensitivity	reactions.9	By	using	a	combination	
of	traditional	skin	prick	testing	and	a	lesser	used	technique	of	
atopy	 patch	 testing,	 they	 established	 that	 a	 delayed	 cellular	
mediated	allergic	response	may	be	responsible	for	many	cases	
of	EoE.	Further	supporting	a	delayed	type	response,	CD8+	lym-
phocytes	have	been	identified	as	the	predominant	T	cell	within	
the	squamous	epithelium	of	patients	diagnosed	with	EoE.15

A	link	between	EoE	and	atopy	has	been	established.10,16	It	is	
these	links	between	atopy	and	EoE	that	originally	suggested	that	
food	allergies	play	a	role	in	the	pathogenesis	of	this	disease.	The	
role	of	food	allergy	was	confirmed	when	patients	improved	on	
elemental	 diets.	 Elimination	 of	 the	 responsible	 food	 usually	
does	 not	 lead	 to	 rapid	 resolution	 of	 the	 symptoms.	 Rather,	
improvement	of	symptoms	occurs	approximately	1	to	2	weeks	
after	the	removal	of	the	causative	antigen.	Also,	in	patients	with	
EoE,	symptoms	do	not	always	occur	immediately	after	reintro-
duction	to	the	foods.	It	may	take	several	days	for	symptoms	to	
develop,	 suggesting	 either	 a	 mixed	 IgE	 and	 T	 cell	 mediated	
allergic	response	or	strictly	a	T	cell	delayed	mechanism	in	the	
pathogenesis	of	this	disease.	While	both	IgE	and	T	cell	mediated	
reactions	 have	 been	 identified	 as	 possible	 causative	 factors,	 T	
cell	mediated	reactions	seem	to	be	the	predominant	mechanism	
of	disease.17

Several	 authors	 have	 suggested	 that	 aeroallergens	 may		
contribute	 to	 the	 development	 of	 EoE.	 Mishra	 et	 al	 used	 a	
mouse	model	to	show	that	the	inhalation	of	Aspergillus	caused	
EoE.18	They	found	that	the	allergen-challenged	mice	developed	
elevated	 levels	 of	 esophageal	 eosinophils	 and	 features	 of	

BOX 45-1 TYPICAL NUMBER OF 
GASTROINTESTINAL MUCOSAL 
EOSINOPHILS PER HIGH POWER FIELD 
IN NORMAL INDIVIDUALS

• Gastric antrum: < 10
• Duodenum: < 20
• Colon: 10–20

• In infants: < 10
• Esophagus: 0
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only	diagnostic	test	that	can	accurately	determine	if	the	esopha-
geal	inflammation	of	EoE	is	present.

Once	 EoE	 is	 suspected,	 patients	 should	 be	 encouraged	 to	
seek	 an	 allergy	 consultation.	 Skin	 prick	 testing	 and	 serum	
allergen-specific	IgE	measurements	may	provide	some	clues	to	
possible	 food	 allergens.	 Unfortunately,	 these	 tests	 are	 most	
useful	in	determining	IgE-based	allergic	disorders.	Since	EoE	is	
considered	to	be	either	a	T	cell	mediated	disease	or	a	mixed	IgE	
and	T	cell	mediated	disorder,	 the	sensitivity	and	specificity	of	
skin	 prick	 tests	 alone	 are	 low.	Atopy	 patch	 testing	 (the	 place-
ment	 of	 an	 antigen	 on	 the	 skin	 for	 several	 days	 followed	 by	
assessment	 for	 localized	skin	reaction)	may	be	more	useful	 in	
determining	 the	 antigens	 responsible	 for	 causing	 esophageal	
eosinophilia,9	 although	 this	 remains	 to	 be	 established.	 If	 no	
specific	 antigen(s)	 are	 found	 through	 allergy	 testing,	 a	 trial		
of	 an	 elimination	 diet,	 consisting	 of	 removal	 of	 the	 antigens		
that	most	commonly	cause	EoE,	can	be	attempted.30	The	most	
common	foods	identified	as	causing	EoE	are	milk,	soy,	egg	and	
wheat.	 If	all	of	 these	measures	 fail,	an	elemental	diet	utilizing	
an	amino	acid	based	formula	should	be	considered.	The	assess-
ment	of	success	should	be	based	on	both	the	improvement	of	
clinical	symptoms	and	histologic	improvement.

Once	 EoE	 has	 resolved,	 foods	 should	 be	 reintroduced	 in	 a	
systematic	manner.	Because	of	 the	possibility	of	delayed	reac-
tions,	 it	 is	advisable	 to	wait	several	days	 to	one	week	between	
each	new	food	introduction.	This	time	period	is	usually	suffi-
cient	to	see	a	recurrence	of	symptoms;	if	symptoms	develop,	the	
food	 should	 be	 discontinued.	 However,	 in	 some	 cases	 symp-
toms	do	not	occur	despite	 recurrence	of	eosinophilic	 infiltra-
tion.	 A	 repeat	 endoscopy	 with	 biopsy	 is	 required	 in	 order	 to	
evaluate	 for	 the	 presence	 of	 esophageal	 mucosal	 injury.	 Since	
clinical	symptoms	often	occur	sporadically,	biopsy	remains	the	
most	 important	 way	 to	 accurately	 determine	 the	 presence	 or	
resolution	of	EoE.

While	upper	endoscopy	with	biopsy	can	precisely	determine	
the	 diagnosis,	 noninvasive	 diagnostic	 tests	 have	 proven	 to	 be	
less	useful.	These	include	the	evaluation	of	serum	IgE	levels	and	
quantitative	peripheral	eosinophils,	radiographic	upper	gastro-
intestinal	 series	 (UGI),	 pH	 probe	 and	 manometry,	 allergen-
specific	IgE	measurements	and	skin	prick	and	patch	testing.	A	
promising	new	modality	 is	 the	esophageal	string	test,	where	a	
string	is	swallowed	but	then	anchored	at	the	mouth	so	it	can	be	
removed	 and	 analyzed	 for	 the	 presence	 of	 eosinophil-derived	
proteins.	Initial	reports	show	that	results	from	this	test	correlate	
strongly	with	histologic	findings	of	eosinophilia.31

EoE	 should	 be	 considered	 only	 when	 the	 eosinophilia	 is	
isolated	strictly	to	the	esophagus.	To	make	an	accurate	diagno-
sis,	the	remainder	of	the	gastrointestinal	tract	must	be	normal.	
When	EoE	is	suspected,	the	sensitivity	for	detecting	the	disease	
is	 increased	 when	 more	 biopsies	 are	 obtained	 from	 the	

BOX 45-2 CHARACTERISTICS OF EOSINOPHILIC 
ESOPHAGITIS

CLINICAL SYMPTOMS

• Similar to symptoms of gastroesophageal reflux disease:
vomiting, regurgitation
heartburn
epigastric pain
dysphagia

• Symptoms different in infants and adolescents
• Often intermittent symptoms
• Male > female

ASSOCIATED SIGNS AND SYMPTOMS (>50% PATIENTS)

• Bronchospasm
• Eczema
• Allergic rhinitis

FAMILY HISTORY (50% PATIENTS)

• Food allergy
• Asthma

Eosinophilic Esophagitis Gastroesophageal Reflux PPI-responsive Esophageal Eosinophilia

Symptoms Intermittent Persistent Intermittent
pH probe Normal or slightly abnormal Abnormal Normal or abnormal
Acid blockade Unresponsive Responsive Responsive
Number of esophageal eosinophils 

per high-powered field
> 5 1–5 >15

TABLE 
45-1 

Contrasting Characteristics of Eosinophilic Esophagitis, Gastroesophageal Reflux and Proton Pump Inhibitor 
Responsive Esophageal Eosinophilia

upper	endoscopy	with	biopsy.	Historically,	the	diagnosis	of	EoE	
was	often	given	when	an	isolated	severe	histologic	esophagitis	
unresponsive	to	aggressive	acid	blockade,	associated	with	symp-
toms	 similar	 to	 those	 seen	 in	 gastroesophageal	 reflux	 disease,	
was	 seen.27	 The	 diagnosis	 is	 further	 supported	 if	 the	 patient	
responds	both	clinically	and	histologically	to	the	elimination	of	
a	specific	food.	In	the	past,	a	24-hour	pH	probe	was	required	
to	demonstrate	that	the	esophageal	disease	was	not	acid	induced;	
however,	 more	 recent	 guidelines	 allow	 for	 diagnosis	 in	 the	
setting	of	appropriate	clinical	and	histologic	findings.	Accord-
ing	 to	 the	 most	 recent	 consensus	 guidelines,	 the	 threshold	 of	
esophageal	eosinophilia	should	be	15	or	more	eosinophils	per	
HPF	on	esophageal	biopsies.12

However,	 very	 high	 levels	 of	 esophageal	 eosinophilia	 have	
been	demonstrated	with	GER	alone,28	emphasizing	that	failure	
of	appropriate	medical	 therapy	 is	an	 important	 feature	of	 the	
diagnosis.	A	more	recently	recognized	condition,	known	as	PPI-
responsive	esophageal	eosinophilia	(PPI-Ree),	has	also	compli-
cated	the	diagnostic	picture.	PPI-Ree	was	first	discovered	among	
cohorts	of	patients	with	symptoms	and	endoscopic	and	histo-
logic	findings	characteristic	of	EoE,	in	whom	all	findings	nor-
malized	 after	 treatment	 with	 proton	 pump	 inhibitors.29	 For	
these	reasons,	where	possible,	it	is	preferable	to	defer	endoscopy	
until	after	a	course	of	aggressive	acid	suppression	with	proton	
pump	inhibitors.	At	that	point,	findings	of	esophageal	eosino-
philia	are	more	likely	to	represent	true	EoE	in	the	appropriate	
clinical	setting.	Currently,	upper	endoscopy	with	biopsy	is	the	



402	 SECTION G Food Allergy

sibility	of	the	esophagus	in	EoE	patients	with	a	history	of	food	
impaction	and	stricture	is	decreased.38

In	addition	to	food	bolus	impaction,	esophageal	stricture	is	
another	 significant	 complication	 of	 EoE.	 Esophageal	 stricture	
not	 only	 causes	 esophageal	 dysfunction	 and	 dysphagia,	 but	
often	requires	esophageal	dilation.	There	is	enhanced	collagen	
deposition	 in	 the	 lamina	 propria	 of	 patients	 with	 EoE	 when	
compared	to	patients	with	GERD.39	Excessive	collagen	deposi-
tion	eventually	 leads	 to	 lumen	narrowing	and	stricture.	Stric-
ture	formation	is	part	of	the	natural	history	of	untreated	EoE.	
Adults	with	 longstanding	untreated	disease	are	more	 likely	 to	
develop	 esophageal	 stricture	 when	 compared	 to	 those	 with	 a	
relatively	short	duration	of	disease.40	Based	on	this	finding,	it	is	
postulated	 that	 years	 of	 unremitting	 inflammation	 eventually	
lead	to	excessive	esophageal	collagen	deposition	and	stricture.

While	 the	pathogenesis	of	fibrosis	 in	EoE	 is	poorly	under-
stood,	 this	 complication	 can	 lead	 to	 decreased	 quality	 of	 life		
and	 lifelong	 dysphagia.	 Despite	 successful	 therapy,	 patients		
with	 EoE	 continue	 to	 have	 increased	 lamina	 propria	 collagen	
when	compared	to	control	patients.	This	suggests	some	degree	
of	 permanence	 in	 esophageal	 remodeling,41	 underscoring	 the	
importance	of	prompt	diagnosis.

Management
The	identification	and	removal	of	allergic	dietary	antigens	is	the	
mainstay	of	treatment	for	EoE.	While	removal	of	the	offending	
food(s)	 reverses	 the	 disease	 process	 in	 patients	 with	 EoE,	 in	
many	cases	the	identification	of	these	foods	is	difficult.	Often,	
patients	with	EoE	cannot	correlate	their	gastrointestinal	symp-
toms	with	the	ingestion	of	specific	foods.	Several	reports	have	
demonstrated	that	several	days	may	be	required	for	symptoms	
to	 recur	 upon	 ingestion	 of	 antigens	 that	 cause	 EoE.14,26	 Even	
when	a	particular	food	causing	EoE	has	been	eliminated,	it	may	
take	 days	 or	 weeks	 for	 the	 symptoms	 to	 resolve.	 In	 addition,	

Figure 45-1  ‘Trachealization’ or ‘felinization’ of the mid-esophagus in 
a patient with eosinophilic esophagitis. The terms arise from the ringed 
appearance of the esophagus that cause it to resemble a human trachea 
or a cat esophagus (which has rings of cartilage). 

Rings - 16%

Figure 45-2  White plaques seen in the mid-esophagus in a patient with 
eosinophilic esophagitis. 

White plaques - 15%

esophagus.	 Sensitivity	 seems	 to	 be	 highest	 when	 at	 least	 five	
biopsies	are	obtained.32

EoE	has	been	associated	with	visual	findings	on	endoscopy:	
concentric	 ring	 formation	 called	 ‘trachealization’	 or	 a	 ‘feline	
esophagus’,	 longitudinal	 linear	 furrows	 and	 patches	 of	 small,	
white	 papules	 on	 the	 esophageal	 surface.33	 Most	 investigators	
believe	 that	 the	 esophageal	 rings	 and	 furrows	 are	 a	 response		
to	 full	 thickness	 esophageal	 tissue	 inflammation.	 The	 white	
papules	 appear	 to	 represent	 the	 formation	 of	 eosinophilic	
microabscesses	(Figures	45-1	and	45-2).

In	2000,	Fox	et	al	utilized	high-resolution	probe	endosonog-
raphy	in	patients	with	EoE	in	order	to	determine	the	extent	of	
tissue	 involvement.34	 They	 compared	 eight	 patients	 identified	
with	EoE	to	four	control	patients	without	esophagitis	and	dis-
covered	 that	 the	 layers	 of	 the	 esophageal	 wall	 were	 thicker	 in	
EoE	patients	than	in	the	control	group	(2.8	to	2.2	mm).	Addi-
tionally,	 the	mucosa	 to	 submucosa	 ratio	 (1.6	 to	 1.1	mm)	 and	
the	muscularis	propria	thickness	(1.3	to	1.0	mm)	were	greater	
in	EoE	patients.	These	findings	suggested	that	EoE	patients	had	
more	than	just	surface	involvement	of	eosinophils.

Complications of Disease
While	 stomach	 pain,	 vomiting	 and	 failure	 to	 thrive	 are	 hall-
marks	of	pediatric	EoE,	food	impaction	and	dysphagia	are	often	
found	in	teenagers	diagnosed	with	EoE.35	Food	impaction	prev-
alence	is	increasing	in	parallel	with	the	incidence	of	EoE.36	This	
may	be	due	to	the	fact	that	the	esophagus	in	EoE	is	both	more	
rigid	 and	 dysmotile	 than	 a	 normal	 esophagus.	 Up	 to	 37%	 of	
patients	with	EoE	have	been	shown	to	have	abnormal	esopha-
geal	peristalsis,37	either	weak	or	absent.	In	addition,	the	disten-
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blockade	 were	 given	 fluticasone,	 4	 puffs	 twice	 a	 day.	 Patients	
were	 instructed	 to	use	an	 inhaler	but	 to	 immediately	 swallow	
after	inhalation	in	order	to	deliver	the	medication	to	the	esoph-
agus.	 Histologic	 improvement	 was	 not	 determined.	 Within	 2	
months,	 all	 4	 patients	 responded	 with	 an	 improvement	 in	
symptoms.	 Two	 patients	 required	 repeat	 use	 of	 inhalation	
therapy.	Success	with	this	therapy	has	been	confirmed.

Later,	Konikoff	et	al	performed	a	randomized	double-blind	
placebo-controlled	 trial	 utilizing	 swallowed	 fluticasone	 in	
patients	with	EoE.49	The	study	revealed	symptom	improvement	
and	decreased	esophageal	eosinophils	in	those	who	received	the	
study	 drug	 compared	 to	 those	 who	 received	 placebo.	 Aceves	
et	al	reported	an	effective	alternative	by	using	liquid	budesonide	
mixed	with	a	sucralose	suspension.50

Side-effects	can	 include	esophageal	candidiasis	and	growth	
failure.51,52	As	with	all	therapies	that	do	not	involve	removal	of	
antigens,	symptoms	often	recur	in	patients	upon	discontinua-
tion	of	the	therapy.

Other	 forms	 of	 medical	 therapy	 that	 have	 been	 evaluated	
previously	 include	 the	 mast	 cell	 stabilizing	 agent	 cromolyn	
sodium	and	the	leukotriene	antagonist	montelukast.53–57	While	
each	of	these	medications	represents	an	appealing	option	from	
a	pathophysiologic	standpoint,	the	available	data	do	not	support	
their	 use,	 based	 either	 upon	 lack	 of	 clinical	 improvement	 or	
minimal	to	no	histologic	resolution.

The	latest	innovation	in	therapy	is	the	use	of	biologic	agents	
directed	 at	 the	 cytokine	 interleukin	 5	 (IL-5).	 IL-5	 plays	 in	
important	 role	 in	 eosinophil	 recruitment,	 activation	 and		
proliferation.	 In	 the	past,	 two	 small	 studies	demonstrated	 the	
effectiveness	 of	 anti	 IL-5	 in	 improving	 both	 symptoms	 and	
esophageal	histology.58,59	The	first	large-scale	pediatric	trial	uti-
lizing	an	anti-IL-5	monoclonal	antibody,	reslizumab,	had	mixed	
results.	Patients	receiving	active	drug	showed	improvement	in	
biopsy	findings	compared	to	placebo.	However,	subjects	receiv-
ing	both	active	drug	and	placebo	showed	symptomatic	improve-
ment,	 which	 resulted	 in	 failure	 to	 meet	 one	 of	 the	 study	
endpoints	required	to	receive	FDA	approval.60	The	drug	is	still	
in	testing	for	the	indication	of	eosinophilic	asthma.

EOSINOPHILIC GASTROENTERITIS

Eosinophilic	 gastroenteritis	 (EoG)	 is	 a	 general	 term	 that	
describes	a	constellation	of	symptoms	attributable	 to	 the	gas-
trointestinal	tract,	 in	combination	with	pathologic	infiltration	
by	eosinophils.	This	group	includes	eosinophilic	gastritis,	gas-
troenteritis	and	enterocolitis.	There	are	no	strict	diagnostic	cri-
teria	for	this	disorder	and	it	has	been	largely	shaped	by	multiple	
case	reports	and	series.	A	combination	of	gastrointestinal	com-
plaints	with	supportive	histologic	findings	is	sufficient	to	make	
the	diagnosis.	These	conditions	are	grouped	together	under	the	
term	EoG	for	the	discussion	here,	though	it	 is	 likely	that	they	
are	distinct	entities	in	most	patients	(Box	45-3).

EoG	 was	 originally	 described	 by	 Kaijser	 in	 1937.61	 It	 is	 a	
disorder	characterized	by	tissue	eosinophilia	that	can	affect	dif-
ferent	layers	of	the	bowel	wall,	anywhere	from	mouth	to	anus.	
The	 gastric	 antrum	 and	 small	 bowel	 are	 most	 frequently	
affected.	In	1970,	Klein	et	al	classified	EoG	into	three	categories:	
a	mucosal,	muscular	and	serosal	form.62

Etiology
EoG	 affects	 patients	 of	 all	 ages,	 with	 a	 slight	 male	 predomi-
nance.	Most	commonly,	eosinophils	infiltrate	only	the	mucosa,	

although	one	food	may	be	identified,	there	may	be	several	other	
foods	(not	identified)	that	could	also	be	contributing.

While	 attempts	 should	 be	 made	 to	 identify	 and	 eliminate	
potential	 food	allergens	 through	a	careful	history	and	the	use	
of	allergy	testing,	 it	may	be	difficult	 to	determine	the	respon-
sible	allergenic	foods;	the	administration	of	a	strict	diet,	utiliz-
ing	an	amino	acid	based	formula,	is	often	necessary.	The	use	of	
an	elemental	diet	rapidly	improves	both	clinical	symptoms	and	
histology	in	patients	with	EoE.10,14,42	Because	of	poor	palatabil-
ity,	 the	elemental	 formula	 is	 commonly	administered	by	con-
tinuous	 nasogastric	 feeding,	 although	 some	 more	 palatable	
options	 have	 emerged	 in	 the	 last	 few	 years.	 The	 diet	 may	 be	
supplemented	with	water,	and	some	have	also	approved	the	use	
of	 a	 protein-free	 single	 antigen	 juice	 such	 as	 white	 grape	 or	
apple.

Reversal	of	symptoms	typically	occurs	within	10	days	with	
histologic	improvement	within	4	weeks.	Although	the	strict	use	
of	 an	 amino	 acid	 based	 formula	 may	 initially	 be	 difficult	 for	
patients	(and	parents)	to	accept,	its	benefits	may	outweigh	the	
risks	of	other	treatments	and	the	rapid	improvement	in	symp-
toms	proves	very	reinforcing	to	families.	While	the	use	of	other	
medications,	such	as	corticosteroids,	may	temporarily	improve	
the	 disease	 and	 its	 symptoms,	 the	 disease	 recurs	 upon	 their	
discontinuation.	 In	 contrast,	 when	 foods	 that	 cause	 EoE	 are	
identified	through	a	combination	of	allergy	testing,	endoscopy,	
elimination	 and	 selective	 reintroduction,	 then	 lifelong	 remis-
sion	without	medication	can	be	attained.

Treatment	of	true	EoE	with	aggressive	acid	blockade,	includ-
ing	medical	and	surgical	therapy,	has	not	been	proven	effective.	
Several	published	reports	have	demonstrated	the	failure	of	H2	
blocker	 and	 proton	 pump	 therapy	 in	 patients	 with	 EoE.43,44	
While	acid	blockade	may	improve	clinical	symptoms	by	improv-
ing	acid	reflux	that	occurs	secondary	to	the	underlying	inflamed	
esophageal	mucosa,	it	does	not	reverse	the	esophageal	histologic	
abnormality.	Although	some	case	reports	suggested	that	fundo-
plication	was	beneficial	for	patients	with	EoE,	in	1997	Liacouras	
reported	on	two	cases	of	failed	Nissen	fundoplication	in	patients	
who	 were	 diagnosed	 with	 severe	 eosinophilic	 esophagitis.45	
Both	 patients	 underwent	 fundoplication	 for	 presumed	 acid	
reflux	 esophagitis	 unresponsive	 to	 medical	 therapy.	 However,	
post-surgical	evaluation	of	both	patients	revealed	ongoing	clin-
ical	 symptoms.	 Repeat	 esophagogastroduodenoscopy	 demon-
strated	 persistent	 esophageal	 eosinophilia.	 Subsequently,	 both	
patients	 responded	 to	 oral	 corticosteroids	 with	 resolution	 of	
symptoms	and	histologic	improvement.

Prior	to	1997,	reports	suggested	that	systemic	corticosteroids	
improved	 the	 symptoms	 of	 EoE	 in	 adults	 identified	 with	 a	
severe	eosinophilic	esophagitis.46,47	In	1997,	Liacouras	et	al	were	
the	first	to	publish	the	use	of	oral	corticosteroids	in	20	children	
diagnosed	 with	 EoE.44	 These	 patients	 were	 treated	 with	 oral	
methylprednisolone	 (average	 dose	 1.5	mg/kg/day;	 maximum	
dose	 48	mg/day)	 for	 1	 month.	 Symptoms	 were	 significantly	
improved	in	19	of	20	patients	by	an	average	of	8	days.	A	repeat	
endoscopy	with	biopsy,	4	weeks	after	the	initiation	of	therapy,	
demonstrated	a	significant	reduction	of	esophageal	eosinophils,	
from	34	to	1.5	eosinophils	per	HPF.	However,	upon	discontinu-
ation	of	corticosteroids,	90%	had	recurrence	of	symptoms.

In	1999,	Faubion	et	 al	 reported	 that	 swallowing	a	metered	
dose	of	aerosolized	corticosteroids	was	also	effective	in	treating	
the	 symptoms	 of	 EoE	 in	 children.48	 Four	 patients	 diagnosed	
with	 EoE	 manifested	 by	 epigastric	 pain,	 dysphagia	 and	 a		
severe	esophageal	eosinophilia	unresponsive	to	aggressive	acid	
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family	history	of	atopic	disease,	then	EoG	should	be	considered	
in	the	diagnosis	before	surgical	intervention.

Uncommon	 presentations	 of	 EoG	 include	 acute	 abdomen	
(even	mimicking	acute	appendicitis)76	or	colonic	obstruction.77	
There	have	also	been	reports	of	serosal	infiltration	with	eosino-
phils,	 with	 associated	 complaints	 of	 abdominal	 distention,	
eosinophilic	ascites	and	bowel	perforation.73,78–82

Evaluation and Diagnosis
EoG	 should	 be	 considered	 in	 any	 patient	 with	 a	 history	 of	
chronic	 symptoms	 including	 vomiting,	 abdominal	 pain,	 diar-
rhea,	anemia,	hypoalbuminemia	or	poor	weight	gain	in	combi-
nation	with	the	presence	of	eosinophils	in	the	gastrointestinal	
tract.	Other	causes	of	eosinophilic	infiltration	of	the	gastroin-
testinal	 tract	 include	 the	 other	 disorders	 of	 the	 eosinophilic	
gastroenteropathy	 spectrum,	 as	 well	 as	 parasitic	 infection,	
inflammatory	bowel	disease,	neoplasm,	chronic	granulomatous	
disease,	 collagen	 vascular	 disease	 and	 the	 hypereosinophilic	
syndrome.83–87

A	number	of	tests	may	aid	in	the	diagnosis	of	EoG,	however	
no	single	test	is	pathognomonic	and	there	are	no	standards	for	
diagnosis.	 Eosinophils	 in	 the	 gastrointestinal	 tract	 must	 be	
documented	before	EoG	can	be	truly	entertained	as	a	diagnosis.	
This	 is	 most	 readily	 done	 with	 biopsies	 of	 either	 the	 upper	
gastrointestinal	tract	through	esophagogastroduodenoscopy	or	
the	lower	tract	through	flexible	sigmoidoscopy	or	colonoscopy.	
A	history	of	atopy	supports	the	diagnosis	but	is	not	a	necessary	
feature.	Peripheral	eosinophilia	or	an	elevated	IgE	level	occurs	
in	 approximately	 70%	 of	 affected	 individuals.88	 Measures	 of	
absorptive	 activity	 such	 as	 the	 D-xylose	 absorption	 test	 and	
lactose	hydrogen	breath	testing	may	reveal	evidence	of	malab-
sorption,	 reflecting	 small	 intestinal	 damage.	 Radiographic		
contrast	 studies	 may	 demonstrate	 mucosal	 irregularities		
or	edema,	wall	thickening,	ulceration	or	luminal	narrowing.	A	
lacy	 mucosal	 pattern	 of	 the	 gastric	 antrum	 known	 as	 areae 
gastricae	is	a	unique	finding	that	may	be	present	in	patients	with	
EoG.89

Evaluation	of	other	causes	of	eosinophilia	should	be	under-
taken,	 including	stool	analysis	 for	ova	and	parasites	and	sero-
logic	 tests	 for	 specific	 parasites	 in	 endemic	 areas.	 Signs	 of	
intestinal	 obstruction	 warrant	 abdominal	 imaging.	 Allergen-
specific	 IgE	 testing,	 as	 well	 as	 skin	 testing	 for	 environmental	
antigens,	 is	 rarely	 useful.	 Skin	 testing	 using	 both	 traditional	
prick	tests	and	patch	tests	may	increase	the	sensitivity	for	iden-
tifying	foods	responsible	for	EoG	by	evaluating	both	IgE	medi-
ated	and	T	cell	mediated	sensitivities.9

Management
There	is	as	much	ambiguity	in	the	treatment	of	EoG	as	there	is	
in	its	diagnosis.	This	is	in	large	part	because	the	entity	of	EoG	
was	defined	mainly	by	case	series,	each	of	which	employed	its	
own	mode	of	treatment.	Since	EoG	is	such	a	difficult	disease	to	
diagnose	and	relatively	rare	in	prevalence,	randomized	trials	for	
its	treatment	are	uncommon,	leading	to	considerable	debate	as	
to	the	optimal	treatment.

Food	 allergy	 is	 considered	 one	 of	 the	 potential	 underlying	
causes	of	EoG.	The	elimination	of	pathogenic	foods,	as	identi-
fied	by	any	form	of	allergy	testing	or	by	random	removal	of	the	
most	likely	antigens,	should	be	a	first-line	consideration.	Unfor-
tunately,	 this	 approach	 results	 in	 improvement	 in	 a	 limited	
number	 of	 patients.	 In	 severe	 cases,	 or	 when	 other	 treatment	
options	have	failed,	the	administration	of	a	strict	diet,	utilizing	

leading	 to	 symptoms	 associated	 with	 malabsorption	 such	 as	
growth	 failure,	 weight	 loss,	 diarrhea	 and	 hypoalbuminemia.	
Mucosal	 EoG	 may	 affect	 any	 portion	 of	 the	 gastrointestinal	
tract.	A	review	of	the	biopsy	findings	in	38	children	with	EoG	
revealed	that	all	patients	examined	had	mucosal	eosinophilia	of	
the	gastric	antrum.63	Seventy-nine	percent	of	the	patients	also	
demonstrated	eosinophilia	of	the	proximal	small	intestine,	with	
60%	having	esophageal	 involvement	and	52%	having	involve-
ment	 of	 the	 gastric	 corpus.	 Those	 with	 colonic	 involvement	
tended	 to	 be	 less	 than	 6	 months	 of	 age	 and	 were	 ultimately	
classified	as	having	allergic	colitis.

Details	of	the	etiology	of	EoG	remain	unknown,	although	it	
is	now	recognized	to	be	a	result	of	both	IgE	and	non-IgE	medi-
ated	sensitivity.9	The	association	between	IgE	mediated	inflam-
matory	response	(typical	allergy)	and	EoG	is	supported	by	the	
increased	 likelihood	 of	 other	 allergic	 disorders	 such	 as	 atopic	
disease,	 food	allergies	and	seasonal	allergies.64,65	Specific	foods	
have	been	implicated	in	the	cause	of	EoG	in	some	patients.66,67	
In	contrast,	the	role	of	non-IgE	mediated	immune	dysfunction,	
in	particular	the	interplay	between	lymphocyte-produced	cyto-
kines	and	eosinophils,	has	received	attention.	IL-5	is	a	chemoat-
tractant	responsible	for	tissue	eosinophilia.68	Desreumaux	et	al	
found	 that	 among	 patients	 with	 EoG,	 the	 levels	 of	 IL-3,	 IL-5	
and	 granulocyte-macrophage	 colony	 stimulating	 factor	 (GM-
CSF)	 were	 significantly	 increased	 as	 compared	 to	 control	
patients.69	Once	recruited	to	the	tissue,	eosinophils	may	further	
recruit	similar	cells	through	their	own	production	of	IL-3	and	
IL-5,	as	well	as	production	of	leukotrienes.70	This	mixed	type	of	
immune	dysregulation	in	EoG	has	implications	for	the	way	this	
disorder	is	diagnosed,	as	well	as	the	way	it	is	treated.

Clinical Manifestations
The	most	common	symptoms	of	EoG	include	colicky	abdomi-
nal	pain,	bloating,	diarrhea,	weight	loss,	dysphagia	and	vomit-
ing.54,71	In	addition,	up	to	50%	of	patients	have	a	past	or	family	
history	of	atopy.63	Features	of	 severe	disease	 include	gastroin-
testinal	bleeding,	iron	deficiency	anemia,	protein	losing	enter-
opathy	(hypoalbuminemia)	and	growth	failure.71	Approximately	
75%	of	affected	patients	have	an	elevated	blood	eosinophilia.70	
Males	are	more	commonly	affected	than	females.	Rarely,	ascites	
can	occur.72,73

In	an	infant,	EoG	may	present	in	a	manner	similar	to	hyper-
trophic	 pyloric	 stenosis,	 with	 progressive	 vomiting,	 dehydra-
tion,	 electrolyte	 abnormalities	 and	 thickening	 of	 the	 gastric	
outlet.74,75	 When	 an	 infant	 presents	 with	 this	 constellation	 of	
symptoms,	in	addition	to	atopic	symptoms	such	as	eczema	and	
reactive	airway	disease,	an	elevated	eosinophil	count,	or	a	strong	

BOX 45-3 CHARACTERISTICS OF EOSINOPHILIC 
GASTROENTERITIS

• Clinical characteristics:
• nausea, vomiting, regurgitation
• severe abdominal pain
• diarrhea, protein losing enteropathy
• gastrointestinal bleeding
• ascites
• intestinal obstruction

• > 95% gastric antrum involved
• Peripheral eosinophilia (> 50%)
• Associated allergies, eczema, asthma, rhinitis, atopy
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Etiology

The	gastrointestinal	tract	plays	a	major	role	in	the	development	
of	oral	tolerance	to	foods.	Through	the	process	of	endocytosis	
by	 the	 enterocyte,	 food	 antigens	 are	 generally	 degraded	 into	
nonantigenic	 proteins.98,99	 Although	 the	 gastrointestinal	 tract	
serves	 as	 an	 efficient	 barrier	 to	 ingested	 food	 antigens,	 this	
barrier	may	not	be	mature	for	the	first	few	months	of	life.100	As	
a	result,	ingested	antigens	may	have	an	increased	propensity	for	
being	presented	intact	to	the	immune	system.	These	intact	anti-
gens	 have	 the	 potential	 to	 stimulate	 the	 immune	 system	 and	
drive	an	inappropriate	response	directed	at	the	gastrointestinal	
tract.	Because	the	major	component	of	the	young	infant’s	diet	
is	milk	or	formula,	it	stands	to	reason	that	the	inciting	antigens	
in	EoP	are	derived	from	the	proteins	found	in	them.	Cow’s	milk	
and	 soy	 proteins	 are	 the	 foods	 most	 frequently	 implicated		
in	EoP.

Commercially	 available	 infant	 formulas	 most	 commonly	
utilize	 cow’s	 milk	 as	 the	 protein	 source.	 There	 are	 at	 least		
25	 known	 immunogenic	 proteins	 within	 cow’s	 milk,	 beta-
lactoglobulin	and	the	caseins	being	the	most	antigenic.101	It	 is	
thought	that	up	to	7.5%	of	the	population	in	developed	coun-
tries	exhibit	cow’s	milk	allergy,	although	there	is	wide	variation	
in	the	reported	data.102–104	Soy	protein	allergy	 is	considered	to	
be	less	common	than	cow’s	milk	allergy,	with	a	reported	preva-
lence	 of	 approximately	 0.5%.101	 However,	 soy	 protein	 intoler-
ance	 becomes	 more	 prominent	 in	 individuals	 who	 have	
developed	 milk	 protein	 allergy,	 with	 prevalence	 from	 15%	 to	
50%	or	more	in	milk	protein	sensitized	individuals.105	For	this	
reason,	substitution	of	a	soy	protein	based	formula	for	a	milk	
protein	based	formula	in	patients	with	suspected	milk	protein	
proctocolitis	is	often	unsuccessful.

Maternal	breast	milk	represents	a	different	challenge	to	the	
immune	system.	Up	to	50%	of	cases	of	EoP	occur	in	breastfed	
infants;	however	 it	 is	 thought	 that,	 rather	 than	developing	an	
allergy	 to	 human	 milk	 protein,	 the	 infants	 are	 manifesting	
allergy	to	antigens	ingested	by	the	mother	and	transferred	via	
the	 breast	 milk.	 The	 transfer	 of	 maternal	 dietary	 protein	 via	
breast	 milk	 was	 first	 demonstrated	 in	 1921.106	 More	 recently,	
the	 presence	 of	 cow’s	 milk	 antigens	 in	 breast	 milk	 has	 been	
established.107–109

When	a	problem	with	antigen	handling	occurs,	whether	sec-
ondary	to	increased	absorption	through	an	immature	gastroin-
testinal	 tract	 or	 through	 a	 damaged	 epithelium	 secondary	 to	
gastroenteritis,	 sensitization	 of	 the	 immune	 system	 results.	
Once	sensitized,	the	inflammatory	response	is	perpetuated	with	
continued	 exposure	 to	 the	 inciting	 antigen.	 This	 may	 explain	
the	 reported	 relationship	 between	 early	 exposure	 to	 cow’s		
milk	 protein	 or	 viral	 gastroenteritis	 and	 the	 development	 of	
allergy.110–112

Clinical Manifestations
Diarrhea,	rectal	bleeding	and	increased	mucus	production	are	
the	typical	symptoms	seen	in	patients	who	present	with	EoP.63,113	
There	is	a	bimodal	age	distribution	with	the	majority	of	patients	
presenting	 in	 infancy	 (mean	 age	 at	 diagnosis	 of	 60	 days114)	
and	 the	 other	 group	 presenting	 in	 adolescence	 and	 early	
adulthood.

The	typical	infant	with	EoP	is	well	appearing	with	no	con-
stitutional	symptoms.	Rectal	bleeding	begins	gradually,	initially	
appearing	as	small	flecks	of	blood.	Usually,	increased	stool	fre-
quency	occurs	accompanied	by	water	loss	or	mucus	streaks.	The	

an	elemental	 formula,	has	been	shown	to	be	successful.65,90	 In	
these	 cases,	 elemental	 formula	 provided	 as	 the	 sole	 source	 of	
nutrition	has	been	reported	to	be	effective	in	the	resolution	of	
clinical	symptoms	and	tissue	eosinophilia.

When	the	use	of	a	restricted	or	elemental	diet	fails,	cortico-
steroids	 are	 often	 employed	 due	 to	 their	 high	 likelihood	 of	
success	 in	 attaining	 remission.54	 However,	 when	 weaned,	
the	 duration	 of	 remission	 is	 variable	 and	 can	 be	 short-lived,	
leading	 to	 the	 need	 for	 repeated	 courses	 or	 continuous	 low	
doses	of	steroids.	In	addition,	the	chronic	use	of	corticosteroids	
carries	 an	 increased	 likelihood	 of	 undesirable	 side-effects,	
including	 cosmetic	 problems	 (cushingoid	 facies,	 hirsutism,	
acne),	decreased	bone	density,	impaired	growth	and	personality	
changes.	A	 response	 to	 these	 side-effects	has	been	 to	 look	 for	
substitutes	 that	 may	 act	 as	 steroid-sparing	 agents,	 while	 still	
allowing	for	control	of	symptoms.	Anecdotally,	immunomodu-
lators	more	commonly	used	as	steroid-sparing	agents	in	inflam-
matory	bowel	disease,	such	as	mercaptopurine	or	azathioprine,	
have	been	used	with	some	success.

Orally	administered	cromolyn	sodium	also	has	been	effec-
tive	in	some	patients,54,91–93	and	recent	reports	have	detailed	the	
efficacy	of	other	oral	antiinflammatory	medications.	Montelu-
kast,	 a	 selective	 leukotriene	 receptor	 antagonist	 used	 to	 treat	
asthma,	has	been	reported	to	successfully	treat	two	patients	with	
EoG.56,94	Treatment	of	EoG	with	inhibition	of	 leukotriene	D4,	
a	potent	chemotactic	factor	for	eosinophils,	relies	on	the	theory	
that	 the	 inflammatory	 response	 in	EoG	 is	perpetuated	by	 the	
presence	of	the	eosinophils	already	present	in	the	mucosa.	This	
therapy	causes	an	interruption	in	the	chemotactic	cascade	and	
breaks	the	inflammatory	cycle.	Suplatast	tosilate,	another	sup-
pressor	 of	 cytokine	 production,	 has	 also	 been	 reported	 as	 a	
treatment	for	EoG.95

Given	 the	possibilities	 for	 treatment	of	EoG,	 the	combina-
tion	of	therapies	incorporating	the	best	chance	of	success	with	
the	 smallest	 likelihood	 of	 side-effects	 should	 be	 employed.	
When	particular	food	antigens	that	may	be	causing	disease	can	
be	identified,	elimination	of	those	antigens	should	be	first-line	
therapy.	 When	 testing	 fails	 to	 identify	 potentially	 pathogenic	
foods,	systematic	elimination	of	the	most	commonly	involved	
foods96	can	be	employed.	If	this	approach	fails,	a	total	elimina-
tion	diet	with	an	amino	acid	based	formula	should	be	consid-
ered.	Trials	of	nonsteroidal	antiinflammatory	medications	such	
as	cromolyn,	montelukast	and	suplatast	are	a	reasonable	option,	
although	some	might	prefer	to	wait	for	more	detailed	studies.	
Monoclonal	antibodies	against	IL-5	may	also	hold	some	promise	
in	 the	 future,	 although	current	 studies	 are	 limited	 to	patients	
with	 EoE;	 further	 research	 will	 be	 necessary	 in	 the	 EoG	
population.

When	other	treatments	fail,	corticosteroids	remain	a	reliable	
treatment	for	EoG,	with	attempts	at	 limiting	the	total	dose	or	
the	 number	 of	 treatment	 courses	 where	 possible.	 Due	 to	 the	
diffuse	 and	 inconsistent	 nature	 of	 symptoms	 in	 this	 disease,	
serial	endoscopy	with	biopsy	is	a	useful	and	important	modality	
for	monitoring	disease	progression.

EOSINOPHILIC PROCTOCOLITIS

Eosinophilic	proctocolitis	(EoP),	also	known	as	allergic	procto-
colitis	or	milk	protein	proctocolitis,	has	been	recognized	as	one	
of	the	most	common	etiologies	of	rectal	bleeding	in	infants.63,97	
This	 disorder	 is	 characterized	 by	 the	 onset	 of	 rectal	 bleeding,	
generally	in	children	less	than	2	months	of	age.
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Management

In	a	well	appearing	patient	with	a	history	consistent	with	EoP,	
it	is	acceptable	to	make	an	empiric	change	in	the	protein	source	
of	 the	 formula.	 Because	 of	 the	 frequent	 development	 of	 soy	
protein	EoP	 in	milk-sensitized	 individuals,	 a	protein	hydroly-
sate	formula	is	often	the	best	choice.111	Resolution	of	symptoms	
begins	 almost	 immediately	 after	 the	 elimination	 of	 the	 prob-
lematic	 food.	Although	symptoms	may	 linger	 for	 several	days	
to	weeks,	continued	improvement	is	the	rule.	If	symptoms	do	
not	 quickly	 improve,	 or	 persist	 beyond	 4	 to	 6	 weeks,	 other	
antigens	should	be	considered,	as	well	as	other	potential	causes	
of	 rectal	 bleeding.	 In	 breastfed	 infants,	 dietary	 restriction	 of	
milk	and	soy	containing	products	from	the	mother’s	diet	may	
result	in	improvement;	however,	care	should	be	taken	to	ensure	
that	the	mother	maintains	adequate	protein	and	calcium	intake	
from	other	sources.

EoP	in	infancy	is	generally	benign	and	withdrawing	the	milk	
protein	 trigger	 resolves	 the	 condition.	Though	gross	blood	 in	
the	stool	usually	disappears	within	72	hours,	occult	blood	loss	
may	 persist	 for	 longer.114	 The	 prognosis	 is	 excellent	 and	 the	
majority	of	patients	are	able	to	tolerate	the	culprit	milk	protein	
by	1	to	3	years	of	age.	In	older	individuals	it	is	more	difficult	to	
identify	the	food	triggers	and	therefore	patients	usually	require	
medical	management.	Though	there	is	a	paucity	of	clinical	data	
regarding	therapy	for	this	condition,	it	appears	that	glucocorti-
coids	 and	 aminosalicylates	 are	 efficacious.6	 The	 prognosis	 for	
older	 onset	 EoP	 is	 less	 favorable	 than	 the	 infant	 presentation	
and	is	typically	chronic	and	relapsing.

OTHER MANIFESTATIONS OF 
GASTROINTESTINAL ALLERGY

Although	we	have	described	several	 specific	manifestations	of	
allergic	 bowel	 disease	 in	 the	 sections	 above,	 there	 remain	
numerous	nonspecific	complaints	that	may	occur	in	the	infant	
that	 have	 also	 been	 linked	 to	 food	 allergy.	 These	 nonspecific	
complaints	create	an	especially	difficult	situation	for	the	prac-
titioner,	as	only	a	proportion	of	infants	with	these	complaints	
will	have	them	as	a	result	of	allergy.	Further,	there	are	no	specific	
findings	that,	independently,	can	confirm	or	exclude	the	diag-
nosis.	 Among	 these	 potential	 nonspecific	 manifestations	 are	
gastroesophageal	reflux,	colic,	constipation	and	diarrhea.

Gastroesophageal Reflux
Gastroesophageal	reflux	(GER)	is	a	common	complaint	among	
infants,	children	and	adults.	Up	to	two	thirds	of	4-month-old	
infants	experience	regurgitation	on	a	daily	basis,120	with	other	
complaints	 such	as	 forceful	vomiting,	 arching,	 irritability	 and	
feeding	 refusal	 occurring	 to	 varying	 degrees.	 Furthermore,	
many	 infants	 and	 children	 may	 experience	 GER	 without	 the	
presence	 of	 any	 overt	 signs	 or	 symptoms.	 Most	 cases	 of	 GER	
are	not	attributable	to	a	specific	underlying	cause;	however,	one	
of	the	leading	identifiable	causes	of	GER	in	this	population	is	
food	allergy.121,122

The	association	between	GER	and	cow’s	milk	allergy	(CMA)	
was	prospectively	investigated.122	In	a	3-year	prospective	study,	
infants	 with	 symptoms	 compatible	 with	 GER	 underwent	 pH	
monitoring	 and	 endoscopy	 to	 confirm	 the	 presence	 of	 GER.	
Patients	 with	 a	 reflux	 index	 (percentage	 of	 time	 with	 acid	
reflux)	of	greater	than	5%	and	the	presence	of	esophagitis	were	
considered	to	have	GER.	The	presence	of	CMA	in	these	patients	

development	 of	 irritability	 or	 straining	 with	 stools	 is	 also	
common	and	can	falsely	lead	to	the	initial	assumption	of	anal	
fissuring.	Atopic	symptoms	such	as	eczema	and	reactive	airway	
disease	may	be	associated.	Continued	exposure	to	the	inciting	
antigen	causes	increased	bleeding	and	may,	on	rare	occasions,	
cause	anemia	and	poor	weight	gain.	Despite	the	progression	of	
symptoms,	 the	 infants	are	generally	well	appearing	and	rarely	
appear	ill.	Other	manifestations	of	gastrointestinal	tract	inflam-
mation	such	as	vomiting,	abdominal	distention	or	weight	loss	
almost	never	occur	and	would	be	suggestive	of	another	problem	
such	 as	 food	 protein	 induced	 enterocolitis	 syndrome	 (FPIES)	
(Table	45-2).

Evaluation and Diagnosis
EoP	is	primarily	a	clinical	diagnosis,	although	several	laboratory	
parameters	 and	 diagnostic	 procedures	 may	 be	 useful.	 Initial	
assessment	should	be	directed	at	the	overall	health	of	the	child.	
A	toxic	appearing	infant	is	not	consistent	with	the	diagnosis	of	
EoP	and	should	prompt	evaluation	for	other	causes	of	gastro-
intestinal	 bleeding.	A	 complete	 blood	 count	 is	 useful	 because	
the	majority	of	 infants	with	EoP	have	a	normal	or	borderline	
low	hemoglobin.	An	elevated	serum	eosinophil	count	may	be	
present.	Stool	studies	for	bacterial	pathogens	such	as	Salmonella	
and	Shigella	should	be	considered	in	the	setting	of	rectal	bleed-
ing.	A	stool	specimen	may	be	analyzed	for	the	presence	of	white	
blood	cells,	 and	 specifically	 for	 eosinophils.	The	 sensitivity	of	
these	tests	is	not	well	documented,	and	the	absence	of	a	positive	
finding	on	these	tests	does	not	exclude	the	diagnosis.115	Eosino-
phils	can	also	accumulate	in	the	colon	in	other	conditions	such	
as	pinworm	and	hookworm	infections,	drug	reactions,	vasculi-
tis	 and	 inflammatory	 bowel	 disease,	 and	 it	 is	 important	 to	
exclude	these,	especially	in	older	children.

Although	not	always	necessary,	flexible	sigmoidoscopy	may	
be	 useful	 to	 demonstrate	 the	 presence	 of	 colitis.	Visually,	 one	
may	find	erythema,	friability	or	frank	ulceration	of	the	colonic	
mucosa.	Alternatively,	the	mucosa	may	appear	normal,	or	show	
evidence	 of	 lymphoid	 hyperplasia.116,117	 Histologic	 findings	
typically	 include	 increased	 eosinophils	 in	 focal	 aggregates	
within	the	lamina	propria,	with	generally	preserved	crypt	archi-
tecture.	 Findings	 may	 be	 patchy,	 so	 care	 should	 be	 taken	 to	
examine	many	levels	of	each	specimen	if	necessary.118,119

Eosinophilic 
Proctocolitis FPIES

Appearance Well Ill, dehydrated, shocky
Blood streaked 

stools
Common Rare

Diarrhea Mild Severe
Abdominal pain Mild to none Severe
Vomiting No Aggressive
Age of onset <3 months 3–6 months

Failure to thrive No Yes
Common foods Milk, soy Milk, soy, rice, among 

others
Laboratory findings Normal Anemia, hypoalbuminemia

TABLE 
45-2 

Characteristics of Eosinophilic Proctocolitis  
vs Food Protein Induced Enterocolitis 
Syndrome (FPIES)
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cow’s	 milk	 in	 their	 regular	 diet)	 were	 randomized	 to	 receive	
either	cow’s	milk	or	soy	milk	for	15	days,	followed	by	a	washout	
period	and	reversal	of	the	previous	diet.	Sixty-eight	percent	of	
the	 children	 had	 improvement	 in	 their	 constipation	 while	
taking	 soy	milk,	while	none	had	 improvement	on	cow’s	milk.	
Re-challenging	 the	 responders	 with	 cow’s	 milk	 resulted	 in	
return	 of	 constipation.	 Evidence	 of	 CMA	 was	 based	 upon	
higher	frequencies	of	co-existing	rhinitis,	dermatitis	and	bron-
chospasm	in	responders,	as	well	as	increased	likelihood	of	ele-
vated	 IgE	 to	 cow’s	 milk	 antigens	 and	 inflammatory	 cells	 on	
rectal	biopsy.	A	subsequent	study	revealed	further	evidence	of	
the	causative	nature	of	CMA	in	constipation.130

Approach to the Potentially  
Allergic Infant with Nonspecific 
Gastrointestinal Symptoms
Because	gastrointestinal	complaints	such	as	those	listed	in	the	
section	 ‘Other	 Manifestations	 of	 Gastrointestinal	 Allergy’	 are	
quite	common	 in	 the	 infant	population,	 the	practitioner	who	
cares	for	infants	will	commonly	be	faced	with	the	issue	of	when	
to	implicate	food	allergy.	Further	complicating	the	issue	is	that	
general	allergic	complaints	such	as	atopic	eczema	and	rhinitis	
are	also	quite	common	in	this	population.	Optimally,	the	aller-
gic	 contribution	 to	 any	 gastrointestinal	 complaint	 would	 be	
investigated	 through	 double-blind	 food	 challenges.	 However,	
this	is	not	practical	for	most	practitioners.

Any	 infant	 with	 gastrointestinal	 symptoms	 refractory	 to	
standard	 treatment	 may	 be	 manifesting	 signs	 of	 food	 allergy.	
Because	CMA	is	implicated	most	commonly	in	this	population,	
removal	of	this	antigen	from	the	diet	is	a	reasonable	approach.	
However,	this	change	should	be	made	in	concert	with	appropri-
ate	 investigations	 for	 other	 etiologic	 factors	 (e.g.	 anatomic	
studies	 such	as	upper	gastrointestinal	 series	 in	chronic	 reflux,	
stool	cultures	in	chronic	diarrhea).	Soy	formula	may	be	substi-
tuted	for	cow’s	milk	formula,	although	hypersensitivity	to	both	
milk	 and	 soy	 protein	 is	 not	 uncommon.	 Protein	 hydrolysate	
formulas	 represent	 a	 good	 option,	 more	 likely	 to	 result	 in	
improvement	 in	a	 truly	 allergic	 infant.	Breastfeeding	mothers	
may	 need	 to	 restrict	 their	 intake	 of	 milk	 and	 soy	 for	 several	
weeks	before	the	antigens	no	longer	appear	in	breast	milk.	The	
use	of	amino	acid	based	elemental	formulas	should	be	reserved	
for	 those	 who	 have	 failed	 hydrolyzed	 protein	 formulas	 and,	
preferably,	those	who	have	some	other	objective	positive	find-
ings	of	allergy.	It	should	be	remembered	that	the	natural	history	
of	allergy	in	the	infant	is	often	self-limited,	and	thus	improve-
ment	with	dietary	elimination	does	not	independently	confirm	
food	 allergy.	 Formally	 re-challenging	 the	 infant	 with	 the	 sus-
pected	 food	 antigen	 is	 a	 better	 way	 to	 confirm	 that	 allergy	
existed	 and	 was	 responsible	 for	 the	 symptoms	 in	 question.	
Formal	consultation	with	an	allergist	 in	 this	 context	 is	highly	
advisable.

Conclusion
Eosinophilic	disorders	of	the	gastrointestinal	tract	are	becom-
ing	increasingly	recognized	as	distinct	clinical	entities	with	spe-
cific	management	strategies.	While	EoG	is	rare	and	difficult	to	
diagnose,	 EoP	 and	 EoE	 are	 much	 more	 common	 and	 easily	
diagnosed	by	endoscopic	biopsy.	While	EoP	is	a	well	accepted	
entity,	the	diagnosis	of	EoE	has	recently	been	receiving	a	great	

was	assessed	using	skin	prick	tests,	by	the	presence	of	eosino-
phils	in	fecal	mucus,	nasal	mucus	or	peripheral	blood,	and	by	
circulating	 levels	 of	 anti-beta-lactoglobulin	 IgG.	 Patients	 who	
had	positive	assays	for	CMA	and	GER	were	placed	on	a	cow’s	
milk	restricted	diet	with	a	protein	hydrolysate	formula.	After	3	
months,	a	double-blind	cow’s	milk	challenge	was	performed	to	
confirm	the	diagnosis	of	CMA.	This	stringent	method	of	diag-
nosing	both	GER	and	CMA	revealed	a	surprisingly	high	preva-
lence	(42%)	of	patients	with	GER	who	also	had	CMA.	Further,	
this	author	group	went	on	to	show	that	14	of	47	patients	(30%)	
had	GER	that	was	attributable	to	the	CMA	itself,	based	on	reso-
lution	of	symptoms	on	a	restricted	diet	 followed	by	return	of	
symptoms	 when	 re-challenged.	 Whether	 cow’s	 milk	 or	 other	
food	allergies	are	responsible	for	such	a	high	proportion	of	GER	
in	 all	 populations	 remains	 to	 be	 seen;	 however	 these	 results	
imply	 that	 refractory	 cases	 of	 GER	 warrant	 consideration	 of	
food	allergy	as	a	contributing	factor.

Infantile Colic
Infantile	colic	is	a	term	that	is	generally	used	to	describe	acute	
self-limited	episodes	of	irritability	(presumably	due	to	abdomi-
nal	 pain)	 that	 occur	 in	 otherwise	 healthy	 infants	 in	 the	 first	
several	months	of	life.123	Although	the	labeling	of	an	infant	as	
having	‘colic’	implies	there	is	no	organic	disease	responsible,	a	
subset	of	infants	diagnosed	with	colic	will	have	an	underlying	
organic	cause.	Food	allergies,	and	specifically	CMA,	have	been	
highly	implicated	in	the	organic	etiologies	of	infantile	colic.

Traditionally,	 changing	 the	 infant’s	 formula	 is	 a	 common	
way	 of	 dealing	 with	 colic;	 often	 several	 formula	 changes	 are	
made	 (e.g.	 from	 cow’s	 milk	 based	 to	 soy	 based	 to	 hydrolyzed	
protein).	 It	 is	 often	 unclear,	 however,	 whether	 the	 formula	
change	is	responsible	for	the	eventual	resolution	of	symptoms,	
as	colic	by	definition	begins	to	resolve	by	4	to	5	months	of	age.

Diarrhea
The	presence	of	diarrhea	in	the	context	of	food	allergies	can	be	
multifactorial.	 As	 discussed	 in	 previous	 sections,	 eosinophilic	
gastroenteritis	(EoG)	and	eosinophilic	proctitis	(EoP)	may	both	
lead	 to	 intestinal	 mucosal	 damage	 and	 subsequent	 diarrhea.	
However,	food	allergy	may	also	result	in	diarrhea	in	the	absence	
of	mucosal	damage	or	eosinophilic	infiltration.

Gastrointestinal	symptoms,	in	particular	diarrhea,	are	com-
monly	seen	among	children	with	atopic	eczema;124,125	avoidance	
of	 particular	 foods	 in	 these	 patients	 will	 alleviate	 the	 symp-
toms.125	 In	 patients	 with	 gastrointestinal	 symptoms	 related	 to	
milk	 ingestion	 (confirmed	 by	 double-blind	 challenge),	 the	
instillation	of	milk	into	the	intestinal	lumen	resulted	in	increased	
production	of	histamine	and	eosinophil	cationic	protein	within	
20	 minutes.126	 Albumin	 concentration	 in	 the	 intestine	 also	
increased,	 suggesting	 increased	 gut	 permeability	 and	 leakage;	
none	of	these	findings	were	seen	in	normal	controls.

Constipation
Constipation	 is	 a	 common	 problem	 among	 infants	 and	 chil-
dren,	and	although	often	short-lived	or	self-limited,	a	substan-
tial	proportion	may	have	symptoms	that	persist	 for	6	months	
or	more.127	 It	has	 long	been	suggested	 that	cow’s	milk	plays	a	
role	in	the	development	of	chronic	constipation,128	and	there	is	
evidence	that	CMA	is	a	causative	factor.	One	of	the	most	com-
pelling	studies	involved	a	blinded	cross-over	study	of	cow’s	milk	
restriction	in	children	with	chronic	constipation.129	In	this	trial,	
65	 children	 with	 chronic	 constipation	 (all	 of	 whom	 received	
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swered	questions	remain.	The	variation	in	geographic	distribu-
tion	of	EoG	and	EoE	has	yet	to	be	explained.	The	pathogenesis	
of	these	conditions	has	to	be	fully	elucidated,	in	particular	the	
role	of	environmental	and	infectious	agents.	Advances	need	to	
be	made	in	diagnosing	these	conditions,	especially	with	the	use	
of	less	invasive	techniques	than	endoscopy	with	biopsy,	and	also	
in	better	 identifying	offending	food	antigens	and	allergens.	In	
addition,	biochemical	studies	need	to	be	pursued	so	that	we	can	
determine	a	cause	of	these	disorders.	Is	the	eosinophil	dysregu-
lation	due	to	an	immunologic	defect	or	an	allergy?	These	and	
other	research	questions	reinforce	the	limitations	of	our	current	
understanding	of	gastrointestinal	eosinophilic	disease.

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

deal	of	attention.	Recent	literature	suggests	a	mini-epidemic	of	
EoE	in	the	pediatric	population,	though	controversy	still	exists	
regarding	the	etiology	and	treatment.

Future	 research	 should	 focus	 on	 clarifying	 the	 prevalence	
and	 natural	 history	 (e.g.	 the	 potential	 development	 of	 stric-
tures)	 and	optimizing	 the	diagnostic	 approach	and	 treatment	
options	of	all	gastrointestinal	eosinophilic	disorders.	The	par-
ticular	 management	 challenges	 posed	 by	 these	 conditions	
warrant	close	liaison	between	gastroenterologists,	allergists	and	
dietitians.	In	addition,	patients	and	families	require	particular	
support,	especially	when	trying	to	adopt	restricted	diets.	Patient-
founded,	 support	 advocacy	 groups	 have	 been	 established	 for	
this	purpose	(e.g.	American	Partnership	 for	Eosinophilic	Dis-
orders,	www.APFED.org).

Awareness	of	food-induced	allergic	and	eosinophilic	disease	
of	 the	 gastrointestinal	 tract	 has	 increased,	 but	 many	 unan-
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Oral Allergy Syndrome
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KEY POINTS

• OAS is an IgE-mediated allergy that is due to 
cross-reactivity between pollens and homologous food 
proteins.

• There is significant regional variation in OAS 
prevalence.

• Several pollen-food associations have been described.

• Although symptoms are generally mild and limited to 
the oropharyngeal area, systemic reactions can occur.

• Management entails avoiding the foods that trigger 
symptoms; heated food forms are often well-tolerated 
when the relevant allergens are heat-labile proteins.

Oral	allergy	syndrome	(OAS)	is	an	IgE-mediated	allergy	that	is	
due	 to	 cross-reacting,	 homologous	 proteins	 between	 pollens	
and	 food	 proteins.1	 First	 reported	 over	 70	 years	 ago,2	 OAS	
involves	primarily	localized	oropharyngeal	symptoms	in	pollen	
allergic	 individuals	 ingesting	 fresh	 fruits	 and	 vegetables.	 The	
increased	 prevalence	 of	 allergic	 rhinitis	 and	 OAS	 in	 recent	
years,3	 along	 with	 advances	 in	 identification	 of	 relevant	 aller-
genic	proteins,	have	led	to	a	better	understanding	of	the	diverse	
associations	characterizing	OAS.

Epidemiology
Few	studies	have	examined	the	prevalence	of	OAS	in	children;	
a	recent	Italian	study	reported	that	approximately	25%	of	chil-
dren	with	pollen-induced	allergic	rhinitis	have	OAS.4	Since	OAS	
develops	after	sensitization	to	pollens	is	established,	symptoms	
can	develop	to	food(s)	that	were	previously	tolerated.	Thus,	it	
is	not	surprising	that	the	prevalence	of	OAS	in	adults	is	higher,	
ranging	 from	 30%	 to	 70%	 among	 individuals	 with	 allergic	
rhinitis.5–8	Those	who	are	sensitized	to	multiple	pollens	have	a	
higher	likelihood	of	developing	clinical	allergy	to	plant-derived	
foods.5,9	 In	 addition,	 data	 suggest	 that	 OAS	 is	 more	 likely	 in	
those	who	have	had	a	longer	duration	of	allergic	rhinitis.4

Significant	regional	variations	in	OAS	prevalence	have	been	
reported.	Differences	in	pollen	exposures	as	well	as	differences	
in	relevant	proteins	contribute	to	the	variations	in	clinical	fea-
tures.	 For	 example,	 OAS	 to	 apple	 is	 primarily	 due	 to	 birch	
pollen	 sensitization	 in	 northern	 and	 central	 Europe,	 whereas	
grass	 pollen	 sensitization	 is	 the	 main	 driver	 of	 symptoms	 for	
OAS	to	apple	in	Spain.10	Regionally	distinct	allergen	sensitiza-
tion	 patterns	 are	 also	 reported	 for	 kiwi.11	 These	 geographic	
differences	may	be	due	to	regional	pollen	exposures	as	well	as	

differing	dietary	patterns.	In	addition,	changes	in	environmen-
tal	exposures	can	lead	to	new	sensitizations.	For	example,	two	
patients	who	previously	 tolerated	 jackfruit	while	 living	 in	 the	
Philippines	(a	birch-free	region)	were	reported	to	later	develop	
OAS	to	jackfruit	while	in	Switzerland,	a	birch-endemic	area.12

Molecular Basis/Pathogenesis
Different	 phenotypes	 of	 IgE-mediated	 food	 allergies	 exist	
depending	on	whether	the	allergy	is	due	to	primary	or	second-
ary	sensitization	to	food	allergens.	OAS	develops	as	a	result	of	
secondary	sensitization,	since	pollen	allergens	are	the	primary	
sensitizers,	and	the	symptoms	elicited	by	homologous	proteins	
in	plant-derived	foods	are	a	secondary	phenomenon.13	Confor-
mational	epitopes	of	relevant	pollen	allergens	involved	in	OAS	
are	generally	heat-labile	and	highly	susceptible	to	gastric	diges-
tion,	resulting	primarily	in	limited	symptoms	in	the	oropharyn-
geal	 areas.	 However,	 in	 some	 cases,	 systemic	 reactions	 or	
reactions	to	cooked	forms	of	the	foods	can	occur.

A	 number	 of	 plant	 proteins	 that	 are	 widely	 distributed	
throughout	 the	 plant	 kingdom	 are	 mediators	 of	 OAS.	
Pathogenesis-related	(PR)	proteins	are	commonly	involved.	IgE	
antibodies	to	the	major	birch	tree	pollen	(Bet	v	1)	cross-react	
with	homologous	plant	food	allergens	belonging	to	the	PR-10	
protein	 family,	 often	 resulting	 in	 symptoms	 to	 fruits	 of	 the	
order	 Rosaceae	 (i.e.	 apple,	 pear,	 cherry	 and	 apricot).	 Other	
plant-derived	foods	that	contain	homologous	proteins	include	
peanut,	 hazelnut	 and	 soy,	 foods	 that	 also	 trigger	 classic	 IgE-
mediated	food	allergies.

Profilin	is	a	second	category	of	proteins	involved	in	mediat-
ing	 OAS.14	 The	 birch	 tree	 pollen	 Bet	 v	 2	 is	 a	 profilin	 protein.	
Although	 Bet	 v	 2	 is	 reported	 to	 be	 responsible	 for	 a	 broader	
spectrum	of	cross-reactivity	than	Bet	v	1,15	this	broad	sensitiza-
tion	is	not	always	correlated	with	clinical	reactivity.16

Cross-reactive	 carbohydrate	 determinants	 (CCDs)	 are	 a	
group	 of	 high	 molecular	 weight	 allergens	 (45–60	kDa)	 con-
tained	 in	 various	 pollens	 and	 foods17	 that	 are	 highly	 cross-
reactive	IgE-binding	structures.18	In	vitro	studies	show	that	30%	
to	40%	of	pollen-allergic	 individuals	have	specific	IgE	against	
CCDs,19	but	their	role	in	OAS	remains	less	clear.

As	more	is	learned	about	plant	proteins	involved	in	trigger-
ing	 IgE-mediated	 reactions	 to	 foods,	 a	 broader	 term,	 pollen	
food	allergy	syndrome	(PFAS),	has	been	coined.	Plant-related	
proteins	not	only	trigger	localized	symptoms	seen	in	OAS,	but	
also	 systemic	 symptoms.	 Thus,	 PFAS	 is	 used	 to	 describe	 the	
wide	 spectrum	 of	 symptoms,	 ranging	 from	 localized	 oropha-
ryngeal	 to	 systemic	 symptoms,	 that	 can	 result	 from	 plant-
derived	foods.

Lipid	 transfer	 proteins	 (LTPs),	 belonging	 to	 the	 PR-14	
family,20	 are	 major	 allergens	 involved	 in	 systemic	 reactions	 to	



410	 SECTION G Food Allergy

CELERIAC-MUGWORT-SPICE SYNDROME

Celeriac	(also	known	as	turnip-rooted	or	knob	celery)	contains	
Bet	v	1	homologs	that	can	trigger	OAS	in	birch	endemic	areas.	
However,	 celeriac	 allergy	 has	 also	 been	 reported	 in	 birch-free	
areas;	in	these	cases,	mugwort	pollen	allergens	are	the	primary	
sensitizers.14,35	 Unlike	 individuals	 with	 celeriac-birch	 allergy	
who	 generally	 have	 undetectable	 IgE	 levels	 to	 celery,	 those	
affected	by	celeriac-mugwort	syndrome	often	have	elevated	IgE	
levels	to	cooked	and	uncooked	celeriac,	supporting	the	finding	
that	 different	 allergens	 are	 involved	 in	 these	 two	 groups.36	
In	 these	 individuals	who	react	 to	cooked	celeriac	 the	 relevant	
allergens	have	been	identified	to	be	profilins	and	cross-reactive	
carbohydrate	 determinants.37,38	 Other	 foods	 in	 the	 Apiaceae	
family	 that	 may	 trigger	 similar	 symptoms	 include	 carrot,	
caraway,	 parsley,	 fennel,	 coriander,	 fenugreek,	 cumin,	 dill	 and	
aniseed.14,39,40

RAGWEED-MELON-BANANA ASSOCIATION

Many	ragweed	allergic	patients	have	detectable	 IgE	 to	at	 least	
one	 member	 of	 the	 gourd	 family	 Cucurbitaceae	 (e.g.	 water-
melon,	cantaloupe,	honeydew,	zucchini,	cucumber).41	The	rel-
evant	 allergen	 in	 these	 cases	 is	 profilin;14	 thus,	 symptoms	 are	
usually	 limited	 to	 the	 oropharyngeal	 areas.	 Banana	 also	 has	
homologous	 proteins	 and	 can	 trigger	 similar	 symptoms	 in	
ragweed	 allergic	 individuals.42	 Although	 these	 symptoms	 are	
often	mild,	reports	of	systemic	reactions	to	melon	range	from	
11%	to	20%,43,44	 suggesting	 that	more	stable	allergens	such	as	
LTPs	may	be	involved	at	least	for	some.	Moreover,	individuals	
with	 ragweed-melon-banana	 association	 have	 higher	 rates	 of	
asthma	than	pollen-allergic	individuals	without	melon	allergy,	
further	 lending	support	 for	a	more	severe	phenotype	 in	these	
individuals.43

LIPID TRANSFER PROTEIN SYNDROME

Allergies	to	plant-derived	foods	can	occur	in	individuals	without	
associated	pollen	allergies.45	LTPs	act	as	the	primary	sensitizer	
for	individuals	with	allergies	to	fruits	and/or	vegetables	but	no	
reported	 symptoms	of	 allergic	 rhinitis	 and	negative	 skin	 tests	
to	pollens,46,47	particularly	in	Mediterranean	areas.48–50	Affected	
individuals	have	significantly	higher	rates	of	systemic	reactions	
(82%	 vs	 45%),	 including	 anaphylaxis	 (73%	 vs	 18%),	 less	 fre-
quent	oral	symptoms	(64%	vs	91%)	and	later	onset	of	symp-
toms	to	plant-derived	foods	(19	years	of	age	vs	~12	years)	when	
compared	to	those	who	have	concurrent	pollen	allergy.	Further-
more,	those	without	pollen	allergy	have	symptoms	primarily	to	
the	 fruits	 of	 the	 order	 Rosaceae,	 whereas	 those	 with	 pollen	
allergy	 tend	 to	 have	 more	 diverse	 sensitizations	 to	 different	
families	of	fruits,	resulting	in	symptoms	to	a	greater	number	of	
foods	 in	 general.	 While	 the	 nonpollen	 allergic	 group	 have	 a	
higher	rate	of	systemic	reactions,	the	risk	of	asthma	is	reported	
to	be	higher	in	those	who	have	concurrent	pollen	allergy.14

The	stability	of	LTPs	in	the	acidic	and	proteolytic	conditions	
of	the	gastrointestinal	tract	as	well	as	their	resistance	to	heating51	
are	 important	 factors	 contributing	 to	 the	 higher	 rates	 of	 sys-
temic	reactions	reported	for	this	syndrome	as	compared	to	the	
birch-fruit-vegetable	 syndrome.	 Data	 also	 suggest	 that	 LTPs	
may	sensitize	via	the	gastrointestinal	route52	in	addition	to	the	
respiratory	 route;53	 thus,	 LTP	 may	 be	 considered	 to	 be	 a	 true	
food	allergen.

plant-related	 foods	 that	 occur	 in	 individuals	 without	 pollen	
allergies.	Unlike	the	PR-10	proteins	and	profilin,	LTPs	are	not	
susceptible	 to	 heat21	 and	 gastric	 digestion.22	 LTPs	 have	 been	
identified	in	a	wide	variety	of	foods,	including	Rosacea	fruits	as	
well	 as	other	unrelated	plant-derived	 foods	 (i.e.	peanut,	 corn,	
asparagus,	grape,	lettuce,	sunflower	seeds).12,23,24

Pollen-Food Associations/Syndromes
Several	 associations	 and	 syndromes	 have	 been	 described		
(Table	46-1).

BIRCH-FRUIT-VEGETABLE SYNDROME

Many	 individuals	 with	 birch	 pollen	 allergy	 report	 symptoms	
when	 ingesting	 foods	 belonging	 to	 the	 order	 Rosaceae	 (e.g.	
apple,	pear,	peach).	The	major	birch	tree	pollen	allergen,	Bet	v	
1,	accounts	for	most	of	this	cross-reactivity.25	There	is	high	vari-
ability	in	prevalence	of	birch-fruit-vegetable	syndrome	depend-
ing	on	geographic	location,	with	higher	rates	in	birch	endemic	
areas.	 Birch	 trees	 are	 more	 common	 in	 northern	 and	 central	
Europe	 and	 higher	 rates	 of	 OAS	 to	 apple	 are	 reported	 in	
Denmark	(34%	of	birch	pollen	allergic	patients)	as	compared	
to	Italy	(9%	of	birch	pollen	allergic	patients).26,27	Although	birch	
trees	are	not	as	common	outside	the	northeastern	states	in	the	
USA,	 there	 is	 a	 high	 degree	 of	 homology	 among	 trees	 of	 the	
Fagales	order	(e.g.	birch,	oak,	walnut,	beech,	alder,	hazel).	Thus,	
a	 very	 high	 rate	 of	 OAS	 is	 seen	 in	 the	 USA,	 with	 one	 study	
reporting	that	75.9%	of	birch	pollen	allergic	patients	had	clini-
cal	symptoms	from	exposure	to	apple.28

Bet	v	1-related	proteins	have	also	been	identified	in	peanut,29	
hazelnut30	 and	 soy.31	 Individuals	 sensitized	 to	 the	 Bet	 v	
1-homologs	 in	 these	 foods	often	have	no	 symptoms	or	 local-
ized,	 transient	 symptoms	 with	 ingestion,	 despite	 having		
detectable	 IgE	 levels	 to	 these	 foods.	 In	 recent	 years,	 there	 is	
improved	understanding	and	new	technology	that	allows	iden-
tification	 of	 the	 relevant	 allergenic	 proteins	 for	 individuals		
in	order	to	distinguish	between	those	who	have	IgE	to	the	major	
allergens	 of	 peanut	 (Ara	 h	 1,	 2,	 3)	 and	 who	 are	 more	 likely		
to	have	systemic	reactions,	versus	those	who	have	elevated	IgE	
to	the	birch	pollen	homologous	protein	(Ara	h	8)	who	have	a	
high	 chance	 of	 tolerance.32	 Similar	 work	 has	 been	 done	 for	
hazelnut33	and	soy.31,34

Associations
Examples of Foods That  
may Trigger Symptoms

Birch-fruit-vegetable syndrome Apple, pear, peach, almond, 
hazelnut, peanut, soy

Celeriac-mugwort-spice 
syndrome

Carrot, caraway, parsley, 
fennel, coriander, 
fenugreek, cumin, dill, 
aniseed

Ragweed-melon-banana 
association

Banana, cantaloupe, 
honeydew, watermelon, 
cucumber, zucchini

Lipid transfer protein (LTP) 
syndrome

Peach, apple, hazelnut, 
peanut

Latex-fruit syndrome Avocado, banana, chestnut, 
potato, tomato

TABLE 
46-1 Pollen-Food Associations
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OAS,	commercial	extracts	used	for	SPTs	may	not	contain	all	the	
relevant	 allergens	 and/or	 may	 have	 low	 potency	 for	 the	 heat	
labile	allergens	as	a	result	of	extract	processing.	Proteases	con-
tained	in	fruits	can	significantly	affect	potency	as	well.	For	pine-
apple,	bromelain	destroys	profilin	in	extracts	prepared	without	
protease	inhibitors.62

Although	not	technically	standardized,	using	fresh	fruits	and	
vegetables	 for	 SPTs	 generally	 has	 improved	 diagnostic	 utility	
compared	to	commercial	extracts.	In	one	study	of	36	grass	and/
or	 birch	 pollen	 allergic	 individuals,	 SPTs	 with	 fresh	 hazelnut,	
apple	and	melon	had	high	sensitivity	(89–97%)	and	specificity	
(>70%).	The	negative	predictive	value	was	>90%,	but	the	posi-
tive	predictive	value	was	more	variable,	 ranging	 from	50%	to	
85%.63	 Since	 it	 is	 not	 always	 possible	 to	 have	 fresh	 fruits	 and	
vegetables	available	for	SPTs,	use	of	frozen	fruits	is	an	acceptable	
alternative	as	freezing	does	not	alter	the	antigenic	properties	of	
fresh	fruits.64

Several	other	factors	can	significantly	affect	the	sensitivity	of	
fresh	food	SPTs.	Allergenicity	increases	with	ripening	in	several	
foods,	 including	 banana65	 and	 peach.66	 Time	 of	 storage	 and	
storage	conditions	can	further	influence	allergenicity.	The	apple	
allergen,	Mal	d	1,	has	been	shown	to	increase	significantly	with	
storage.67	Differing	levels	of	allergen	are	also	noted	among	dif-
ferent	 cultivars.	 For	 example,	 high	 variations	 in	 Mal	 d	 1	 and	
LTP	content	are	found	across	different	apple	cultivars.68,69

Measurement	of	sIgE	may	also	be	used	to	support	the	diag-
nosis	of	OAS.	 In	a	 study	of	patients	with	a	 clinical	history	of	
OAS	 to	 melons,	 the	 positive	 predictive	 value	 was	 comparable	
for	 sIgE	 (ImmunoCAP®;	 Thermo	 Fisher	 Scientific,	 Waltham,	
MA,	USA)	and	fresh	food	SPT	(44%	for	sIgE	vs	42%	for	SPT),	
and	a	slightly	higher	negative	predictive	value	was	observed	for	
fresh	food	SPT	(77%	SPT	vs	70%	sIgE).44	Similar	to	SPTs,	the	
utility	of	sIgE	measurement	varies	for	different	food	allergens.

With	advances	in	the	identification	and	characterization	of	
relevant	 allergens,	 recombinant	 proteins	 for	 the	 detection	 of	
sIgE	are	increasingly	being	used	for	food	allergy	diagnostic	pur-
poses.	 While	 component	 resolved	 diagnosis	 (CRD)	 has	 been	
shown	to	be	useful	to	distinguish	between	phenotypes	of	allergy	
for	 some	 foods	such	as	peanut	and	hazelnut,32,33	 the	utility	of	
CRD	for	other	plant-derived	 food	allergies	 is	variable.	 In	one	
study	of	 individuals	with	birch	pollen	allergies,	CRD	was	not	
shown	 to	 have	 added	 diagnostic	 utility	 in	 predicting	 clinical	
reactivity	to	raw	fruits	and	vegetables.70	Another	group	reported	
improved	sensitivity	of	CRD	with	individual	celeriac	allergens	
compared	with	extract-based	ImmunoCAP	diagnosis	(88%	for	
CRD	vs	67%	for	extract).71	However,	 sIgE	 levels	 to	 individual	
allergens	or	extract	did	not	predict	severity	of	reactions	to	cele-
riac.	Similarly,	while	some	studies	note	the	value	of	measuring	
sIgE	to	individual	peach	proteins	for	characterization	of	peach	
reactions,72,73	these	levels	were	not	predictive	of	systemic	symp-
toms.74	Further	studies	are	needed	to	determine	the	role	of	CRD	
in	the	diagnosis	of	OAS.

Since	SPT	and	sIgE	results	do	not	always	correlate	with	clini-
cal	 reactivity,	double-blind,	placebo-controlled	 food	challenge	
remains	 the	 gold	 standard	 for	 food	 allergy	 diagnosis.	 While	
standardized	 protocols	 are	 established	 for	 challenges	 to	 food	
allergens	that	are	the	primary	sensitizer,	there	are	currently	no	
standardized	protocols	for	diagnosing	OAS.	Adequate	blinding	
of	fresh	foods	is	also	a	challenge.	In	many	cases,	a	convincing	
history	is	sufficient	to	diagnose	OAS;	Anhoej	et	al	reported	high	
sensitivity	 and	 specificity	 of	 case	 histories	 in	 predicting	 chal-
lenge	outcome	for	apple	and	melon.63

LATEX-FRUIT SYNDROME

Significant	cross-reactivity	between	latex	and	various	fruits	has	
been	demonstrated,	with	reports	of	up	to	88%	of	latex	allergic	
adults	having	evidence	of	specific	IgE	to	plant-derived	foods.54,55	
While	 a	 high	 degree	 of	 immunologic	 cross-reactivity	 exists	
between	latex	and	plant	food	allergens,	the	clinical	significance	
appears	to	be	much	lower.	In	a	German	study	of	136	adults	with	
latex	allergy,	42.5%	reported	symptoms	with	fruit	ingestion,	but	
only	32.1%	of	those	reporting	symptoms	had	detectable	fruit-
specific	 IgE.56	 In	 another	 study	 that	 included	 57	 fruit-allergic	
individuals,	86%	were	sensitized	to	latex,	but	only	10.5%	(6	of	
57)	had	clinically	relevant	latex	allergy.57

Primary	 sensitization	 to	 latex	occurs	 via	 inhalation.	Latex-
fruit	syndrome	can	manifest	with	only	localized	oral	symptoms	
or	trigger	systemic	reactions.58	The	diversity	of	symptoms	is	due	
to	the	variety	of	latex	allergens	that	have	been	identified,	includ-
ing	profilins	(Hev	b	8)	as	well	as	more	stable	allergens	such	as	
hevein.13	 A	 major	 allergen	 that	 belongs	 to	 the	 PR-3	 protein	
family,	Hev	b	11,	retains	its	IgE-binding	epitopes	even	after	the	
allergen	is	extensively	degraded	in	simulated	gastric	fluid.59

Diagnosis
The	 most	 important	 aspect	 of	 food	 allergy	 diagnosis	 is	 the	
history.	Since	allergic	reactions	to	plant-derived	foods	may	be	
due	to	either	primary	sensitization	from	a	major	food	allergen	
or	to	a	secondary	phenomenon	with	pollens	being	the	primary	
sensitizer,	documentation	of	 the	onset	and	 type	of	 symptoms	
can	 be	 very	 informative	 for	 characterizing	 and	 managing	 the	
allergy.	OAS	symptoms	are	generally	mild,	with	localized	oro-
pharyngeal	 symptoms	 such	as	 lip/mouth	 itching	and	 swelling	
that	develop	acutely	with	exposure;	however,	systemic	reactions,	
including	anaphylaxis,	can	occur	as	well	(Table	46-2).60	Severity	
of	 symptoms	 can	 have	 seasonal	 variations	 with	 worsening	
during	the	pollen	season.	In	one	study	of	159	individuals	with	
birch	pollen	allergy	and	food-related	symptoms,	44%	reported	
worsening	of	their	symptoms	during	the	birch	pollen	season.8	
This	is	believed	to	be	a	result	of	up-regulation	of	birch	pollen	
(Bet	 v	 1	 and	 2)-specific	 IgE	 due	 to	 the	 seasonal	 pollen	
exposure.61

The	utility	of	skin	prick	tests	(SPTs)	and	serum	specific	IgE	
levels	(sIgEs)	for	the	diagnosis	of	OAS	is	variable	depending	on	
the	 food	 allergen	 in	 question.	 In	 general,	 SPTs	 and	 sIgEs	 are	
poor	predictors	for	clinical	reactivity	to	foods.	In	particular	for	

Localized, oropharyngeal symptoms:
Lip/mouth swelling
Lip/mouth/throat itching
Laryngeal edema

Systemic symptoms:
Cutaneous – urticaria, angioedema
Ocular – conjunctivitis
Upper respiratory tract – rhinorrhea, congestion
Lower respiratory tract – wheezing
Gastrointestinal – abdominal pain, cramps, nausea, vomiting, 

diarrhea
Anaphylaxis

TABLE 
46-2 

Clinical Manifestations of Oral Allergy 
Syndrome (OAS)/Pollen Food Allergy 
Syndrome (PFAS)
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Several	 small	 studies	 have	 demonstrated	 reductions	 in	 oral	
symptoms	in	over	half	of	subjects	receiving	immunotherapy	to	
pollens	for	the	treatment	of	OAS;	however,	 these	studies	were	
limited	 by	 the	 lack	 of	 objective	 outcome	 measures	 and/or	
placebo	controls.85–88	Other	 studies	have	 shown	no	 significant	
benefit	of	 immunotherapy	(subcutaneous,	oral	or	 sublingual)	
for	OAS.88–90	Immunotherapy	using	specific	food	allergens	has	
also	 been	 explored,	 but	 relapse	 of	 symptoms	 occurs	 quickly	
after	discontinuation	immunotherapy.80	Moreover,	a	case	report	
of	OAS	developing	after	a	patient	started	on	birch	pollen	sub-
lingual	therapy	has	been	published.91	Therefore,	immunother-
apy	remains	an	unproven	approach	for	treating	OAS.

Conclusions
Oral	 allergy	 syndrome	 (pollen	 food	 allergy	 syndrome)	 is	 a	
common	food	allergy	that	occurs	as	a	result	of	cross-reactivities	
between	plant	pollens	and	proteins	 in	plant-derived	foods.	As	
more	understanding	of	relevant	allergens	is	gained,	advances	in	
diagnosis	and	management	may	be	possible.

Management
Since	consensus	guidelines	for	the	management	of	OAS	do	not	
exist,	management	of	OAS	is	highly	variable	among	practicing	
physicians.75	In	a	survey	of	US	allergists,	responses	ranged	from	
advising	 avoidance	 of	 only	 the	 offending	 fruits	 or	 vegetables		
to	 recommending	 elimination	 of	 entire	 botanical	 families	 of	
foods.	 It	 is	 important	 to	 note	 that	 clinical	 reactivity	 to	 one	
member	of	 a	botanical	 family	does	not	 guarantee	 that	 symp-
toms	will	occur	to	all	foods	in	a	botanical	family.	In	one	study	
of	23	individuals	with	OAS	to	peach,	63%	reported	symptoms	
to	more	than	one	Prunoideae	fruit,76	and	another	study	of	26	
individuals	with	fruit	allergy	reported	that	46%	had	reactions	
to	more	than	one	Rosaceae	fruit.77	Thus,	elimination	of	entire	
botanical	families	is	not	necessary	and	will	be	overly	restrictive	
for	many	affected	individuals.

As	previously	stated,	allergenicity	can	vary	between	different	
cultivars	of	fruits.68,69	Therefore,	choosing	lower	allergenic	cul-
tivars	may	reduce	symptoms	for	some.	In	addition,	the	distribu-
tion	 of	 allergen	 is	 not	 uniform	 throughout	 the	 fruit.	 Much	
higher	 concentrations	 of	 LTP	 are	 found	 in	 the	 skin	 of	 apples	
and	peaches	compared	 to	 the	pulp.78	 In	one	small	 study,	over	
40%	of	individuals	with	allergies	to	apple	and	pear	were	able	to	
tolerate	 the	 flesh,	 but	 had	 symptoms	 upon	 ingestion	 of	 the	
whole	fruit.79

When	heat-labile	proteins	are	the	main	elicitor	of	symptoms,	
heating	or	cooking	the	fruits	and	vegetables	denatures	the	rel-
evant	proteins,	which	allows	affected	 individuals	 to	 ingest	 the	
foods	 without	 incurring	 symptoms.	 For	 foods	 that	 are	 more	
typically	eaten	in	the	uncooked	form	(e.g.	apples),	brief	heating	
in	the	microwave	can	sufficiently	denature	the	Bet	v	1-homolog	
while	 maintaining	 the	 integrity	 of	 the	 fruit.	 A	 recent	 study	
showed	 that	 continuous	 consumption	 may	 be	 of	 benefit	 for	
OAS	triggered	by	apple;	frequent	consumption	was	associated	
with	reductions	in	OAS	symptoms.80	This	has	not	been	explored	
in	controlled	trials	or	reported	for	other	foods.

Since	plant-derived	foods	can	also	trigger	systemic	reactions,	
prescription	of	self-injectable	epinephrine	and	education	on	the	
management	of	severe	reactions	is	advisable.	A	study	of	Spanish	
children	 with	 peach	 allergy	 found	 that	 28%	 reported	 having	
severe	 reactions	 that	 required	 treatment	 with	 epinephrine.81	
Factors	 identified	 to	 increase	 an	 individual’s	 risk	 for	 systemic	
reactions	 include	 prior	 history	 of	 a	 systemic	 reaction	 to	 the	
food,	reaction	to	cooked	forms	of	the	food,20,37	positive	SPT	to	
the	commercial	food	extract,82	lack	of	pollen	sensitization45	and	
sensitization	 to	 LTP.83	 Additionally,	 concurrent	 atopic	 condi-
tions	 and	 medications	 are	 important	 details	 to	 consider.	 For	
example,	individuals	taking	daily	antihistamines	for	allergic	rhi-
nitis	 may	 not	 notice	 early,	 mild	 OAS	 symptoms,	 leading	 to	
increased	consumption	of	the	triggering	foods	and	thus	increas-
ing	the	risk	of	systemic	symptoms.84

IMMUNOTHERAPY

Immunotherapy	has	been	explored	for	the	treatment	of	OAS	as	
it	has	proven	 to	be	an	effective	 treatment	 for	allergic	 rhinitis.	

KEY CONCEPTS FOR OAS

CHARACTERISTICS

• Patients sensitized to multiple pollens or who have had a 
longer duration of allergic rhinitis are at higher risk for OAS.

• OAS symptoms are generally mild, with localized oropharyn-
geal symptoms such as lip/mouth itching and swelling.

• Systemic reactions can occur as well; anaphylaxis can occur in 
2% of cases.

• Seasonal variations for OAS have been observed, with some 
reporting worsening of symptoms during the pollen season.

DIAGNOSIS

• History is the most important aspect of OAS diagnosis.
• While SPT and measurement of sIgE levels can identify the 

pollens that are triggering allergic rhinitis, SPT and sIgE are 
less reliable for identifying the triggering foods for OAS.

• SPT with fresh fruits and vegetables correlate better with 
clinical symptoms when compared to commercial extracts; 
however, this is not standardized.

• Double-blind, placebo-controlled food challenge remains the 
gold standard for food allergy diagnosis.

MANAGEMENT

• Symptoms elicited by one food do not necessarily predict 
symptoms elicited by all members within a botanical family; 
thus, patients are advised to avoid only the fruits and/or 
vegetables that trigger symptoms.

• When heat-labile proteins are the main elicitor of symptoms, 
heating the food allergens denatures the relevant protein(s), 
allowing symptom-free consumption.

• Since OAS can lead to systemic reactions and anaphylaxis in 
some cases, it is important for patients to be knowledgeable 
about the identification and treatment of systemic reactions, 
including indications for self-injectable epinephrine.

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

http://www.expertconsult.inkling.com
http://www.expertconsult.inkling.com
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KEY POINTS

• About one third of children with moderate to severe 
atopic dermatitis (AD) are affected by food 
hypersensitivity.

• A food allergy evaluation should be considered in chil-
dren with moderate to severe AD.

• Egg allergy is the most common food hypersensitivity 
in children with AD; milk, eggs and peanuts generally 
cause more than 75% of the IgE-mediated reactions.

• Appropriate diagnosis of food allergy and elimination 
of the responsible food allergen lead to significant clear-
ing of eczematous lesions in the majority of children with 
AD and food hypersensitivity.

• Infants with AD and egg allergy are at high risk for 
developing respiratory allergy and asthma.

Introduction
Atopic dermatitis (AD) is a complex, chronic disorder that has 
been referred to as ‘the itch that rashes’. The origin of AD is 
multifactorial, including many commonly encountered triggers. 
In 1892 Besnier1 used the term ‘neurodermatitis’ to describe a 
chronic, pruritic skin condition seen in patients with a nervous 
disorder. In the early 1900s, Coca and Cooke2 noted the occur-
rence of a similar disorder with asthma and hay fever, and used 
the term ‘atopy’ to refer to the constellation of these allergic 
diseases. The term ‘atopic dermatitis’ was then coined by Wise 
and Sulzberger3 in 1933 to comprehensively describe this inher-
itable skin disorder. Since its earliest description, AD has had 
one primary feature: intense pruritus triggered by a variety of 
stimuli. In this chapter, we review how the ingestion of specific 
foods can trigger the condition of AD.

A strong correlation exists between AD and other atopic 
conditions, and AD is often the first manifestation of the ‘atopic 
march’. Approximately 50% of patients with AD develop it in 
the first year of life, and as many as 50% to 80% of children 
with AD will develop allergic respiratory disease later in life.4 
Because of these early historical observations, investigators have 
explored the role of various allergens as triggers for the patho-
genesis of AD (Box 47-1).

Food allergy has been strongly correlated with the develop-
ment and persistence of AD, especially during infancy and early 
childhood. The skin is the site that is most often involved in 
food hypersensitivity reactions. For most skin manifestations of 
food hypersensitivity, pruritus is a hallmark of the disease. As 
depicted in Figure 47-1, the earlier the onset and the more 

severe the AD, the more likely it is that the child will develop 
food allergies.5

Pathophysiology
In the early 20th century, Schloss,6 Talbot7 and Blackfan8 pub-
lished case reports of patients who had improvement in their 
AD after removing specific foods from their diets. Subsequent 
conflicting reports spurred controversy related to the role of 
specific food allergens in the pathogenesis of AD.9 This contro-
versy has continued into the 21st century, although there is now 
significant laboratory and clinical evidence that would suggest 
the debate is no longer valid. Factors important in the patho-
physiology of AD include barrier function, innate and adaptive 
immune responses and genetics, all of which have some rela-
tionship to allergen exposure.10,11 Studies have demonstrated 
that allergen-induced, IgE-mediated mast cell activation has, as 
its end product, hypersensitivity reactions characterized by 
tissue (i.e. skin) infiltration of eosinophils, monocytes and 
lymphocytes.10–12 The pattern of cytokine and chemokine 
expression found in lymphocytes infiltrating acute AD lesions 
is predominantly that of the T helper cell type 2 (Th2) (inter-
leukin [IL]-4, IL-5, and IL-13).13,14 In addition, these cytokines 
promote influx of activated eosinophils and release of eosino-
phil products.13–16 Epidermal, myeloid-derived dendritic cells 
express high-affinity IgE receptors (FcεRI) that bind IgE and 
are noted in biopsy tissue from inflamed AD skin. These cells 
take up and present allergens to Th1, Th2 and T regulatory cells, 
all of which are important in AD.10 In addition, IgE-bearing 
Langerhans cells that are up-regulated by cytokines are highly 
efficient at presenting allergens to T cells, activating a combined 
Th1/Th2 profile in chronic lesions. Thus, it appears that IgE 
antibody and the Th2 cytokine/chemokine milieu combine to 
play a major role in AD.

Several articles have speculated on the role of food-specific 
T cells in the pathophysiology of AD and have used the atopic 
patch test (APT) to provide further information.17–21 In some 
patients who may have a delayed response to foods, authors 
hypothesize that the reactions may occur via high-affinity IgE 
receptors expressed on Langerhans and dendritic cells leading 
to allergen-specific T cell responses capable of promoting IgE 
production and delayed-type hypersensitivity reactions.

Genetic mutations resulting in clinical disease have provided 
additional insight into the potential relationship of AD and 
food allergy. Two disorders provide particularly compelling 
information. IPEX (immune dysregulation, polyendocrinopa-
thy, enteropathy, X-linked) is a fatal disorder characterized by 
autoimmune enteropathy, endocrinopathy, severe dermatitis, 
elevated serum IgE and multiple food allergies.22 IPEX syn-
drome results from a mutation in FOXP3, a protein that plays 
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Laboratory Investigation
Several studies support a role for food-specific IgE antibodies 
in the pathogenesis of AD. Many patients have elevated concen-
trations of total IgE and food-specific IgE antibodies.26,27 More 
than 50 years ago, Wilson and Walzer28,29 demonstrated that the 
ingestion of foods would allow antigens to penetrate the gas-
trointestinal barrier and then be transported in the circulation 
to IgE-bearing mast cells in the skin. Additional investigations 
have shown that in children with food-specific IgE antibodies 
undergoing oral food challenges, positive challenges are accom-
panied by increases in plasma histamine concentration,30 elabo-
ration of eosinophil products31 and activation of plasma 
eosinophils32 (Box 47-2).

Children with AD who were chronically ingesting foods to 
which they were allergic were found to have increased ‘sponta-
neous’ basophil histamine release (SBHR) from peripheral 
blood basophils in vitro compared with children without food 
allergy or normal subjects.33 After placement on the appropriate 
elimination diet, food-allergic children experienced significant 
clearing of their skin and a significant fall in their SBHR.33 
Other studies have shown that peripheral blood mononuclear 
cells from food-allergic patients with high SBHR elaborate spe-
cific cytokines termed histamine-releasing factors (HRFs) that 
activate basophils from food-sensitive, but not food-insensitive, 
patients. Furthermore, passive sensitization experiments in 
vitro with basophils from nonatopic donors and IgE from 
patients allergic to specific foods showed that basophils could 
be rendered sensitive to HRFs.33

Food allergen-specific T cells have been cloned from normal 
skin and active skin lesions in patients with AD.34,35 There has 
been some disagreement in the literature about the validity of 
in vitro lymphocyte proliferation responses to specific foods in 
this disorder. There appears to be an increase in antigen-specific 
lymphocyte proliferation, but there is considerable overlap in 
individual responses with that seen in normal individuals. 
Cutaneous lymphocyte associated antigen (CLA) is a homing 
molecule that interacts with E-selectin and directs T cells to the 
skin. A study compared patients with milk-induced AD to 
control subjects with milk-induced gastrointestinal reactions 
without AD and with nonatopic control subjects.34 Casein-
reactive T cells from children with milk-induced AD had a 
significantly higher expression of CLA than Candida albicans 
reactive T cells from the same patients and either casein or C. 
albicans reactive T cells from the control groups.34

Figure 47-1  The prevalence of infants allergic to foods (peanut, egg, 
sesame)  is  correlated with  the age of diagnosis of eczema and  treat-
ment required for eczema. Infants diagnosed at a younger age and with 
increased  severity  of  eczema  had  higher  prevalence  of  food  allergy. 
(From Martin PE & The HealthNuts Study Investigators. Clin Exp Allergy 
2015;45(1):255–64.
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BOX 47-1 ALLERGIC TRIGGERS OF ATOPIC 
DERMATITIS

FOOD ALLERGENS (MOST COMMON)

Milk
Eggs
Peanuts
Soy
Wheat
Shellfish
Fish

AEROALLERGENS

Pollen
Mold
Dust mite
Animal dander
Cockroach

MICROORGANISMS

Bacteria
Staphylococcus aureus
Streptococcus species

Fungi/yeasts
Pityrosporum ovale/orbiculare
Trichophytan species
Other yeast species (e.g. Candida, Malassezia)

a central role in the generation of regulatory T cells that are 
important for balance between oral tolerance and food allergy 
development. Similarly, mutations in the SPINK5 gene have 
been associated with Netherton syndrome, an autosomal reces-
sive disorder characterized by an AD-like rash and associated 
Th2 skewing and increased IgE levels. Japanese investigators 
have also found an association of SPINK5 mutations in children 
with AD and food allergy.23 More recently, a significant associa-
tion has been found between loss-of-function mutations of 
filaggrin, a key epidermal protein for maintaining the barrier 
function of the skin, and food allergy.24,25

BOX 47-2 LABORATORY INVESTIGATION OF 
ATOPIC DERMATITIS AND FOOD 
HYPERSENSITIVITY

Positive food challenges produce increases in:
Plasma histamine concentrations
Activation of plasma eosinophils and eosinophil products

Patients ingesting foods to which they are allergic have:
Increased spontaneous basophil histamine release
Histamine-releasing factors that activate basophils from food-

sensitive patients
Patients with milk allergy have:

Higher expression of milk-specific activated cutaneous lym-
phocyte antigen

Patients with milk and peanut allergy (or food allergy?) have:
Differential patterns of expression of IgE binding epitopes 

that add insight into prognosis
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was confirmed by oral challenge, and 55 children who were 
allergic to egg were ultimately identified. There was a significant 
decrease in the skin area affected in the children avoiding eggs 
compared with the control subjects (percent involvement, 
19.6% to 10.9% vs 21.9% to 18.9%). There was also a significant 
improvement in symptom score (P = .04) for the children 
avoiding eggs.

Oral food challenges have been used to demonstrate that 
food allergens can induce symptoms of rash and pruritus in 
children with food allergy-related AD. Sampson and col-
leagues45,47,48 and Eigenmann and colleagues49 published a 
number of articles using DBPCFCs to identify causal food pro-
teins that are involved as trigger factors of AD. In studies during 
the past 25 years, Sampson and colleagues have conducted more 
than 4,000 oral food challenges with greater than 40% of the 
challenges resulting in reaction (personal communication). 
These studies showed that cutaneous reactions occurred in 75% 
of the positive challenges, generally consisting of pruritic, mor-
billiform or macular eruptions in the predilection sites for AD. 
Isolated skin symptoms were seen in only 30% of the reactions; 
gastrointestinal (50%) and respiratory (45%) reactions also 
occurred. Almost all reactions occurred within the first hour of 
beginning the oral challenges. Clinical reactions to egg, milk, 
wheat and soy accounted for almost 75% of the reactions. Some 
patients had repeated reactions during a series of daily chal-
lenges and had increasingly severe AD, further showing that 
ingestion of the causal food protein can trigger pruritus and 
scratching with recrudescence of typical lesions of AD.

Subsequent studies confirmed that a limited number of 
foods cause clinical symptoms in younger patients with AD.50,51 
Milk, eggs and peanuts generally cause more than 75% of the 
IgE-mediated reactions. If soy, wheat, fish and tree nuts were 
added to this list of foods, more than 98% of the foods that 
cause clinical symptoms would be identified.

Prevention
Longitudinal studies have been conducted in general population 
birth cohorts and cohorts of high-risk infants to determine the 
role of breastfeeding, maternal diet restriction during pregnancy 
and lactation, the use of hydrolyzed formulas and delayed food 
introduction on development of AD and other atopic diseases. 
These studies led to new recommendations for early nutritional 
interventions by the American Academy of Pediatrics in 2008.52 
A meta-analysis determined that exclusive breastfeeding during 
the first 3 months of life is associated with lower incidence rates 
of AD during childhood in children with a family history of 
atopy.53 The authors concluded that breastfeeding should be 
strongly recommended to mothers of infants with a family 
history of atopy as a possible means of preventing AD.

In two series, infants from atopic families whose mothers 
excluded eggs, milk and fish from their diets during lactation 
(prophylaxis group) had significantly less AD and food allergy 
compared at 18 months with those infants whose mothers’ diets 
were unrestricted.54,55 Follow-up at 4 years showed that the pro-
phylaxis group had less AD, but there was no difference in food 
allergy or respiratory allergy.55 In a 2006 Cochrane review,56 the 
authors concluded that dietary avoidance of allergenic foods by 
lactating mothers of infants with AD may reduce the severity 
of the eczema, however larger trials are needed to confirm this.

In the German Infant Nutritional Intervention Study 
(GINI),57 2,252 healthy term infants were randomized to receive 

An alternative and emerging paradigm has been champi-
oned by several investigators: that sensitization to food allergens 
occurs due to cutaneous exposure to antigen, e.g. peanut protein 
in house dust, due to poor barrier function in the skin of AD 
patients.10,36 Lack and colleagues found an association between 
peanut allergy in preschool children with AD and increased 
exposure to peanut-based skin oils.37 Subsequent studies from 
the same group noted a dose-response effect between environ-
mental peanut exposure and the development of peanut 
allergy.38 These observations have led to the hypothesis that 
environmental exposure to allergens through skin of infants 
with AD is responsible for allergen sensitivity and allergic 
disease.36 Results using a murine model of filaggrin (FLG) defi-
ciency support the theory that skin barrier dysfunction and 
inflammation can lead to epicutaneous sensitization to food 
proteins, e.g. ovalbumin39 and peanut.40 Further research should 
elucidate the role of filaggrin in AD and food allergies as well 
as identify additional factors involved in skin barrier function 
since more than 50% of patients with moderate to severe AD 
do not have FLG mutations and 60% of all carriers of FLG-null 
alleles do not have AD.41

Clinical Studies
Multiple clinical studies have addressed the role of food allergy 
in AD. Investigators have shown that elimination of the relevant 
food allergen can lead to improvement in skin symptoms and 
that repeat challenges can lead to recurrence of symptoms.

A number of studies have addressed the therapeutic effect of 
dietary elimination in the treatment of AD. Atherton and col-
leagues42 reported that two thirds of children with AD between 
the ages of 2 and 8 years showed marked improvement during 
a double-blind, cross-over trial of milk and egg exclusion. 
However, there were problems in this study, including high 
dropout and exclusion rates, as well as confounding variables 
such as environmental factors and other triggers of AD. Another 
trial by Neild and colleagues43 was able to demonstrate improve-
ment in some patients during the milk and egg exclusion phase, 
but no significant difference was seen in 40 patients completing 
the cross-over trial. Juto and colleagues44 reported that approxi-
mately one third of AD patients had resolution of their rash and 
that one half improved on a highly restricted diet. The cumula-
tive results of these studies support the role for food allergy in 
the exacerbation of AD. Notably, most of the trials failed to 
control for confounding factors such as other trigger factors, as 
well as the placebo effect or observer bias.

In one of the original prospective follow-up studies, Sampson 
and Scanlon45 studied 34 patients with AD, of whom 17 had 
food allergy diagnosed by double-blind, placebo-controlled 
food challenges (DBPCFCs). These patients were placed on 
appropriate allergen elimination and experienced significant 
improvement in their clinical symptoms. At 1- to 2-year and 
3- to 4-year follow-ups, the subjects were compared with control 
subjects who did not have food allergy and to children with 
food allergy who were not compliant with their diet. Food-
allergic patients with appropriate dietary restriction demon-
strated highly significant improvement in their AD compared 
with the control groups.

Lever and colleagues46 performed a randomized controlled 
trial of egg elimination in young children with AD and a posi-
tive radioallergosorbent test (RAST) to eggs who presented to 
their dermatology clinic. At the end of this study, egg allergy 
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women who are breastfeeding infants at high risk for allergy, 
and in infants at high risk for allergy because studies have 
shown a benefit for the prevention of eczema.71

Epidemiology of Food Allergy  
in Atopic Dermatitis
The prevalence of food allergy in patients with AD varies with 
the age of the patient and severity of AD. In a study of 2,184 
Australian infants, investigators found that the earlier the age of 
onset of AD and the greater the severity of disease, the greater 
the frequency of associated high levels of food-specific IgE.72 
Lowe and colleagues73 also noted that, in some infants, sensitiza-
tion precedes and predicts the development of AD, while in 
others AD precedes and predicts the development of sensitiza-
tion. In a study of children with AD, Burks and colleagues50,51 
diagnosed food allergy in approximately 35% of 165 patients 
with AD referred to both university allergy and university der-
matology clinics. Many of the patients were referred to an aller-
gist, which might lead to an ascertainment bias favoring 
food-allergic subjects, so Eigenmann and colleagues49 addressed 
this potential bias by studying 63 unselected children with mod-
erate to severe AD who were referred to a university dermatolo-
gist. After an evaluation including oral food challenges, 37% of 
these patients were diagnosed with food allergy. In another 
study74 that evaluated more than 250 children with AD, investi-
gators noted that increased severity of AD in the younger 
patients was directly correlated with the presence of food allergy. 
Additional studies in adults with severe AD are relatively limited 
and have not shown a significant role for food allergy75 or success 
in reducing symptoms during trials of elimination diets.76

Diagnosis
GENERAL APPROACH

The diagnosis of food allergy in AD is complicated by several 
factors related to the disease: (1) the immediate response to 
ingestion of causal foods is down-regulated with repetitive 
ingestion, making obvious ‘cause and effect’ relations by history 
difficult to establish; (2) other environmental trigger factors 
(other allergens, irritants, infection) may play a role in the 
waxing and waning of the disease, obscuring the effect of dietary 
changes; and (3) patients have the ability to generate IgE to 
multiple allergens, many not associated with clinical symptoms, 
making diagnosis based solely on laboratory testing impossible 
(Box 47-3).

The National Institute of Allergy and Infectious Diseases 
(NIAID) guidelines for the diagnosis and management of food 
allergy suggest that a food allergy evaluation should be consid-
ered in children with moderate to severe AD.62 As outlined in 
Chapter 41, a careful medical history is essential in the diagnos-
tic work-up (Figure 47-2). For breastfed infants, a maternal 
dietary history is also helpful because of the passage of food 
proteins in breast milk. Selected foods are then evaluated by 
tests for specific IgE (e.g. prick skin test [PST], food-specific IgE 
tests), as reviewed in Chapter 41. A small number of foods 
account for more than 90% of reactions47,51,77 (Table 47-1). Food 
additives have been documented to cause flaring of AD, but 
with a much lower prevalence.78–80 Patients with AD will often 
have positive skin tests and/or food-specific IgE tests for several 

one of four blinded formulas during the first 4 months of life 
when breastfeeding was insufficient: partially (PHW) or exten-
sively hydrolyzed whey (EHW), extensively hydrolyzed casein 
(EHC) or cow’s milk (CM). These infants were followed for 6 
years for allergic manifestations. The study showed a long-term 
preventive effect of hydrolyzed infant formulas for AD until age 
6 years with the relative risk of a physician diagnosis of AD 
compared with CM of 0.79 (95% CI, 0.64–0.97) for PHW and 
0.71 (95% CI, 0.58–0.88) for EHC. No preventive effect was 
seen for EHW. Similar findings were noted in a high-risk birth 
cohort of 120 infants from the Isle of Wight followed for 8 
years.58 In the prophylactic group, infants were either breastfed 
with the mother maintaining a low allergen diet or given exten-
sively hydrolyzed formula and placed on an allergen elimination 
diet (egg, milk, soy, wheat, nuts, fish) and dust mite avoidance 
through age 12 months, and compared to control infants in 
routine care. Those in the intervention group were noted to 
have reduced asthma (OR 0.24), AD (OR 0.23), allergic rhinitis 
(OR 0.42) and atopy (OR 0.13) compared to the controls (P 
< .001).

Timing of solid food introduction and its influence on AD 
has been examined as well. A study by Saarinen and Kajosaari59 
found that while exclusive breastfeeding for the first 6 months 
of life led to decreased AD at 1 year of age compared to early 
introduction of solids (at 3 months), no difference in the preva-
lence of AD was observed during follow-up at 5 years. Fergus-
son and Horwood60 also noted an increased risk for AD with 
early introduction of a diverse number of solid foods in the first 
4 months of life using a birth cohort of 1,265 children followed 
to the age of 10 years. In contrast, delayed introduction of solid 
foods has not been shown to have a protective effect against 
AD.61 Thus, current recommendations encourage exclusive 
breastfeeding until 4–6 months of age as well as introduction 
of solid foods at 4–6 months of age.62

Vitamin D is another factor recently implicated in atopy, 
therefore several studies have explored its potential role in AD. 
In a study examining cord blood vitamin D levels in 231 high-
risk infants from an Australian prospective birth cohort, reduced 
maternal vitamin D levels during pregnancy were noted to be 
significantly associated with eczema in the first year of life.63 In 
addition, Peroni et al reported an association between vitamin 
D deficiency and increased severity of AD in children.64 Vitamin 
D deficiency has also been noted to correlate with IgE-mediated 
food sensitization65 as well as food allergy.66 Recently, Baek 
et al67 have suggested that severity of AD is independently asso-
ciated with vitamin D status and allergic sensitization to foods.

Gut microbiota is hypothesized to have an immune regula-
tory role in protecting from allergic disorders. Thus, there has 
been interest in exploring the possibility of probiotic supple-
mentation for the primary prevention of allergies in children at 
high risk for allergy (defined as those with a biological parent 
or sibling with current or history of allergic rhinitis, asthma, 
eczema or food allergy).62 In a double-blind placebo-controlled 
trial of 241 mother-infant pairs, a significant reduction of risk 
for developing eczema during the first 24 months of life was 
seen in infants whose mothers received probiotics 2 months 
before delivery and during the first 2 months of breastfeeding.68 
Recent systematic reviews concluded that probiotic supplemen-
tation in pregnancy and early life moderately reduces the inci-
dence and severity of atopic dermatitis.69,70 Thus, World Allergy 
Organization (WAO) guidelines suggest that probiotics be used 
in pregnant women at high risk for allergy in their children, in 
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Figure 47-2  General approach to evaluation of food allergy in atopic 
dermatitis  (AD). CAP-FEIA –  ImmunoCAP® fluorenzymeimmunoassay, 
PST  – prick  skin  test.  (From Sicherer SH, Sampson HA. J Allergy Clin 
Immunol 1999;104:S114–22.)

No resolution:
Food allergy not a cause

Resolution:
Food allergy potential cause

ImmunoCAP – if IgE
positive to milk, eggs,
peanuts, wheat or soy

Eliminate IgE+ foods from diet
(and consider elimination of
other highly suspected foods)

No dietary changes

Periodic repeat challenge to monitor resolution of allergy

Consider evaluation:
Moderate to severe AD in infant/child
History of AD exacerbated by particular foods
Severe AD in teen/adult

Physician-supervised oral food challenges for suspected
foods (unless positive CAP-FEIA [RAST] or previous
severe reaction)
Open, single-blind or double-blind, placebo-controlled
challenges
Add back foods as indicated from challenge results

PST – PST +

Initial screen:
History, physical
PST to implicated foods
Extra suspicion for ‘history positive’ foods
Extra suspicion for common food allergens
(milk, eggs, wheat, soy, peanuts, tree nuts, fish, 
shellfish)

BOX 47-3 FACTORS RELATED TO ATOPIC 
DERMATITIS THAT COMPLICATE THE 
DIAGNOSIS OF FOOD ALLERGY

Immediate response to ingestion of causal foods is apparently 
down-regulated with repetitive ingestion, making obvious 
‘cause and effect’ relations by history difficult to establish.

Other environmental trigger factors (other allergens, irritants, 
infection) may play a role in the waxing and waning of the 
disease, obscuring the effect of dietary changes.

Patients have the ability to generate IgE to multiple allergens, 
making diagnosis based solely on laboratory testing 
impossible.

Infants Children
Older Children/
Adults

Cow’s milk Cow’s milk Peanuts
Eggs Eggs Tree nuts
Peanuts Peanuts Fish
Soy Soy Shellfish

Wheat
Tree nuts (walnut, cashew, etc.)
Fish
Shellfish

From Sicherer SH, Sampson HA. J Allergy Clin Immunol 
1999;104:S114–22.

TABLE 
47-1 

Foods Responsible for the Majority of 
Food-Allergic Reactions

members of a botanical family (e.g. wheat and grass) or animal 
species (e.g. egg and chicken), more likely indicating immuno-
logic cross-reactivity but not symptomatic intra-botanical or 
intra-species cross-reactivity. Therefore, the practice of avoid-
ing all foods within a botanical family when one member is 
suspected of provoking allergic symptoms generally appears to 
be unwarranted.

After the laboratory studies are performed, the best initial 
treatment would be elimination of the suspected food from the 
diet, followed by a food challenge if indicated (Table 47-2). No 
further testing or food challenges may be necessary in cases of 
severe, acute reactions or if dramatic improvement in skin 
disease occurs. Because symptoms are chronic in AD and often 
a large number of foods are implicated, it is generally necessary 
to perform diagnostic oral food challenges.

Oral Food Challenges
As outlined in Chapter 41, oral food challenges are invaluable 
in the appropriate diagnosis and management of patients with 
AD and possible food allergy. Oral challenges are also necessary 
to evaluate the resolution (or development of tolerance) of the 
specific food allergy and can be performed safely.81,82 However, 
oral challenges are contraindicated when there is a clear, recent 
history of food-induced airway reactivity or anaphylaxis. Addi-
tionally, patients should not be instructed to perform home 
food challenges because of the potential risk of severe allergic 
reactions.83

Management
The elimination of food proteins can often be a difficult task, 
and incomplete elimination of the offending food can lead to 
confusion and inconclusive results during an open trial of 
dietary elimination. For example, in a milk-free diet, patients 
must be instructed not only to avoid all milk products but also 
to read all food labels in order to identify ‘hidden’ sources of 
cow’s milk protein, as reviewed in Chapter 48.

Natural History
Most children outgrow their allergies to milk, eggs, wheat and 
soy84 (Box 47-4), although studies have shown that the rate of 
resolution of some food allergens (e.g. egg and milk) may be 
slower than previously described. In one study of the natural 
history of egg allergy in children followed in a pediatric allergy 
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their sensitivity.89 Only approximately 9% of patients with tree 
nut allergy will outgrow their allergy.90 Clinical reactivity is lost 
over time more quickly than the loss of food-specific IgE mea-
sured by PST or serum food-specific IgE testing.87 Certainly, 
children with food allergy need to be followed at regular inter-
vals with food-specific IgE testing and PST, followed by oral 
food challenge when indicated, to determine when clinical tol-
erance is achieved.

Conclusions
The number of triggers associated with disease pathogenesis and 
clinical symptoms for patients with AD is vast. The role of aller-
gens as a trigger factor, particularly food allergens, early in life is 
clearly very important. A careful history and appropriate diag-
nostic testing coupled with a comprehensive treatment program 
can be disease modifying and life altering for patients with AD.

Helpful Website
The Food Allergy Research and Education website 

(www.foodallergy.org)

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

practice, investigators found the age distribution of resolution 
of allergy to be 4% by age 4 years, 12% by age 6 years, 37% by 
age 10 years, and 68% by age 16 years.85 The egg-specific IgE 
level was predictive of allergy outcome and it can be used in 
combination with skin testing results to counsel patients on 
prognosis.86 Perry et al also showed that food-specific IgE levels 
are helpful in determining the likelihood that a child has out-
grown their food allergy.87 Patients allergic to peanuts, tree nuts, 
fish and shellfish are much less likely to lose their clinical reac-
tivity.88,89 It does appear, however, that approximately 20% of 
patients who have a reaction to peanuts early in life may outgrow 

Allergen Decision Point (kU/L) Sensitivity (%) Specificity (%) Efficiency (%) PPV (%) NPV (%)

Eggs 7 61 95 68 98 38
Milk 15 57 94 69 95 53
Peanuts 14 57 100 84 100 36
Fish 3 63 91 87 56 93
Soybean 30 44 94 81 73 82
Wheat 26 61 92 84 74 87

From Sampson HA. J Allergy Clin Immunol 2001;107:891–6.
NPV, Negative predictive value; PPV, positive predictive value.
Given are PPV and NPV of food-specific IgE concentrations for predicting reactions on oral challenge by using the ImmunoCAP® system.
The PPVs for eggs, milk, and peanuts on the basis of the 90% specificity values are excellent (i.e. 98–100%) but are less predictive for fish, wheat 

and soy (i.e. 56%, 73% and 74%, respectively).

TABLE 
47-2 

Performance Characteristics of 90% Specificity Diagnostic Decision Points Generated in the Prospective 
Study in Diagnosing Food Allergy in 100 Consecutive Children and Adolescents Referred for Evaluation of 
Food Hypersensitivity

BOX 47-4 NATURAL HISTORY OF FOOD 
HYPERSENSITIVITY

FOOD ALLERGY OFTEN OUTGROWN BY ADOLESCENCE

Milk
Eggs
Soy
Wheat

FOOD ALLERGY OFTEN NOT OUTGROWN BY ADOLESCENCE

Peanuts
Tree nuts
Fish
Shellfish
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KEY POINTS

• The management of food allergy entails dietary avoid-
ance of the identified allergen to prevent chronic and 
acute food allergic reactions.

• Allergen elimination diets should not be prescribed 
lightly as they present great challenges to families and 
come with potential social, psychological, financial and 
nutritional burdens.

• Patients with food allergies and their caregivers must 
learn how to read and interpret product labels to suc-
cessfully identify and eliminate food allergens.

• Children with food allergies may have inadequate nutri-
ent intake and poor growth if the elimination diet is not 
well designed to substitute for nutrients lost to the 
elimination diet.

• The use of nutritionally appropriate substitute formulas 
and foods may be required.

Overview
The therapeutic management of food allergy entails dietary 
avoidance of the identified allergen to prevent chronic and 
acute food allergic reactions. Many alternative immunomodu-
latory approaches are being explored as a means to prevent 
immunoglobulin E (IgE)-mediated food allergic reactions, 
although most have not yet moved into clinical practice. There-
fore, at this time, with the exception of extensively heated 
(baked) milk or egg proteins for a subset of patients with milk 
and egg allergy, strict dietary avoidance is the only consistently 
viable management option.1–4

Allergen elimination diets present great challenges to fami-
lies and come with potential social, psychological, financial and 
nutritional burdens.5–10 Food is an integral part of social gather-
ings and without adequate planning the child and family may 
feel unable to participate fully in daily activities. Going to 
parties, eating in friends’ homes, even going to school or camp 
requires planning so that these opportunities can be safely 
enjoyed. Eating competence is also vitally important to the 
socialization of the child, and children with food allergies may 
have food aversions and self-limited diets beyond the elimina-
tion diet (see Chapter 42). Anxiety issues may even arise about 
eating and food in general, which will further impact the child’s 
ability to participate fully in activities. Shopping and meal prep-
aration requires significantly more time when avoiding aller-
gens, and specialty allergen-free foods can be more expensive. 

Lastly, elimination diets may impact nutrient intake; great  
care must be taken to plan for a diet that continues to provide 
appropriate nutrition for growth and development. Rickets, 
vitamin and mineral deficiencies, suboptimal growth and 
failure to thrive have all been associated with food elimination 
diets.11

In addition to comprehensive education on how to recognize 
and treat food allergic reactions (see Chapter 58), food allergy 
management entails teaching the family how to avoid the aller-
gen, manage the allergy in all areas of daily living, and provide 
a nutritionally balanced diet within the context of the allergen 
avoidance diet. The goal of providing extensive education is to 
reduce the risk of accidental allergen exposure, as well as to 
empower the family, and eventually the child, to participate in 
all daily activities while avoiding the food to which they are 
allergic. (See Box 48-1 for a sample elimination diet with sub-
stitutions.) Living with food allergies is a daily challenge but, 
with planning, activities can be safe and manageable, and the 
allergen avoidance diet nutritionally complete and enjoyable.

Avoidance Diets – General
Elimination diet education begins with knowing how to iden-
tify the allergen in the food supply. The elimination of a single 
allergen from the diet may seem an easy task. If the allergen 
plays a minor role in our food supply, such as cashew nut, the 
task may be simple enough. On the other hand, if the allergen 
is pervasive in our food supply, such as milk or wheat, avoidance 
issues become much more complex. Avoidance of a single aller-
gen such as cow’s milk necessitates avoidance of many common 
foods including not only milk, butter, cheese, yogurt and ice 
cream, but also numerous manufactured products such as 
crackers, breads, cookies, cereals, cakes, and processed meats 
and cold cuts that may also contain milk protein as an ingredi-
ent. Allergen avoidance sheets are available (www.foodallergy.org 
or www.cofargroup.org – click on Food Allergy Education 
Program) and are helpful when used as a starting point for 
allergen avoidance education. Allergen avoidance sheets identify 
foods and ingredients that typically contain the allergen, in 
addition to identifying situations that may require special 
caution. It should be noted that avoidance sheets do not provide 
the extensive education needed for strict dietary elimination.

LABEL READING

Those shopping for a family member with food allergies must 
understand how to read and interpret product labels to success-
fully identify and eliminate food allergens.12

Food labeling legislation is dependent on the country or 
region in which the product is sold. Ingredients considered 

http://www.foodallergy.org
http://www.cofargroup.org
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major allergens based on the labeling laws of a specific country 
or region are listed in Table 48-1.

In the United States of America (USA), The Food Allergen 
Labeling and Consumer Protection Act (FALCPA) mandates 
clear, plain language labeling of all ingredients derived from the 
foods considered major allergens. Those foods considered 
major allergens in the USA are listed in Table 48-1.13 The plain 
language stipulation requires the presence of a major food aller-
gen to be listed, using its common name (e.g. milk) rather than 
a scientific term (e.g. casein, whey) on the product label in one 
of the following ways:

• In parentheses, following the food protein derivative, for 
example: casein (milk)

• In the ingredient list, for example: milk, wheat, peanut
• Immediately below the ingredient list in a ‘contains’ state-

ment, for example: CONTAINS EGG.14

Additionally, a major food allergen may not be omitted from 
the product label even if it is only an incidental ingredient such 
as in a spice, flavoring, coloring, additive, or used merely as a 
processing aid. These regulations only apply to ingredients 
derived from the eight foods that are considered the major 
allergens. An individual with allergy to an ingredient not 
covered under FALCPA, such as garlic or sesame, would still 
need to call the manufacturer to ascertain if garlic, sesame or 
sesame oil was included in a vague ingredient term such as 
‘spice’ or ‘natural flavoring’ of a product.

Manufactured food products, including those imported for 
sale in the USA, dietary supplements, medical foods and infant 
formulas are all required to comply with FALCPA.13 Currently, 
highly refined vegetable oils derived from major food allergens 
(including highly refined soy and peanut oils) are not consid-
ered allergens by FALCPA because highly refined oils have 
almost complete removal of allergenic protein and have not 
been shown to pose a risk to human health.15 In the USA, soy 
oil is almost always a highly refined oil, meaning it would not 
be considered an allergenic ingredient. Peanut oil, on the other 
hand, may or may not be highly refined. Peanut oil can also be 
present as expeller-pressed, cold-pressed, expelled or extruded, 
which may contain enough peanut protein to cause an allergic 
reaction. As the ingredient list of a finished food will not tell a 
consumer the nature of the oil ingredient or how the oil was 

bEight Degrees of Ingredients by Melisa K. Priem.

aSophie Safe Cooking by Emily Hendrix.

cThe Food Allergy News Cookbook by members of The Food Allergy 
Network.

BOX 48-1 SAMPLE ELIMINATION DIET

BREAKFAST

Gluten-free oat pancakesa or oatmeal with blueberries (or 
cooked blueberry compote)

100% pure maple syrup
Calcium fortified orange juice – 4 ounces

SNACK

Fresh watermelon or applesauce
Buckwheat or crispy rice crackers with white bean spread (white 

beans pureed with olive oil)

LUNCH

Homemade chicken fingersb

Baked sweet potato fries or mashed potatoes made with rice 
milk and milk-free, soy-free margarine

Carrot and red pepper strips with vinaigrette for dipping (or 
cooked carrots with milk-free, soy-free margarine)

Enriched alternative milk beverage or commercial hypoaller-
genic formula

SNACK

Enriched alternative milk beverage or commercial hypoaller-
genic formula

Homemade Birthday Brownie

DINNER

Turkey meatballs in tomato sauce (use a fruit puree to bind the 
meat and a gluten-free breadcrumb or a dry infant oat or rice 
cereal as a breadcrumb substitute)

Brown rice or quinoa pasta with olive oil
Steamed broccoli florets
Enriched grain ‘milk’ or commercial hypoallergenic formula
Fresh peach (or canned peaches packed in own juice)
This sample menu eliminates milk, egg, wheat, soy, peanut,  

tree nut, fish and shellfish. For a strict diagnostic elimination 
diet, you may choose to substitute the cooked fruits and 
vegetables for the raw versions. Serving size and texture 
modifications should be individualized and based on the 
child’s nutritional needs and feeding skills.

Country or Countries
USA, Mexico, 
Hong Kong, China

Australia and New 
Zealand Canada European Union

Allergens requiring full disclosure on 
package labels based on allergy 
labeling regulation in specified 
country

Milk Milk Milk Milk
Egg Egg Egg Egg
Wheat Wheat Wheat Wheat
Soy Soy Soy Soy
Peanut Peanut Peanut Peanut
Tree nuts Tree nuts Tree nuts Tree nuts
Fish Fish Fish Fish
Crustacean shellfish Crustacean shellfish Crustacean shellfish Crustacean shellfish

Sesame Mollusks Mollusks
Sesame Mustard

Celery
Lupine
Sesame
All gluten-containing grains

The specific tree nut, fish or shellfish species must be identified.

TABLE 
48-1 Major Allergens by Country or Region
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processed, it will not be possible to tell from a product label if 
the peanut oil listed is highly refined or otherwise processed. 
Calling the manufacturer may provide more specific informa-
tion. However, since peanut oil is infrequently used in manu-
factured products and the labeling of the oil is not sufficient to 
determine if the ingredient is safe, avoidance of peanut oil is 
frequently recommended. Tree nut oils and sesame oil are typi-
cally not highly refined and will pose a risk to allergic consum-
ers and therefore should be avoided.14,15

The presence of ingredients in manufactured foods due to 
cross-contact is not required to be listed on product labels. 
Cross-contact occurs when an ‘allergen-safe’ food unintention-
ally comes in contact with an allergen during the use of shared 
storage, transportation or production equipment or routine 
methods of growing and harvesting crops. Cross-contact may 
lead to significant levels of hidden allergens in a product without 
identification on the product label. Many manufacturers are 
addressing the issue of cross-contact with precautionary label-
ing such as: ‘May contain [allergen]’, ‘Manufactured in a facility 
that also manufactures [allergen]’ or ‘Manufactured on shared 
equipment with [allergen]’. Those with food allergies should be 
aware that these statements are currently voluntary and unregu-
lated. A variety of statements are being employed, some of 
which provide food allergic consumers with little meaningful 
information on the potential presence of allergens in pre-
packaged foods. For instance, in a 2010 study, product labels 
stating, ‘Good Manufacturing Practices were used to segregate 
ingredients in a facility that also processes peanut, tree nuts, 
milk, shellfish, fish, and soy ingredients,’ were interpreted to 
mean that the product was safe for these otherwise undisclosed 
ingredients; however, milk was detected in two, and egg in one 
of the three products with this statement.16 A 2007 study by 
Hefle and colleagues17 evaluated 179 products with peanut advi-
sory labeling. Two different lot numbers of each of these 179 
products were analyzed for detectable peanut allergen. The 
results revealed that 7% (13/179) of the products tested con-
tained detectable levels of peanut in one or both lots and the 
type of advisory statement used did not reflect the degree of 
risk. Precautionary statements carry a small but real risk to the 
consumer with food allergies and no one statement represents 
a greater or lesser degree of risk than another. The FDA is cur-
rently working on developing a long-term strategy to assist 
manufacturers in using allergen precautionary labeling that is 
truthful and not misleading, conveys a clear and uniform 
message and adequately informs US consumers of risk. In the 
USA, the National Institutes of Allergy and Infectious Diseases 
(NIAID) expert panel guidelines for the diagnosis and manage-
ment of food allergy suggest advising patients to avoid 
precautionary-labeled products. However, individual guidance 
based on clinical assessment may be appropriate.

Although similar legislation exists in many countries,  
the foods identified as allergens (see Table 48-1) and slight 
variations of regulations exist. For instance, precautionary 
statements in Canada must use the wording, ‘May Contain –,’ 
to prevent confusion and misinterpretation. Unique to the 
European Union (EU) food businesses are required to provide 
allergy information on food sold unpackaged or pre-packed  
for direct sale (such as in bakeries, delicatessens and caterers).18 
In Australia, a voluntary incident trace allergen labeling  
(VITAL) system may be used by food producers to provide 
standardized, consistent precautionary advice to consumers 
with food allergy.

Although label ambiguities continue to exist, the package 
label provides information to the consumer about the contents 
of a product and should be read each and every time a product 
is purchased. Healthcare professionals must be prepared to offer 
extensive education to patients with food allergies so that safe 
food selections can be made.

DAILY LIVING WITH FOOD ALLERGIES

Once a food item is purchased and brought into the home, that 
item must continue to be carefully handled to prevent cross-
contact with the identified allergen. Storage of ingredients in 
the home should be planned to prevent cross-contact. A sepa-
rate shelf in the refrigerator or cupboard may be reserved for 
the allergen-free foods. Meal preparation to prevent cross-
contact in the home is also essential. All food preparation areas, 
cooking utensils and cooking equipment should be cleansed 
with warm soapy water and rinsed. Allergen-free foods and 
meal items can be prepared first, covered, and removed from 
the area prior to the preparation of other foods for the home. 
Families will also benefit from guidance on how to prepare 
meals without their allergenic ingredients.

Families living with food allergies report that avoiding eating 
in restaurants is the number one cause of decreased quality of 
life due to the food allergy.19 Those with food allergies may be 
especially at risk while dining out since restaurants are not 
required to list ingredients and the wait staff is generally igno-
rant about the ingredients in a dish.

Planning ahead and communication with restaurant staff is 
the first key step in obtaining a safe restaurant meal. Calling 
ahead to ask how a food allergy is accommodated as well as 
avoiding the restaurant’s busiest hours is often helpful. Families 
should be taught to inform the staff that their child has a  
food allergy, not simply to ask if a menu item contains their 
allergen. ‘Chef Cards’ provide a written list of ingredients  
to avoid for specific allergens and are available from organiza-
tions such as Food Allergy Research and Education (FARE; 
www.foodallergy.org). In addition to ingredient inquiries, fami-
lies must learn to inform restaurant staff about cross-contact 
risk. Cross-contact in a restaurant environment is not uncom-
mon. For example, the same grill might be used to make a 
cheeseburger that is used for a plain hamburger, or the French 
fries might have been cooked in the same deep fat fryer as fried 
shrimp or milk-containing onion rings. The same tongs or 
mixing bowls may be used to assemble a salad with nuts as are 
used to assemble a plain green salad. Families should be taught 
to speak directly to the chef or food service manager to inquire 
about ingredients and cross-contact risk. It is important to 
inform the chef that a clean cooking area, cooking equipment 
and utensils must be used. Ordering single ingredient foods, 
prepared simply, will decrease the risk of hidden ingredients. 
When the food arrives at the table, families should confirm with 
the chef that the meal was prepared correctly and not have their 
child eat the food if there is any doubt as to the safety of the 
meal. Lastly, as always, emergency medications should be avail-
able when eating at home or away from home.

Certain types of eating establishments will present a greater 
risk of allergen exposure. For example, cafeterias, buffets and 
salad bars have inherently greater risk of cross-contact due to 
spillage and shared serving utensils. Asian and other ethnic 
restaurants may use more allergenic ingredients (soy, peanuts, 
tree nuts, fish and shellfish) in a wide variety of dishes and the 

http://www.foodallergy.org
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children with food allergies are at risk of inadequate nutritional 
intake and poor growth.7,26–30

A comprehensive baseline nutrition assessment includes 
gathering, verifying and interpreting data from anthropometric 
measurements, dietary history, medical history, physical exami-
nation and laboratory indices. Additionally, when assessing 
pediatric nutritional status, eating abilities and competencies 
must also be determined. Key indicators of potential nutritional 
risk in children with food allergies are a greater number of 
eliminated foods or greater nutritional value of eliminated 
foods, picky or self-selective eating, feeding delays/difficul-
ties, poor variety or volume of foods provided/accepted or an 
unwillingness of the child to ingest supplemental formula or 
other substitute foods.31

GROWTH

Several studies have evaluated growth in the pediatric popula-
tion with food allergy. Christie and colleagues compared height, 
weight, body mass index and estimates of energy and nutrient 
intakes in a group of 98 children with food allergy and 99 chil-
dren without food allergy and found that children with two or 
more food allergies were shorter, based on height-for-age per-
centiles than those with no food allergy or only one food 
allergy.26 Similarly, Isolauri and colleagues found length and 
weight-for-length indices in a group of 100 infants with food 
allergy decreased compared with healthy, age-matched con-
trols.28 Jensen and colleagues found height for age was signifi-
cantly reduced in a group of patients living with cow’s milk 
allergy for more than 4 years when compared with height of 
parents and siblings as well as normal controls.32 Additionally, 
it is possible that children with food allergies may have decreased 
growth despite adequate nutritional intake. Flammarion and 
colleagues30 conducted a cross-sectional study comparing chil-
dren with food allergies (N = 96) who had been counseled by a 
dietitian to paired controls without food allergies (N = 95). 
Children with food allergies had weights and heights within the 
normal range; however, they were smaller for their age than the 
nonallergic controls, even when they received similar nutrition. 
Suboptimal nutrition in this population may exacerbate the risk 
and decreased growth can more easily become poor growth. So 
while there may be other contributing factors associated with 
decreased growth in children with food allergy, in general the 
primary cause of poor growth likely stems from inadequate 
substitution in the elimination diet.

The NIAID Food Allergy Guidelines recommend close 
growth monitoring for all children with food allergies.12 Review 
of current and historical growth should be completed according 
to current standards of care that are based on Centers for 
Disease Control and Prevention (CDC) and World Health 
Organization (WHO) or other national standards. Measure-
ments, including weight, length or height, and head circumfer-
ence as age appropriate, should be obtained and plotted on 
appropriate growth charts (WHO charts for infants and chil-
dren from birth to 24 months and CDC charts for children age 
2 to 20 years). Growth typically follows predictable increases in 
length, weight and head circumference and significant changes 
in growth velocity are not expected. Plotting growth measure-
ments on the appropriate standardized growth chart will  
allow assessment of growth velocity for that particular child as 
well as provide a comparison of growth with the reference 
population.

cooking equipment is generally not washed between each meal 
prepared. Ice cream parlors use the same scooper for all flavors 
of ice cream. Asking for a clean scooper may not eliminate the 
risk as previous servings with a contaminated scooper into the 
otherwise safe flavor may have already caused cross-contact. For 
seafood allergies, seafood restaurants may be problematic even 
if a non-seafood item is ordered because of the greater risk of 
cross-contact in the kitchen.20

Children with food allergies will attend schools just like their 
nonallergic peers and some planning ahead will help to make 
the environment safer. Management issues in schools involve 
methods to prevent relevant exposure to allergens and plans to 
recognize and treat allergic reactions and anaphylaxis.21 Physi-
cians should provide written, easy-to-follow instructions in the 
form of an emergency care plan (ECP), which includes direc-
tion on recognizing and treating an allergic reaction including 
the medication to be given and the appropriate dosing. Parents 
will need to provide a copy of the ECP to the school staff and 
inform teachers, nurses, administrators and food service staff 
about the food allergy. Families should plan to meet with school 
personnel prior to the start of the school year. Communication 
with the school about topics such as classroom parties, trans-
portation, supervision in the lunch room if needed, substitute 
teacher notification, field trips and after-school programs will 
help to plan food allergy management in all areas of the school 
environment. FARE has developed a variety of resources and 
products including a downloadable ECP for physicians to com-
plete and management tips for classrooms and school cafeterias. 
The Centers for Disease Control and Prevention has published 
a document entitled Voluntary Guidelines for Managing Food 
Allergies in Schools and Early Care and Education Programs,  
a PDF that can be downloaded directly from their website 
(www.cdc.gov/HealthyYouth/foodallergies/pdf/13_243135_A_
Food_Allergy_Web_508.pdf) or accessed via the FARE website 
at www.foodallergy.org. Parents, physicians, school administra-
tors, teachers, school nurses, food service staff, and childcare 
and camp staff will find these resources valuable in the planning 
required to keep children with food allergies safe. Additionally, 
the Consortium of Food Allergy Research (CoFAR) has devel-
oped and validated an extensive food allergy education program 
that has free and downloadable patient education handouts on 
specific allergen avoidance diets, fact sheets on specific food 
allergic disorders, label reading, cross-contact, restaurant meals, 
cooking without allergens, nutrition and management issues in 
schools and camps (www.cofargroup.org).22

Nutrition
OVERVIEW

Fundamental to the care of any infant or child, including those 
with food allergies, is the assessment of nutritional status. Chil-
dren with food allergies may have inadequate nutrient intake if 
the elimination diet is not well designed to substitute for nutri-
ents lost to the elimination diet. Additionally, feeding problems 
such as food aversion and a limited acceptance of a variety of 
foods are common in children with food allergies and may 
significantly contribute to poor energy and overall nutrient 
intake. Certain food allergic disorders such as eosinophilic gas-
trointestinal disorders are commonly accompanied by poor 
appetite and early satiety, which may have an impact on overall 
nutrient intake.23–25 Numerous studies have demonstrated that 

http://www.cdc.gov/HealthyYouth/foodallergies/pdf/13_243135_A_Food_Allergy_Web_508.pdf
http://www.cdc.gov/HealthyYouth/foodallergies/pdf/13_243135_A_Food_Allergy_Web_508.pdf
http://www.foodallergy.org
http://www.cofargroup.org
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Weight for length (under 2 years) and body mass index 
(BMI; 2 years and older), defined as weight in kilograms divided 
by the square of height in meters, may be helpful as they take 
into consideration weight for height. The WHO considers less 
than the 3rd percentile and greater than the 97th percentile to 
reflect abnormal growth. The CDC defines underweight in chil-
dren as a BMI of less than the 5th percentile. Children are 
considered to be overweight when their BMI is greater than the 
85th percentile and obese when their BMI is greater than the 
95th percentile.

DIETARY INTAKE ASSESSMENT

Dietary intakes can be obtained by 24-hour recall or multiple-
day food diary or food frequency questionnaire. A 24-hour 
recall is generally useful when assessing intake in an infant who 
is predominantly breastfed or bottle-fed but may provide limited 
information for older children, as accuracy of a mixed diet may 
not be reflected with recall. For older infants and children, a food 
diary will provide a more accurate estimate of intake. A food 
diary of at least three days (including one weekend and two 
weekdays) should include the amount and types of foods 
ingested and the timing of meals and snacks. Questions about 
typical dietary patterns or food frequency questionnaires may 
also be used and are especially useful in assessing specific nutri-
ent intakes. For example, assessment of calcium and vitamin D 
intake may be determined by asking about frequency and 
amounts of dairy or enriched dairy substitutes consumed.

A registered dietitian will be able to compare dietary patterns 
to recommendations from the Dietary Reference Intakes (DRI; 
http://fnic.nal.usda.gov/dietary-guidance/dietary-reference-
intakes) or food group guides specified by the US Department 
of Agriculture (www.choosemyplate.gov) or provided by gov-
ernmental agencies in other countries. The DRI and other 
guidelines may be used as a tool to assess nutrient intake, plan 
interventions and/or monitor the patient’s ongoing nutrient 
intakes.33 Even clinicians who are not trained to assess nutrient 
intake may glean valuable information from a food diary or 
food frequency questionnaires. For instance, unusual meal  
or snack patterns such as feeding on demand beyond infancy, 
or unusual food intakes such as excessive fruit juice consump-
tion may become apparent and give clues to potential causes of 
poor growth or nutritional status in a child.

EATING COMPETENCE

Eating competence describes a child’s ability to eat and enjoy a 
wide variety of foods of varying flavors and textures that will 
support adequate nutrition for growth and development. Eating 
competence and pediatric nutrition are often discussed side  
by side because feeding problems are common in childhood, 
with an estimated 25% to 35% of otherwise healthy children 
affected.34 Eating is a complex, learned process involving the 
acquisition of physical skills, behaviors, acquired tastes, and 
attitudes and feelings about eating in general as well as about 
particular food items.35,36 Even mild, self-selective or ‘picky’ 
eating can impact nutrient intake and, in combination with an 
allergen elimination diet, can have serious nutritional implica-
tions. Assessment of eating competencies will provide the infor-
mation needed to provide an effective nutrition care plan. See 
Chapter 42 for more information on management of feeding 
problems.

ESTIMATING NUTRITIONAL NEEDS

Energy

The estimated energy requirement (EER) is the average dietary 
energy intake that is predicted to maintain energy balance. For 
children, the EER includes the needs associated with the deposi-
tion of tissues at rates consistent with good health. There is no 
established recommended dietary allowance (RDA) for energy 
because energy intakes exceeding the EER would be expected to 
result in excessive weight gain. EER can be calculated using the 
equations provided in the DRI reports (www.nap.edu) or  
by using the interactive DRI calculator for healthcare profes-
sionals available on the USDA website (http://fnic.nal.usda.gov/ 
fnic/interactiveDRI/). Energy is provided in the pediatric diet 
through three major classes of macronutrients: proteins, carbo-
hydrates and fats.

Protein.  Adequate protein in the diet is crucial in all age 
groups. Many excellent sources of protein are also common 
allergens including milk, egg, soy, fish, shellfish, peanut and tree 
nuts. Diets must be carefully planned to meet protein needs 
when high quality protein sources are eliminated from the diet. 
Inadequate dietary protein intake may be a contributing factor 
in the decreased stature reportedly seen in the population of 
children with food allergies.

Protein needs may be estimated using the DRI for protein 
found in Table 48-2.37 An estimated 65% to 70% of protein 
needs should come from sources of high biologic value, meaning 
animal products for the most part, which contain a full comple-
ment of indispensable amino acids. Animal products (milk, 
eggs, meat, fish and poultry) are not necessary to provide 
optimal protein, but most alternative sources from plants, 
legumes, grains, nuts, seeds and vegetables do not contain a full 
complement of indispensable amino acids and therefore greater 
dietary planning will be required. Additionally, dietary protein 
recommendations are based on the assumption that energy 
intake is adequate. If energy intake is insufficient, free amino 
acids will be oxidized for energy, allowing for less available 
amino acids for anabolic and synthetic pathways.37

Fat.  Adequate dietary fat is crucial as fats are an important 
source of concentrated energy, support the transport of fat-
soluble vitamins and provide the two fatty acids – omega 3, 
alpha-linolenic acid (ALA) and omega 6, linoleic acid (LA) – 
which are essential in the human diet. Dietary fat needs may be 
estimated using the DRI for fats in Table 48-2.37 Adequate 
dietary fat is an especially important source of energy and 
nutrients for rapidly growing infants and toddlers. Dietary fat 
intakes below 22% of total caloric intake increase risk of energy, 
vitamin E and essential fatty acid deficiency. Dietary fat is 
present in a wide variety of foods, such as dairy products, eggs, 
meat, fish and poultry, vegetable oils and margarines and many 
manufactured and processed snack foods, convenience meals 
and desserts. Children on allergen-restricted diets, who must 
eliminate not only the allergen but also many processed and 
manufactured foods, may find it especially difficult to meet 
dietary fat needs without adding supplemental fats (in the form 
of vegetable oils) to the diet.

Carbohydrates.  Carbohydrates make up the remaining energy 
sources and provide an important supply of numerous  
vitamins, minerals and trace elements. Carbohydrates should 

http://fnic.nal.usda.gov/dietary-guidance/dietary-reference-intakes
http://fnic.nal.usda.gov/dietary-guidance/dietary-reference-intakes
http://www.choosemyplate.gov
http://www.nap.edu
http://fnic.nal.usda.gov/fnic/interactiveDRI/
http://fnic.nal.usda.gov/fnic/interactiveDRI/
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priate nutritional balance. Meeting the recommended dietary 
intakes of macronutrients can often be challenging when food 
groups are eliminated due to food allergies. Acceptable macro-
nutrient distribution ranges (AMDR) have also been estab-
lished for protein, carbohydrates and fats and indicate the range 
of intake for a particular energy source, expressed as a percent-
age of total caloric intake that is associated with reduced risk of 
chronic disease, while providing adequate intakes of essential 
nutrients.37 The AMDR may be found in Table 48-2 and can be 
used to guide the appropriate intake and distribution of carbo-
hydrates, fats and proteins.

Micronutrients
Variety in the diet contributes to adequacy of nutrients pro-
vided. When a food group is eliminated, the nutrients provided 
by that food group must be provided by other dietary sources. 
In 2002, Christie and colleagues26 found that children with mul-
tiple food allergies or cow’s milk allergy consumed less dietary 
calcium than age-specific recommendations compared with 
children without cow’s milk allergy and/or one food allergy. 
Henricksen and colleagues27 surveyed a sample of families with 
young children with milk allergy and/or egg allergy and assessed 
dietary intake using a complete 4-day, weighed recording. Chil-
dren on milk-free diets had significantly lower intake of energy, 
fat, protein, calcium, riboflavin and niacin.

While it is important to ensure adequate intake of all essen-
tial nutrients, certain nutrients will be at greater risk of  
insufficiency depending on the food allergen and must be  
adequately replaced by other foods in the diet. When foods  
are chosen carefully, and appropriate substitutions are made,  
the diet for a child with food allergies can be nutritionally 
adequate. When dietary modifications are inadequate to meet 
vitamin, mineral and trace element needs, appropriate supple-
mentation may be considered. Dietary supplements, however, 
may pose a risk of contamination with food allergens and they 
should be chosen carefully, with consideration for safe ingredi-
ents as well as risk assessment of potential cross-contact during 
manufacturing.

Common Allergen Elimination Diets 
of Early Childhood
The prevalence of food allergy in infants and young children is 
approaching 8%38 with the major allergens of early childhood 
being milk, egg, soy, peanut and wheat.

COW’S MILK ALLERGY

Cow’s milk allergy (CMA) affects predominantly the pediatric 
population, as approximately 80% of children with CMA even-
tually develop clinical tolerance. Recent epidemiologic studies 
indicate that milk allergy may be more persistent with fewer 
children becoming tolerant to milk in the first few years of life. 
One large retrospective study from a specialty clinic reported 
resolution rates in 807 children with CMA and found the rates 
of resolution were 19% at the age of 4 years, 42% by 8 years, 
64% by 12 years, and 79% by 16 years.39 In a recent observa-
tional cohort of 244 infants with CMA, 52.5% of patients had 
resolution of milk allergy at a median age of 62 months and a 
median age of last follow-up at 66 months.40 These studies 
indicate that children with CMA may be required to eliminate 

comprise between 45% and 65% of total caloric intake. Grains, 
dairy products, legumes, fruits and vegetables provide dietary 
carbohydrates. Simple sugars and foods with added sugars also 
contribute carbohydrates and additional energy, but are of little 
further nutritional benefit and should be limited to no more 
than 25% of total energy intake. Dietary carbohydrates are an 
important source of iron, thiamin, niacin, riboflavin and folic 
acid. Children on wheat avoidance diets should substitute alter-
native grains to meet the recommended dietary allowance 
(RDA) for carbohydrate of 130 g/day for adults and children 1 
year of age or older.

Macronutrient intake should be considered in the nutri-
tional assessment and modifications made to ensure an appro-

Nutrient Age

RDA*/AI 
g/day (Unless 
Otherwise 
Specified)

AMDR % of 
Total Energy 
Intake

Protein 0–12/mo 1.5/g/kg/day ND
1–3/yr 1.1*/g/kg/day 5–20
4–13/yr 0.95*/g/kg/day 10–30
14–18/yr 0.85*/g/kg/day 10–30

Carbohydrates 0–6/mo 60 ND
7–12/mo 95 ND
1–18/yr 130* 45–65

Total fat 0–6/mo 31 ND
7–12/mo 30 ND
1–3/yr 30–40
4–18/yr 25–35

n-3 Fatty acids 0–6/mo 0.5 ND
7–12/mo 0.5 ND
1–3/yr 0.7 0.6–1.2
4–8/yr 0.90 0.6–1.2
Males
9–13/yr 1.2 0.6–1.2
14–18/yr 1.6 0.6–1.2
Females
9–13/yr 1.0 0.6–1.2
14–18/yr 1.1 0.6–1.2

n-6 Fatty acids 0–6/mo 4.4 ND
7–12/mo 4.6 ND
1–3/yr 7 5–10
4–8/yr 10 5–10
Males
9–13/yr 12 5–10
14–18/yr 16 5–10
Females
9–13/yr 10 5–10
14–18/yr 11 5–10

Adapted from the DRI report: Dietary Reference Intakes for Energy, 
Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, Amino 
Acids (2002/2006). Available at: www.nap.edu.

AI – adequate intake is the recommended average daily intake level 
based on observed or experimentally determined approximations 
or estimates of nutrient intake by a group (or groups) of apparently 
healthy people that are assumed to be adequate. The AI is used 
when an RDA cannot be determined.

AMDR – acceptable macronutrient distribution range is the range of 
intake for an energy source that is associated with reduced risk of 
chronic disease while providing adequate intakes of essential 
nutrients.

ND – not determinable.
*RDA – recommended dietary allowances are set to meet the needs 

of almost all individuals in a group.

TABLE 
48-2 

Dietary Reference Intakes for Macronutrients 
for Children

http://www.nap.edu
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calcium and vitamin D, but they provide essentially no protein 
and are low in fat. Therefore, protein requirements will need to 
be met entirely through the solid food diet before switching to 
these enriched ‘milk’ beverages. Fat intake will also need to be 
assessed and additional fat in the form of vegetable oils may be 
required. Christie and colleagues showed that the risk of con-
suming inadequate intakes of calcium and vitamin D among 
children with CMA was decreased if a safe enriched soymilk or 
commercially prepared infant/toddler formula was provided, 
suggesting that children with milk allergy should continue to 
include an adequate, nutrient-dense milk substitute in the 
diet.26 It is often the case that a 1-year-old child is not capable 
of meeting protein and fat needs exclusively through the solid 
food diet, therefore maintaining the child on a hypoallergenic 
commercial formula, as recommended in DRACMA guidelines, 
certainly may be warranted.41

The nutritional impact of milk allergy is great because milk 
is an excellent source of protein, calcium, vitamin D, phospho-
rus, vitamin A, vitamin B12 and riboflavin. Possible alternative 
dietary sources for these nutrients can be found in Table 48-4.

EGG ALLERGY

Eggs contribute protein, vitamin B12, riboflavin, pantothenic 
acid, biotin and selenium in the diet. Many foods supply the 
nutrients found in eggs. Egg in the diet does not usually account 
for a large proportion of daily dietary intake and therefore the 
nutrients lost through egg avoidance are not significant if the 
allergy stands alone and the diet is otherwise varied.

Egg is a common ingredient in many recipes such as baked 
goods, casseroles and meat-based dishes such as meatballs, 
meatloaf and breaded meats. Learning to replace egg in the diet 
will help families to continue to enjoy traditional foods. Many 
commercial egg substitutes actually contain egg protein and 
therefore are not suitable for those with egg allergy, although 
egg-free replacers for baking are available. A free downloadable 
cooking handout from the CoFAR food allergy education 
program (www.cofargroup.org) will help families learn how to 
substitute for egg in their favorite recipes.

BAKED MILK AND EGG TOLERANCE

We now know that as many as 70% of patients with milk and 
egg allergy tolerate extensively heated (baked) milk and egg 

milk, a nutrient-dense food source, for longer durations 
throughout childhood.

The nutritional effect of cow’s milk elimination in the pedi-
atric population is great because milk is not only a good source 
of fat, protein, calcium and vitamin D but is also the primary 
source for most young children. Milk also provides vitamin  
B12, vitamin A, pantothenic acid, riboflavin and phosphorus. 
Finding a nutritionally dense substitute for cow’s milk in the 
pediatric diet is essential and parents of children with CMA 
require detailed advice about nutritionally sound food choices.

In 2010, the World Allergy Organization (WAO) Diagnosis 
and Rationale for Action against Cow’s Milk Allergy (DRACMA) 
guidelines provided recommendations for the treatment of 
cow’s milk allergy (CMA).41 Specific guidance was provided on 
how long an infant should maintain a substitute milk and what 
kind of substitute milk is appropriate based on the symptom or 
food allergic disorder. DRACMA recommends a cow’s milk 
substitute of adequate nutritional value for infants and young 
toddlers until 2 years of age. Adequate substitutes are identified 
as either breast milk (with maternal milk avoidance and calcium 
supplementation) or a substitute formula, which can be either 
extensively hydrolyzed or amino acid based in early infancy. Soy 
formula is not recommended for pre-term infants and has no 
benefit over hypoallergenic formula in CMA.41,42 The type of 
formula recommended may vary based on the age and nutri-
tional needs of the patient, the type of food allergic disorder 
and the degree of severity of the presenting symptoms. See 
Table 48-3 for substitute pediatric formula recommendations 
based on DRACMA guidelines.

Transitioning an infant from a complete formula to a milk 
product is typically considered around 1 year of age or, ideally, 
when at least two thirds of the total daily caloric intake  
comes from a varied solid food diet since a wide variety of  
foods is more likely to contribute to micronutrient adequacy. 
However, other criteria for the infant with CMA must be con-
sidered as the milk elimination diet may not be nutritionally 
equivalent to the diet that is not restricted. Additionally, the 
enriched alternative beverage (soy, tree nut, seed or grain-based 
‘milks’) may not provide comparable nutrition. Alternative 
mammalian milks, such as goat’s or sheep’s milk, are also not 
suitable due to homologous proteins and the strong risk of 
cross-reactivity.43

For children with concomitant milk and soy allergy, enriched 
rice, coconut and almond milks may provide a good source of 

Food Allergy Symptom or 
Disorder First Formula Recommendation Second Formula Recommendation Third Formula Recommendation

IgE-mediated allergy
Low risk anaphylaxis

Extensively hydrolyzed formula Amino acid based formula Soy formula

IgE-mediated allergy
High risk anaphylaxis

Amino acid based formula Extensively hydrolyzed formula Soy formula

Food protein-induced 
enterocolitis (FPIES) or 
proctitis/proctocolitis

Extensively hydrolyzed formula Amino acid based formula –

Eosinophilic esophagitis Amino acid based formula – –
Heiner syndrome Amino acid based formula Extensively hydrolyzed formula Soy formula

*Diagnosis and Rationale for Action Against Cow’s Milk Allergy.41

TABLE 
48-3 Pediatric Formula Recommendations Based on DRACMA Guidelines*

http://www.cofargroup.org
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as quiche may have too much milk or egg protein to be toler-
ated. A general guideline is to allow only the amount of baked 
ingredient to which the patient has been shown to be tolerant 
(based on physician-supervised oral food challenge) and to 
avoid commercial products with baked egg or milk listed as the 
first or second ingredient. Generally, commercial products such 
as plain cookies or breads that carry a precautionary statement 
do not need to be avoided but a soy yogurt or vegan cheese for 
instance may carry the risk of cross-contact with a fresh milk 
ingredient, so caution is still warranted.

WHEAT ALLERGY

The child with wheat allergy must avoid all wheat-containing 
foods, resulting in the elimination of many processed and man-
ufactured products, including bread, cereal, pasta, crackers, 
cookies and cakes. Wheat is also commonly used as a minor 
ingredient in other commercial food products such as condi-
ments and marinades, cold cuts, soups, soy sauce, some low or 
non-fat products, hard candies, licorice and jelly beans. Wheat 
contributes carbohydrates as well as many micronutrients such 
as thiamin, niacin, riboflavin, iron and folic acid. Whole grain 
wheat products also contribute fiber to the diet. Alternative 
dietary sources of these nutrients should be provided. Four 
servings of wheat-based products, such as whole grain and 
enriched cereals or breads, generally provide greater than  
50% of the RDA/AI for carbohydrate, iron, thiamin, riboflavin 
and niacin for children 1 year of age and older, as well as  
a significant source of vitamin B6 and magnesium. Elimina-
tion of wheat products from the diet has great nutritional  
impact when nutrient-dense alternatives are not provided. 
Alternative sources for the nutrients found in wheat can be 
found in Table 48-5.

Many alternative flours are available to patients with wheat 
allergy, including rice, corn, oat, arrowroot, potato, sorghum, 
soy, barley, buckwheat, rye, amaranth, millet, teff and quinoa. 
It has been reported that 20% of individuals with one grain 
allergy may be clinically reactive to another grain, therefore use 
of alternative grains should be individualized and based on 
tolerance as determined by the patient’s allergist.47 Alternative 
flours (grain, vegetable, legume, seed or nut) may improve  
the nutritional quality, variety and convenience of the wheat-
restricted diet. Many of these flours are commercially available 
for home use and there is also a broad array of gluten-free 
products available that may be suitable for the patient with 
wheat allergy. Choosing those made from enriched or whole 
grains will improve the nutritional quality of the diet.

SOYBEAN ALLERGY

Soybean/soy protein is an ingredient in a surprising variety of 
manufactured products. Eliminating many manufactured foods 
with soy as an ingredient will have an impact on the variety of 
manufactured products available to those with soy allergy. 
Highly refined soybean oil is a soy ingredient that is not con-
sidered an allergen and does not require labeling as such.48 
Studies show that the vast majority of soy-allergic individuals 
can also tolerate soy lecithin although soy lecithin must be 
labeled as an allergen.15 Products containing soy lecithin, with 
a ‘Contains soy’ statement, may in fact be safe for consumption 
by most patients with soy allergy. Families should never assume 

Nutrients in 
Cow’s Milk Alternative Sources

MACRONUTRIENTS
Dietary protein Commercial formula, meat, fish, poultry, egg, 

soybean or enriched soy beverage, peanut, 
other legumes, tree nuts

Dietary fat Commercial formula, vegetable oils, milk-free 
margarine, avocado, meats, fish, poultry, 
peanut, tree nuts, seeds

MICRONUTRIENTS
Calcium Commercial formula, enriched alternative ‘milk’ 

beverage (soy, rice, almond, coconut, oat, 
potato), calcium fortified tofu, calcium 
fortified juice

Vitamin D Commercial formula, enriched alternative  
‘milk’ beverage, fortified milk-free 
margarine, fortified eggs, liver, fish liver  
oils, fatty fish

Vitamin A Retinol: Liver, egg yolk, fortified milk-free 
margarine

Carotene: Dark green leafy vegetables, deep 
orange fruits and vegetables (broccoli, 
spinach, carrots, sweet potatoes, pumpkin, 
apricot, peach, cantaloupe), enriched 
alternative ‘milk’ beverage

Pantothenic 
acid

Meats, vegetables (broccoli, sweet potato, 
potato, tomato products), egg yolk, whole 
grains, legumes

Riboflavin Dark green leafy vegetables, enriched and 
whole grain products

Vitamin B12 Meat, fish, poultry, egg, enriched alternative 
‘milk’ beverage, fortified cereals, nutritional 
yeast

TABLE 
48-4 

Nutrients Provided by Milk and Milk 
Products and Alternative Dietary Sources

ingredients.44,45 Heating milk and egg ingredients generally 
decreases protein allergenicity by destroying conformational 
epitopes. The introduction of extensively heated milk and  
egg to the diet of those who tolerate baked milk and egg  
ingredients can improve the nutritional quality of the diet and 
decrease the strain and burden of strict avoidance, and  
importantly, appears to represent an alternative approach to  
oral immunomodulation. Nowak-Wegrzyn et al44 introduced 
baked milk into the diets of children who were baked milk toler-
ant yet reactive to unheated milk. Children who incorporated 
baked milk into the diet were 16 times more likely to become 
tolerant to unheated milk compared to a comparison group  
of children (P < .001) who continued strict avoidance of 
milk ingredients.45 Children who incorporated baked egg into 
the diet were 14.6 times more likely than children in the com-
parison group (P < .0001) to develop regular egg tolerance, and 
they developed tolerance earlier (median 50.0 vs 78.7 months; 
P < .0001).46

Although the patients who tolerate baked egg and milk 
ingredients can have a more liberalized diet, there are additional 
complexities in avoidance. For instance, a cake may have baked 
milk or egg ingredients in the cake and unbaked ingredients in 
the frosting or filling. Flavorings on crackers or chips may be 
topically applied after the item is baked. Other products such 
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Nutrients Provided 
by Wheat Alternative Dietary Sources

MACRONUTRIENTS

Carbohydrates Products made with alternative grains: 
amaranth, buckwheat, corn, millet, oat, 
rice, sorghum, teff, quinoa; fruits, 
vegetables, legumes

Fiber Fruits, vegetables, alternative whole grain 
products, legumes

MICRONUTRIENTS
Thiamin Enriched and whole alternative grain 

products, nuts, legumes, liver, pork, 
sunflower seeds

Riboflavin Enriched and whole alternative grain 
products, milk, dark green leafy 
vegetables

Niacin Enriched and whole alternative grain 
products, meat, fish, poultry, liver, 
peanuts, sunflower seed, legumes

Folic acid Enriched and whole alternative grain 
products, beef liver, dark green leafy 
vegetables, legumes, seeds

Iron Heme iron: Meat, liver, fish, shellfish, 
poultry

Non-heme iron: Enriched and whole 
alternative grain products, legumes and 
dried fruits

TABLE 
48-5 

Nutrients Provided by Wheat and Alternative 
Dietary Sources

that a product is safe without first calling the manufacturer to 
determine if any soy ingredient other than soy lecithin is con-
tained in the product.

While soy itself is a nutritionally dense food, it generally is 
not a major component of the diet, and therefore the nutrients 
lost due to soy elimination may easily be replaced. If there are 
other food allergies or dietary patterns such as a vegetarian diet, 
then the child with soy allergy may be at nutritional risk.

PEANUT ALLERGY

Peanut allergy affects approximately 1.8% of children in the 
USA.38 Avoidance of peanuts in the diet does not necessarily 
pose any specific nutritional risk when there are no other nutri-
tional risk factors.

Approximately 20% of young children with peanut allergy 
may eventually develop clinical tolerance. Children with peanut 
allergy are at greater risk for tree nut allergies. In fact, about 
35% of those allergic to peanut will react to at least one tree nut 
although these two foods are botanically different, peanut being 
a legume rather than a nut.47 Cross-reactivity between peanuts 
and legumes is rare with only about 5% of those with a peanut 
allergy reacting to another legume.47 However the legume 
lupine (lupin) appears to carry a greater risk of cross-reactivity 
with peanut. In recognition of the risk of cross-reactivity with 
peanut as well as the risk of having a primary allergy to lupine, 
the EU has included lupine as a major allergen, with products 
containing lupine or its derivatives requiring full disclosure on 

EU product labels.49 Lupine is not, however, considered a major 
allergen in the USA, Canada or Australia.48

Oral Food Challenges
A child with food allergies may undergo an oral food challenge 
to identify or confirm immediate and occasionally delayed  
food allergic reactions or to determine if clinical tolerance to a 
particular food has been acquired. The individual patient 
history and the results of prick skin tests and food-specific 
serum IgE values will determine if an oral food challenge is 
appropriate. The type of challenge is determined by the history, 
the age of the patient and the likelihood of encountering subjec-
tive reactions. The food challenge requires evaluation of the 
patient prior to the procedure and preparation of the office for 
the organized conduct of the challenge, for a careful assessment 
of the symptoms and signs and the treatment of reactions.

During the physician-supervised oral food challenge, the 
challenge food is administered gradually in incremental doses.50 
The patient is observed for symptoms during the procedure and 
for a period of time after the full test dose is administered. Chal-
lenges can be open, single-blind or double-blind. While the 
utility of the double-blind, placebo-controlled food challenge 
(DBPCFC) as the ‘gold standard’ for food allergy testing is 
acknowledged, the NIAID Food Allergy Guidelines noted that 
open or single-blind challenges could also be acceptable for 
food allergy evaluation when the challenge outcome is negative 
or when objective symptoms are elicited that recapitulate the 
reaction history.12 Regardless of the type of food challenge, 
emergency medications should be available and an emergency 
treatment protocol should be in place.

There are a number of primary documents available to the 
practicing allergist/immunologist to guide the administration 
of the physician-supervised oral food challenge.50,51 In 2012, the 
American Academy of Allergy, Asthma and Immunology 
(AAAAI) and the European Academy of Allergy and Clinical 
Immunology (EAACI) jointly published a consensus report on 
standardizing the DBPCFC, which is part of the PRACTALL 
initiative.50 The Adverse Reactions to Foods Committee of the 
AAAAI published a work group report on oral food challenge 
testing, which is a comprehensive guide on conducting 
physician-supervised oral food challenges.51 These documents 
offer in-depth, practical guidance and should be utilized by 
practicing allergists/immunologists to ensure that safe and sci-
entifically sound challenge procedures are conducted.

Conclusions
Current management of food allergy entails dietary avoidance  
of the identified allergen, requiring extensive education  
(Box 48-2). Allergen elimination diets should not be prescribed 
lightly and the global impact of these diets should be consid-
ered. In theory, elimination of dietary allergens may seem an 
easy enough task, but avoidance issues are complex and acci-
dental ingestions are not uncommon. Hence, food allergy man-
agement must also include comprehensive education on how to 
recognize and treat a food-allergic reaction. This topic is dis-
cussed fully in Chapter 58.

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

http://www.expertconsult.inkling.com
http://www.expertconsult.inkling.com
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KEY REFERENCES

BOX 48-2 KEY FOOD ALLERGY MANAGEMENT POINTS

• Avoidance of the identified allergen is key in the management 
of food allergies. Provide comprehensive education on the 
scope of allergen elimination issues such as label reading, 
avoiding hidden sources of the allergen and cross-contact risk. 
Allergen avoidance sheets are an excellent resource to begin 
educating families about allergen elimination.

• Provide education to help families manage daily living activities 
such as going to school or camp, eating in restaurants or 
friends’ homes, shopping and cooking. The goal of education 
is to reduce the risk of accidental allergen exposure while 
empowering the family, and eventually the child, to participate 
in all daily living activities while avoiding the food to which they 
are allergic. Visit www.cofargroup.org for free patient handouts 
on many issues of food allergy management.

• Ensure that a nutrient-dense alternative food source is recom-
mended to substitute for the nutrients lost to the elimination 
diet. Follow-up to ensure that the alternative food has been 
accepted and incorporated into the diet is essential.

• Encourage the family to offer a variety of developmentally 
appropriate allergen-free foods of varying tastes and textures 

to help the child develop eating competence and allow even a 
food elimination diet, with appropriate substitutions, to provide 
adequate nutrition.

• Use of a milk substitute such as breast milk or a commercially 
available, hypoallergenic formula may be warranted until 2 
years of age in children with milk allergy.

• All children with food allergies should receive nutrition counsel-
ing and close growth monitoring as they are at risk of inade-
quate nutrient intake and poor growth.

• Educate the family on how to recognize and treat a food-
allergic reaction.

• Recommend that children with food allergy wear medical alert 
jewelry.

• Instruct families to have their child’s epinephrine autoinjector 
device immediately available at all times.

• Instruct families to seek medical help immediately by calling 
9-1-1 or getting transportation to an emergency room if their 
child experiences a food-allergic reaction, even if epinephrine 
has already been given.

http://www.cofargroup.org
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KEY POINTS

• Restoration or induction of immune tolerance is the 
primary goal for immunotherapy (IT) for food allergy, 
requiring significant immunomodulation to be 
effective.

• Emerging immunotherapeutic approaches to food 
allergy have largely induced desensitization but have 
met with some clinical successes, i.e. sustained unre-
sponsiveness, in subsets of patients with food allergy.

• Immunomodulation has been noted with a variety of 
immunotherapy approaches to food allergy, with oral 
immunotherapy offering the most robust impact to 
date.

• Factors such as biomarkers or patient characteristics 
that can predict successful immunotherapy for food 
allergy are currently lacking.

• Further study in larger, more diverse populations of 
food-allergic patients is needed before immunotherapy 
for food allergy can be broadly applied to the clinical 
setting.

Introduction
Food allergy is an immune-mediated disorder that can often be 
life-threatening but is always life-altering.1 In food allergy sig-
nificant immune deviation is evident, preventing oral tolerance 
of foods and resulting in allergic sensitization that leads to  
clinical allergy.2 Immune deviation in food allergy includes 
reductions in regulatory T cell and tolerogenic dendritic cell 
activity, with Th2 skewing of the immune response and Th2-
predominant cytokine production, increased IgE and elevated 
mast cell and basophil activation.2,3 Restoration or induction of 
immune tolerance is the over-arching goal of any approach 
employing allergen immunotherapy for food allergy, requiring 
significant immunomodulation to be effective (Table 49-1). In 
fact, true immunologic tolerance to foods may not be achiev-
able without some level of ongoing treatment or allergen expo-
sure. Allergen immunotherapy has been documented for 
decades as a safe, effective treatment for many allergic disor-
ders.4 Despite its success for other allergic diseases, subcutane-
ous immunotherapy (SCIT) has not been implemented for the 
treatment of food allergy due to its unacceptable safety profile 
in early studies.5,6 Due to the lack of active treatment options 
for food allergy, a vast amount of clinical and translational 
research has focussed on the development of novel immuno-
therapeutic strategies. Several approaches have emerged as 
promising future therapeutic options (Figure 49-1).

Common terms have been employed to describe the clinical 
state of allergic disease in response to immunotherapy. Desensi-
tization refers to a change in the threshold dose of allergen 
required to induce allergic symptoms after allergen ingestion. 
This is a reversible state in which effector cells are rendered less 
reactive by administration of allergen, thus consistent allergen 
dosing is required to maintain protection from allergic reactions. 
Tolerance refers to the long-lasting beneficial effects of treatment, 
presumably due to the impact of therapy on adaptive immune 
cells that persists after the treatment is stopped. The immuno-
modulatory effects of desensitization can be seen early (days to 
weeks to months) in the course of immunotherapy; however, a 
state of relative tolerance is only achieved after a longer duration 
of therapy (months to years). Sustained unresponsiveness reflects 
a state of relative tolerance or longer-term desensitization requir-
ing only intermittent allergen exposure to maintain suppression 
of allergic reactions; however, this state may be reversible when 
all treatment is discontinued. This chapter will highlight the 
allergen-specific and allergen-nonspecific immunomodulatory 
treatments that are currently under investigation for IgE-
mediated food allergy, in addition to those in preclinical devel-
opment (Table 49-2). None of these therapies has achieved US 
Food and Drug Administration (FDA) designation for safe use 
in patients, but several hold promise for the future.

Allergen-Directed Immunotherapy
During the past decade, clinical trials in food allergy have 
focussed primarily on allergen-specific immunotherapy encom-
passing three major forms: oral (OIT), sublingual (SLIT) and 
epicutaneous (EPIT) immunotherapy. Each of these forms of 
immunotherapy is in different stages of investigation with 
similar immunologic targets but with clear differences in the 
route of administration, antigen dose and clinical research out-
comes, and these therapies are the primary focus of this chapter 
(Table 49-3). Novel immunotherapeutic approaches are in early 
stages of development.

ORAL IMMUNOTHERAPY (OIT)

Oral immunotherapy is the therapeutic approach most explored 
in clinical trials for food allergy to date. Unlike other therapies 
that have been adapted from preclinical studies or treatment 
models shown to be effective in other diseases, OIT trials began 
in earnest over 10 years ago in small, uncontrolled trials using 
commercially available food products. Early open-label trials 
have shown a beneficial response to OIT to a variety of aller-
gens, such as milk, egg and fish, with evidence of clinical desen-
sitization in up to 80% of subjects treated.7,8 More recent trials 
have expanded to multicenter, randomized controlled OIT 
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Figure 49-1  Immunotherapeutic  approaches  for  the  treatment  of  food  allergy  requires  modulation  of  the  allergic  response  to  foods  through 
activation of dendritic cells (DC), Langerhans cells (LC) and regulatory T cells (TREG) with subsequent suppression of a variety of effector cell types 
(Th2 – type 2 T helper cells; B cells, MC – mast cells; Baso – basophils; Eos – eosinophils). 

Suppression of Th2
cytokines

Immunotherapy

DC
LC

Reduction of IgE
Induction of IgG4

IL-4, IL-13
IL-3, IL-4, IL-5

Suppression of T effector
cell cytokines

Suppression of
mast cell, basophil,

eosinophil activation and
mediator release

IL-10
TGF-βIL-10

TGF-β

IL-10
TGF-β

TREG

Teff
Th2

B cell

Baso
MC

Eos

Immune Parameters Food Allergy
Effective 
Immunotherapy

Allergen-specific IgE Increased Decreased
Allergen-specific IgG4 Negligible Increased
Allergen-specific IgA Negligible Increased
IgE epitope binding Variable Targeted binding
Mast cell and basophil 

activation
Increased Decreased

Th2 cytokines Increased Decreased
Regulatory T cell activity Negligible Increased

TABLE 
49-1 

Immunologic Changes IgE-mediated Food 
Allergy vs Effective Immunotherapy

trials that have taken advantage of the foods as ‘therapeutic 
tools’. OIT products are viewed by the FDA as new therapeutics 
and are bound by FDA regulation for labeling and widespread, 
safe usage in the clinical setting. Most clinical trials to date are 
FDA registered and accessible through the NIH clinical trials 
registry (www.clinicaltrials.gov).

Typically, OIT protocols encompass three phases of allergen 
delivery using a standard protocol in a well-controlled setting: 
(1) initial escalation dosing of 6 to 8 doses of allergen given 
rapidly during a single day under medical supervision; (2) 

build-up dosing under observation weekly or biweekly until a 
target dose is reached after 6 to 12 months; and (3) daily main-
tenance dosing at home (typically for years). OIT is associated 
with beneficial short-term and longer-term treatment responses 
for most individuals through immunomodulation that involves 
tissue and circulating effector cells.2 Despite the benefits seen, 
safety concerns further highlight the need for larger trials and 
FDA registration before widespread use is acceptable.9–11

Recent randomized, controlled, multicenter clinical trials 
have provided valuable efficacy and safety data for evaluation 
of OIT as an active treatment.12–19 In a trial of peanut OIT, 28 
children (ages 1–16 years) were randomized to receive peanut 
OIT (maintenance dose = 4,000 mg) versus placebo OIT.19 
Peanut OIT treatment was associated with clinical desensitiza-
tion when compared to placebo OIT treatment after 12 months 
(5,000 mg [~20 peanuts] vs 280 mg [~1 peanut], P < .001). In 
a recent randomized trial, 62% of children (ages 7–16 years) on 
active OIT could be desensitized to a dose of 1,400 mg (~5 
peanuts) of peanut after 6 months of OIT at a dose up to 
800 mg compared to none of placebo OIT subjects (P < .001).12 
Similar findings were noted during a 6-month milk OIT trial 
in 20 milk-allergic children (ages 6–21 years) randomized to 
milk OIT (maintenance dose = 500 mg) compared to placebo 
OIT when assessing change in reaction threshold at baseline 
oral food challenge (OFC) compared to 6-month OFC 
(5,100 mg [~160 mL] vs 0 mg, P = .002).18 Other milk OIT 

http://www.clinicaltrials.gov
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Immunotherapy Stage of Study Food Allergen

ALLERGEN-SPECIFIC THERAPY

Subcutaneous IT Human Phase I Peanut
Oral IT Human Phase I–III Peanut, milk, egg, 

fish, fruits
Heated antigen Human Phase I–II Egg, milk
Sublingual IT Human Phase I–II Peanut, milk, 

hazelnut, kiwi, 
peach

Epicutaneous IT Human Phase I–II Peanut, milk
Recombinant protein 

IT with adjuvants
Human Phase I Peanut

Recombinant protein 
IT

Preclinical Peanut

Peptide IT Preclinical Peanut, egg
Plasmid DNA IT Preclinical Peanut
ISS-ODN IT Preclinical Peanut
Human Fc-FC fusion 

proteins
Preclinical Peanut

Engineered allergen Preclinical Egg, peanut, milk, 
fish, fruits

Mannoside-
conjugated BSA

Preclinical Bovine serum 
albumin (BSA)

Antigen-fixed 
leukocytes

Preclinical Peanut

ALLERGEN-NONSPECIFIC THERAPY
Anti-IgE therapy Human Phase I–II Peanut, milk
Traditional Chinese 

medicine
Human Phase I–II Peanut, tree nut, 

fish, shellfish, 
sesame

Probiotics/Prebiotics Longitudinal 
study

Nonspecific

Lactococcus lactis for 
peptide/cytokine 
delivery

Preclinical Milk

Toll-like receptor 9 Preclinical Peanut
Trichuris suis egg 

therapy
Preclinical Peanut

FUTURE THERAPY
Adjuvant treatment Preclinical
Nanoparticle use Preclinical
IgE receptor 

molecules
Preclinical

TABLE 
49-2 

Immunotherapeutic Approaches for Treatment 
of Food Allergy

trials in children have shown similar clinical findings.14–17 In a 
study from the Consortium of Food Allergy Research (CoFAR), 
55 egg-allergic children (ages 5–18 years) were randomized to 
egg versus placebo OIT.13 After 10 months of OIT (maintenance 
dose = 2,000 mg), 55% of egg OIT subjects were desensitized 
to 5 g of egg (~ 3

4  whole egg) compared to 0% of placebo OIT 
subjects (5,000 mg vs 50 mg; P < .001), and 75% of egg OIT 
subjects passed a 10 g (~1.5 whole egg) OFC at 22 months. 
These studies highlight the efficacy of OIT induction of desen-
sitization and treatment-specific immunomodulation (as 
described below).9–11

In a recent study, investigators delivered combination OIT 
to participants (ages 4–25 years) sensitized to up to five foods 
(N = 25 subjects) compared to those that were mono-allergic 
(N = 15)20 and reported that multi-allergen OIT could be deliv-
ered with similar safety and efficacy to single-allergen OIT. 
Alternatively, in a multisensitized mouse model of tree nut 
allergy, OIT with a single tree nut induced desensitization to 
multiple nuts with associated immune changes.21 Further clini-
cal studies are ongoing to evaluate the efficacy and safety of 
multi-allergen OIT and cross-reactive allergen OIT.

Several studies have evaluated longer-term outcomes of OIT, 
including sustained unresponsiveness.13,22–24 All of these studies 
have been either uncontrolled, open-label studies or open-label 
extension phases of randomized, controlled trials that include 
years of OIT dosing. In an open-label study of 6 egg-allergic 
children (ages 3–13 years), all passed an OFC after 33 months 
of OIT and introduced egg into their diet.23 After 5 years of 
peanut OIT (maintenance dose = 4,000 mg), 50% of subjects 
demonstrated sustained unresponsiveness to 5 g of peanut 
protein and were considered treatment successes with incorpo-
ration of a median of 555 mg/day (range, 0–4,000 mg/day) of 
peanut in their diets ~3 days/week.24 During a 60-week trial of 
milk OIT compared to milk SLIT, OFCs were performed after 
1 and 6 weeks off therapy in subjects demonstrating desensiti-
zation at week 60;22 10% failed at week 1 and 20% failed at 6 
weeks. In the CoFAR egg OIT trial, sustained unresponsiveness 
treatment successes improved as therapy was extended, with 
27.5% noted at 24 months, 47.5% at 36 months and 55% at 48 
months.13,25 Among peanut OIT subjects surveyed about dura-
tion of treatment effects, none of the treatment successes 
reported symptoms with peanut consumption after 3 to 4 
years.24 Follow-up of successful milk OIT yielded 22% of 
subjects reporting limitations with milk consumption due to 
symptoms, although for various reasons only 20% were ingest-
ing milk on an unlimited basis.26 Another study found that 
twice-weekly ingestion (150–200 mL) was effective to maintain 

OIT SLIT EPIT

Daily maintenance dose 300–4,000 mg 2–7 mg 50–500 µg
Primary side-effects Oral, gastrointestinal (systemic symptoms associated 

with infection, exercise, menses)
Oropharyngeal Skin

Desensitization Significant, sustained effect Moderate, sustained effect Ongoing investigation
Sustained unresponsiveness Effective in subset of patients Ongoing investigation Ongoing investigation
Long-term tolerance Ongoing investigation Unknown Unknown
Immune modulation Significant Present Ongoing investigation

EPIT – Epicutaneous immunotherapy; OIT – oral immunotherapy; SLIT – sublingual immunotherapy.

TABLE 
49-3 Comparison of Allergen-Targeted Immunotherapies in Clinical Trials
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subjects on stable OIT dosing41 and often require dose adjust-
ments in the face of acute illness.39 Additionally, eosinophilic 
esophagitis has been reported in association with OIT, adding 
potential risks for a subset of children.42,43 The implementation 
of rush OIT protocols has been associated with increased 
adverse symptoms and has been generally abandoned as a viable 
treatment option.14,39,44,45 Pre-treatment with omalizumab has 
shown promise for reducing side-effects and shortening time to 
maintenance therapy.46–48 Overall, additional studies in larger 
study cohorts are needed before OIT can be sanctioned and 
encouraged for widespread use.9,10,35–38 Larger scale Phase II and 
Phase III studies are underway currently for peanut OIT and 
are planned for other allergens.

Treatment with extensively heated (baked) milk and/or egg 
allergen may prove to be an important treatment option that 
mirrors allergen immunotherapy. Clinical trials performed in 
milk49 and egg50 allergic children have demonstrated that 
~70–80% of milk or egg allergic children can safely ingest  
baked milk or egg products.49,50 Daily consumption of 1 to 3 
servings of baked allergen products was safe and associated with 
accelerated tolerance development and immunomodulation 
when compared to age-matched controls.50–53 Questions remain 
regarding the best way to identify those patients tolerant  
of baked milk/egg, the effective dose required, the degree of 
heating needed, the role of the food matrices and the ability of 
heated proteins to induce lasting tolerance.

SUBLINGUAL IMMUNOTHERAPY (SLIT)

Sublingual immunotherapy (SLIT) has been employed in 
asthma and allergic rhinitis in the form of allergen extracts and 
sublingual allergen tablets with favorable safety and efficacy 
profiles.54–56 SLIT presumably works by allergen interaction 
with pro-tolerogenic Langerhans cells in the oral mucosa, 
leading to down-regulation of the allergic response. Several 
clinical trials have been conducted using SLIT for food allergy. 
As with OIT, SLIT protocols include escalation and mainte-
nance dosing, although SLIT doses are smaller, generally less 
than 10 mg daily. Participants administer SLIT by placing a 
gradually increasing dose of allergen extract under the tongue, 
holding it there for several minutes and then spitting out or 
swallowing.

The first published reports of SLIT for food allergy appeared 
more than a decade ago, when SLIT for kiwi allergy was 
described in a case report in which a 29-year-old woman  
with a history of multiple anaphylactic reactions to kiwi was 
desensitized.57 That patient subsequently underwent approxi-
mately 5 years of maintenance therapy with a solution made 
from fresh kiwi pulp and became tolerant of the fruit.58 In 
a study of hazelnut SLIT, 22 adults received 8 to 12 weeks of 
treatment with hazelnut SLIT or placebo SLIT.59 In the subse-
quent food challenge, almost half of patients in the hazelnut 
SLIT group consumed 20 g of hazelnut compared to only 9% 
of the placebo SLIT group. Systemic symptoms were noted  
in only 0.2%. Oropharyngeal symptoms were observed in 7.4% 
of subjects, many with oral allergy syndrome reported at  
baseline. In a study of peach SLIT, 49 adults received peach SLIT 
(N = 33) or placebo SLIT (N = 16) during 6 months of treat-
ment.60 During the post-therapy food challenge, the peach 
SLIT group consumed peach at levels that were 3-fold higher 
than those in the placebo SLIT group before experiencing 
symptoms.

desensitization.27 Following 2 to 3 years after completion of egg 
OIT, 67% of egg OIT subjects compared to 18.2% of placebo 
OIT subjects could consume both baked and concentrated 
egg.25 Overall, sustained unresponsiveness is possible in a subset 
of subjects, but the long-term impact of OIT remains unclear. 
To address this issue further, the Immune Tolerance Network 
IMPACT trial is evaluating long-term tolerance among peanut-
allergic children (ages 1–4 years) in a randomized, controlled 
3-year peanut OIT trial.

Immunologic changes associated with clinical findings fol-
lowing successful OIT have been compelling. Single-allergen 
OIT has been associated with beneficial immunomodulatory 
effects including reduced basophil and mast cell activation, 
down-regulation of Th2 effector cells and cytokine production, 
as well as initial increased T regulatory cell activity and reduced 
IgE antibodies with increased IgG4 antibodies.13,18,19,22,24,28–30 
Some of these changes following peanut OIT, in particular those 
related to basophil activation, are antigen specific but some are 
also associated with nonspecific stimuli including evidence of 
basophil suppression after anti-IgE stimulation or after nonspe-
cific antigen (egg) stimulation.30 Peanut OIT has also been 
shown to induce transient tolerance with associated increase in 
antigen-induced TREG function and intracellular IL-10 levels 
and decreases in methylation of Foxp3, a known indicator of 
TREG cell suppressive function.29 Following long-term peanut 
OIT, treatment successes were associated with reduced peanut-
specific IgE and Ara h 1 and 2, and skin prick tests (SPT) when 
compared to treatment failures, parameters that were predictive 
of outcomes.24 Low baseline specific IgE levels were predictive 
of treatment success for desensitization in both milk31 and egg32 
OIT studies, but not predictive of success in the multicenter 
CoFAR egg OIT study.13 Analysis of IgE and IgG4 binding epi-
topes before and after milk33 and peanut34 OIT is particularly 
interesting. Reductions in IgE binding and increases in IgG4 
binding with overlap of key binding epitopes are associated 
with response to therapy; however, in some individuals signifi-
cant discordance indicates that antigen-nonspecific changes 
may play a role.34 Overall, the immunodulation following OIT 
is often robust and strongly linked to clinical outcomes.

OIT trials have been conducted through study protocols 
under close monitoring by experienced research staff in clinical 
research centers with necessary rescue equipment and proce-
dures in place. Although OIT has demonstrated clinical efficacy, 
meta-analyses highlight the fact that insufficient data exist for 
full efficacy assessments and safety concerns persist.9,10,35–38 Gen-
erally, side-effects associated with OIT treatment trials are  
mild to moderate, predominantly oropharyngeal and easily 
treated;13,18,19,39,40 however, more severe reactions have been 
reported. Currently, the highest rate of adverse events related to 
OIT occurs during the first year of therapy with up to ~10–15% 
of subjects withdrawing, often due to gastrointestinal side-
effects.13,24 During blinded peanut OIT,19 symptoms were noted 
in most active treatment subjects when compared to placebo 
treated subjects. During OIT, ~45% of active subjects compared 
to ~10% of placebo subjects experienced dose-associated symp-
toms, primarily mild and oropharyngeal, but with ~1% requir-
ing epinephrine.18,19 During the first year of blinded egg OIT, 
75% of 11,860 OIT doses were symptom free versus 96% of 
4,018 placebo doses.13 During years 3 and 4, 95% of OIT doses 
were symptom free.25

Acute illness with viral infections, menses and exercise  
have been associated with lowering the reaction threshold for 
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of doses being symptom free when local oropharyngeal symp-
toms were excluded. Clinical outcomes were associated with 
only modest immunologic changes including reductions in 
basophil activation and modest changes in titrated skin tests. No 
significant changes were noted in peanut-specific IgE or IgG4 
levels. Differences in the two peanut SLIT studies may be 
explained by the difference in ages of the study cohorts, subject 
selection and differences in target maintenance doses, indicating 
that further study is warranted.

A retrospective comparison study of peanut-allergic children 
treated with either peanut OIT or SLIT indicated that after 12 
months of therapy patients who received SLIT reacted at lower 
eliciting dose thresholds and were less likely to pass food  
challenges evaluating desensitization.64 Thus, available evidence 
for milk and peanut allergy suggests that SLIT therapy is less 
effective than OIT for desensitization but has a better safety 
profile.22,64 Studies of SLIT have also largely excluded patients 
with a history of severe allergic reactions. Among patients who 
have undergone treatment, response has been variable and 
potentially age dependent and allergen dependent. Therefore, 
the applicability of SLIT in the general food-allergic population 
remains unclear. There are ongoing SLIT studies in younger age 
groups and using different SLIT delivery systems that should 
help us better understand the possible role of this type of 
immunotherapy for food allergy for the future.

EPICUTANEOUS IMMUNOTHERAPY (EPIT)

Epicutaneous immunotherapy is a newer form of immuno-
therapy that utilizes a novel delivery of allergen to the skin 
surface through application of an allergen-containing patch. 
EPIT has been utilized for grass pollen-induced allergic rhinitis 
with demonstrated efficacy and safety.65 In preclinical studies of 
EPIT for food allergy, effective antigen delivery and treatment 
outcomes have been noted and have led to clinical trials in milk 
and peanut allergy. EPIT acts by delivering a small dose of 
allergenic protein directly to the epidermal layer of the skin 
where it is taken up, activating Langerhans cells that subse-
quently traffic to regional lymph nodes and lead to down-
regulation of effector cell responses.66–69 In mouse studies, 
fluorescently labeled allergen (Alexa488-ovalbumin) applied 
via an allergen patch remained in the epidermal layer without 
evidence of systemic absorption but with induction of down-
stream immunologic effects.67 In mouse studies, investigators 
sensitized mice to ovalbumin, peanut or aeroallergen and then 
treated with EPIT, SCIT or sham therapy for 8 weeks.70 Mice 
treated with EPIT showed reduced airway hyperreactivity to 
inhaled allergen, decreased allergen-specific IgE levels and 
increased allergen-specific IgG2a when compared to controls  
(P < .05), changes that were similar to treatment-induced effects 
noted with SCIT.70 Reduced inflammation was also noted on 
bronchoalveolar lavage with evidence for decreased eosinophils, 
eotaxin and cytokines with both EPIT and SCIT when com-
pared to controls (P < .001). Further preclinical studies have 
demonstrated allergen-specific induction in tolerogenic regula-
tory T cells with repeated allergen patch application, a treat-
ment effect that was eliminated when EPIT was applied  
to tape-stripped skin.71 In a mouse model of peanut-induced 
eosinophilic gastrointestinal disorders, peanut EPIT treatment 
resulted in expansion of a CD25+ T regulatory cell popula-
tion that was long-lasting and that could be adoptively  
transferred to peanut-sensitized, untreated animals to provide 

SLIT studies have expanded to include both pediatric and 
adult patients with milk or peanut allergy in the last few years. 
In a 6-month, open-label study of 8 children (age >6 years) with 
cow’s milk allergy, milk SLIT led to an increase in the mean 
volume of milk that elicited allergy symptoms from 39 mL to 
143 mL.61 In a study of 30 milk-allergic children (ages 6–17 
years), milk SLIT was compared to milk OIT in a two-center 
study.22 Participants were randomly assigned to receive SLIT 
alone (7 mg) or SLIT followed by OIT at two different doses (1 
or 2 g) during 60 weeks of immunotherapy. At the end of the 
study, 1 of 10 SLIT-only participants achieved desensitization 
to 8 g of milk protein, while 6 of 10 participants in the lower-
dose SLIT+OIT group and 8 of 10 patients in the higher-dose 
SLIT+OIT group achieved desensitization. Overall, SLIT in 
combination with OIT was associated with more robust clinical 
benefits than SLIT alone; however, systemic side-effects occurred 
only in the SLIT+OIT groups with higher levels of antihista-
mine and epinephrine usage. Symptoms reported with milk 
SLIT were limited to the oropharynx.22

The first randomized, controlled trial of peanut SLIT was 
performed in a single-center study of 18 children (ages 1–11 
years) receiving 12 months of SLIT (maintenance dose = 2 mg 
daily) with peanut or placebo.62 At the conclusion of 1 year of 
treatment, those receiving peanut SLIT were able to safely 
consume 1,710 mg (~8 peanuts) of peanut protein, compared to 
only 85 mg (<0.5 peanut) in those receiving peanut SLIT 
(P = .011), representing a 20-fold increase in peanut consump-
tion. During dosing, side-effects were minimal and localized to 
the oropharynx, noted in 11.5% of peanut SLIT subjects com-
pared to 8.6% of placebo SLIT subjects. Symptoms were typi-
cally untreated, and no participant required epinephrine during 
treatment. Immunologic changes were noted in peanut SLIT 
subjects when compared from baseline to OFC at 12 months 
including decreased peanut-specific IgE (P = .003), SPT size 
(P = .02), basophil activation (P = .009), and IL-5 levels (P = 
.015) with increase in peanut-specific IgG4 (P = .014). Clinical 
benefits in addition to evidence of immunomodulation sug-
gested modification of the allergic response by peanut SLIT in 
these young children. A subsequent multicenter study from 
CoFAR of 40 peanut-allergic patients (ages 12–40 years) evalu-
ated the efficacy of peanut SLIT vs placebo SLIT.63 Treatment 
success was defined during OFC when 5 g of peanut protein was 
consumed or when a 10-fold or higher increase in peanut protein 
consumption was achieved when comparing baseline to 
follow-up OFC. After 44 weeks of therapy (target maintenance 
dose = 1,386 µg), 14 (70%) of 20 subjects who received peanut 
SLIT compared to only 3 (15%) of 20 subjects who received 
placebo SLIT demonstrated treatment success: primarily greater 
than a 10-fold increase in eliciting dose over baseline challenge. 
The median dose of peanut consumed at the 44-week OFC com-
pared to baseline OFC was significantly higher for peanut SLIT 
subjects (371 mg [about 1 peanut] vs 21 mg, P = .01) when com-
pared to placebo SLIT subjects (146 mg vs 71 mg, P = .14). When 
evaluation took place at week 68 the mean consumed dose rose 
to 996 mg, which was significantly higher than at week 44 (P = 
.05). For the 12 of 17 placebo subjects that crossed over to higher 
dose SLIT (target maintenance dose = 3,696 µg) and completed 
a 5 g OFC, the median consumed dose was higher than at base-
line OFC (603 mg vs 71 mg, P = .02). Although the results were 
encouraging, none of the subjects treated with low-dose or high-
dose SLIT was able to consume the full 5 g OFC during the 
desensitization phase. Peanut SLIT was well tolerated with 95% 
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NOVEL IMMUNOTHERAPY APPROACHES  
IN EARLY DEVELOPMENT

Novel immunotherapeutic applications in food allergy are 
under investigation in murine models.77 Modified or recombi-
nant allergen immunotherapy has taken advantage of recombi-
nant technology to alter the host response to allergen through 
modification of the antigenic features of the protein and has 
been used in preclinical trials and a single Phase I study. Based 
on positive findings from a peanut mouse model using heat-
killed Escherichia coli (HKE) in combination with modified Ara 
h1, 2, and 3 proteins (HKE-EMP123),78,79 a Phase I clinical trial 
using HKE-EMP123 delivered rectally was conducted in nonal-
lergic adults and peanut-allergic adults.80 In peanut-allergic 
subjects, 50% had significant allergic reactions preventing 
further dosing (30% required epinephrine), while healthy  
controls tolerated the treatment. Other immune-specific 
approaches in preclinical studies include peptide vaccine immu-
notherapy, plasmid DNA immunotherapy, cytokine-modulated 
immunotherapy, immunostimulatory sequence-conjugated 
protein-modulated immunotherapy, human immunoglobulin 
fusion proteins, sugar-conjugated BSA and antigen-fixed leuko-
cytes.77,81 These approaches may provide an important first step 
in organ-targeted immunotherapy with molecules that induce 
immunomodulation with improved safety profiles.

Allergen Nonspecific Immunotherapy
Several immunomodulatory therapies that globally impact the 
allergic immune response are under investigation as single-
agent treatments or as adjunctive treatments to synergize with 
allergen-targeted immunotherapy. These treatment approaches 
do not target specific allergens, thus they may be applicable for 
individuals allergic to multiple allergens or those with severe 
allergic reactions that could benefit from additional safety 
considerations.

HUMANIZED MONOCLONAL ANTI-IgE

Humanized monoclonal anti-IgE has proven to be a valuable 
biologic therapy for a variety of allergic disorders. Omalizumab, 
a recombinant, humanized, monoclonal anti-IgE antibody, is 
FDA approved for the treatment of allergic asthma and chronic 
urticaria and has demonstrated efficacy when used in concert 
with rush immunotherapy for allergic rhinitis,82 as an adjunc-
tive therapy to minimize systemic immunotherapy reactions in 
allergic asthmatics83 and as an effective treatment for chronic 
urticaria.84 The mechanism of action involves binding of anti-
body to the Fc portion of free IgE molecules with added benefit 
of reducing high-affinity receptors on effector cells, thereby 
reducing the potential for anaphylaxis in a global, nonallergen 
targeted manner.84 These molecules are associated with an 
extended half-life of IgE and treatment response that are typi-
cally reversible with drug cessation. The first clinical trial of 
anti-IgE for peanut allergy used a novel antibody, Hu-901, to 
demonstrate efficacy in increasing the reaction threshold  
to peanut during oral food challenge (OFC) from 178 mg to 
2,805 mg.85 However, ~25% of subjects were non-responders. 
A second multicenter, randomized, controlled trial using omali-
zumab to treat peanut allergy was initiated in 26 subjects, but 
was stopped prematurely due to safety issues during baseline 
OFCs.86 Fourteen subjects randomized to receive omalizumab 

protection.72,73 These findings from preclinical studies have 
highlighted the novel mechanistic action of EPIT and beneficial 
treatment effects that have paved the way for the first human 
studies in milk- and peanut-allergic individuals.

To date, all EPIT studies conducted for food allergy have 
employed the technology developed by DBV Technologies, Inc. 
(Paris, France). This technology consists of a small, adhesive 
patch, known as the ViaskinTM device, that has been electrostati-
cally coated with allergen and is applied to the upper arm or 
interscapular space. The first study conducted was a 3-month 
double-blind, placebo-controlled pilot study in milk-allergic 
infants and children (3 months to15 years).74 Nineteen subjects 
were randomized to treatment with milk or placebo EPIT 
applied at 48-hour intervals during 3 months of treatment 
(using the DiallertestTM device, a precursor to ViaskinTM). The 
cumulated dose of cow’s milk consumed during OFC (baseline 
vs 3 months) trended higher in the milk EPIT group (1.77 ± 
2.98 mL vs 23.61 ± 28.61 mL) compared to the placebo group 
(4.36 ± 5.87 mL vs 5.44 ± 5.88 mL) (P = .13). Adverse events were 
higher among milk EPIT treated subjects when compared to 
placebo treatment and were limited to mild skin reactions at the 
patch site and increased risk of local eczema (OR 8.20; 2.72–
24.5; P < .001). This limited duration pilot study of EPIT in 
food-allergic children provided early evidence that EPIT could 
be used safely with potential for beneficial clinical outcomes.

Since completion of the EPIT pilot study in children, the 
focus of clinical trials for EPIT has been on peanut allergy, with 
both Phase I and Phase II studies conducted using the ViaskinTM 
patch device. A Phase I safety trial was conducted among 100 
peanut-allergic participants (ages 6–25 years), categorized as 
severe and nonsevere based on reaction history, using a ran-
domized, double-blind, placebo-controlled trial design com-
paring placebo ViaskinTM to four different doses of peanut 
ViaskinTM patches administered over 2 weeks of therapy. 
The peanut ViaskinTM proved safe and convenient up to a dose 
of 250 µg for children and up to 500 µg in adolescents and 
adults.75 Overall, 2 of 80 active EPIT and 1 of 20 placebo EPIT 
subjects dropped out due to adverse events; 90% experienced 
mild or moderate local symptoms, and systemic symptoms 
were mostly mild and transient, with no severe reactions and 
no epinephrine use.

The first peanut efficacy trial (ARACHILD), a randomized, 
controlled study, included 54 peanut-allergic children (ages 
5–17 years), all treated with the peanut patch (100 µg pp) and 
challenged after 6 months of blinded therapy. OFCs were con-
ducted at 6-month intervals over an 18-month period to assess 
reaction threshold. Safety data after 12 to 18 months were sat-
isfactory and consistent with Phase I results. Treatment was 
associated with some level of desensitization with up to 67% 
responders (defined as ≥10-fold increase in cumulative reactive 
dose from baseline) at 18 months with 4 subjects reaching 
1–2.5 g of peanut protein (~3.5–8 peanuts).76

A large randomized, controlled Phase IIb trial (VIPES) has 
enrolled 221 highly peanut-allergic individuals (ages 6–55 
years) in 22 centers in the USA and Europe, for a 1-year treat-
ment comparison of peanut EPIT vs placebo EPIT. Results are 
expected for 2015 with a planned extension phase up to 36 
months. Additionally, the CoFAR study group has initiated a 
randomized, controlled study of peanut EPIT planned for 30 
months of treatment in 75 children and young adults (ages 4–25 
years). Additional EPIT studies with other allergens are in plan-
ning and implementation stages.
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therapeutic intervention with agents that alter the microbiome 
and impact the immune response may be of value. Probiotics, 
such as Lactobacillus and Bifidobacterium species, and oligosac-
charide prebiotics promote beneficial bacterial colonization of 
the gastrointestinal tract and may have immunomodulatory 
effects.95,96 To date, studies using probiotics or prebiotics have 
not been utilized effectively in clinical trials for food allergy. 
Other therapies, such as Lactococcus lactis supplementation and 
expression systems and Toll-like receptor-9 (TLR9) agonists, 
have shown some benefit in allergic animal models.81 Trichuris 
suis egg therapy has shown benefit for autoimmune disorders 
and in a murine model of food allergy, but side-effects have 
limited the overall benefit to date.81

Future Approaches to 
Immunotherapy
Novel therapies have been utilized in vaccine development for 
infectious diseases, cancer and neurologic inflammatory disor-
ders, using targeted treatment to enhance immune responses 
and/or target treatments to specific organ systems. Immune 
adjuvants are such agents that work by amplification of the 
adaptive immune response to incite immune deviation. 
Lipopolysaccharide-derived lipid A ligands of the Toll-like 
receptor-4 (TLR4) pathway have been used effectively in human 
vaccines for infectious disease and cancer and in combination 
with SCIT and SLIT to enhance treatment responses for allergic 
disease.97–99 These TLR4 adjuvants have not been studied in 
food allergy trials to date.

Nanotechnology may provide another treatment approach 
in food allergy. Nanoparticles are in research and development 
phases to deliver medications for numerous diseases.100 Because 
of their small size (<100 nm) and potential for tissue targeting, 
nanoparticles can be delivered through a variety of routes to a 
variety of specific tissues to impact local immune environments 
and have been evaluated with some success in several preclinical 
studies for food allergy.101,102

Conclusions
In conclusion, immunotherapeutic approaches for the treat-
ment of food allergy hold promise for the future. These thera-
pies are not fully vetted in large populations and require further 
study before widespread clinical use can be recommended. 
Several of these approaches are in Phase II clinical trials with 
Phase III studies planned targeting future FDA registration. The 
future is bright for patients with food allergy and for clinicians 
and families who are seeking treatment options that will make 
a difference.

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

or placebo during 20 to 22 weeks of treatment completed OFC 
assessment prior to study discontinuation. The dose threshold 
of peanut flour at ≥1,000 mg was noted in 44% of omalizumab-
treated subjects compared to 20% of placebo-treated subjects, 
but over half of the subjects did not reach the 1,000 mg thresh-
old, leaving unanswered questions about efficacy.

Omalizumab treatment before and during OIT has shown 
benefits in reducing side-effects and shortening build-up dosing 
time to maintenance therapy during a trial of 11 subjects treated 
with milk OIT47 and during a trial of 13 children treated with 
peanut OIT.48 Both studies report lower overall side-effect pro-
files during build-up and maintenance dosing. Additionally, 
omalizumab pre-treatment in both studies reduced the time 
interval of OIT build-up phase to maintenance therapy by 
several months when compared to other studies employing OIT 
alone. In a Phase I study of 25 children and adults with multi-
food allergy, 16-week pre-treatment with omalizumab was used 
to advance multi-allergen OIT over weeks rather than months 
with 94% of dosing reactions reported as mild and only one 
subject reported to have a severe allergic reaction.46 Adverse 
reactions were still noted in all of the pilot studies, some requir-
ing epinephrine administration, thus the risk of OIT is not fully 
mitigated by omalizumab pre-treatment based on current 
studies. New studies are currently assessing the role of omali-
zumab combined with OIT in randomized, controlled multi-
center trials. Additionally, other molecules in preclinical 
development are focussed on improving or altering binding 
affinity of anti-IgE molecules87 while others focus on displace-
ment of IgE from its receptor.88

TRADITIONAL CHINESE MEDICINE

Traditional Chinese medicine has been used for centuries to 
treat a variety of disorders, with anecdotal reports of medicinal 
benefits for allergic disorders. FAHF-2 was developed as a for-
mulation of nine Chinese herbs and studied extensively in pre-
clinical studies. FAHF-2 was shown to block peanut-induced 
anaphylaxis and induce immunologic changes when comparing 
peanut-sensitized to sham-sensitized mice, with effects sus-
tained for up to 6 months (25% of the lifespan of a mouse).89 
During a Phase I study,90 subjects received FAHF-2 tablets or 
placebo over 1 week. Treatment was well tolerated, with only 
minor gastrointestinal symptoms in ~10% of participants and 
with associated reductions in serum IL-5 levels. A Phase II, 
multicenter clinical trial has recently been completed in 
multifood-allergic adolescents and adults (ages 12–50 years). A 
treatment response was not identified but may have been influ-
enced by poor compliance by participants requiring dosing of 
10 tablets three times daily over 6 months of treatment.91 A 
newer form of treatment, designed to reduce dosing barriers, is 
in development.

OTHER THERAPIES

Based on an ever-increasing body of evidence about the role of 
host microbiome in allergic and inflammatory disease,92–95 

http://www.expertconsult.inkling.com
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KEY POINTS

• Pruritus and chronic or relapsing eczematous dermatitis 
with typical distribution are essential for diagnosis of 
atopic dermatitis (AD).

• Interactions between susceptibility genes, the host’s 
environment, pharmacologic abnormalities and immu-
nologic factors contribute to the pathogenesis of AD.

• Recent genome-wide association studies have con-
firmed the association of single-nucleotide polymor-
phisms (SNPs) of loci of the epidermal differentiation 
complex (EDC) with AD.

• Bacterial and viral antigens as well as allergens and 
autoantigens play a role in the pathogenesis of AD.

Atopic dermatitis is a highly pruritic chronic inflammatory skin 
disease that commonly presents during early childhood.1 It is 
frequently associated with a personal or family history of respi-
ratory allergy, i.e. allergic asthma and/or rhinitis, and can have 
profound effects on patients’ lives, career choices and social 
interactions. Recent interest in AD has been sparked by reports 
of its increasing prevalence.2 Management approaches in AD 
have evolved from our rapidly increased understanding of the 
mechanisms underlying this skin disease and novel therapeutic 
avenues.

Epidemiology
Atopic dermatitis is a common skin disease with a lifetime 
prevalence in children of 10% to 20% in the USA, Northern 
and Western Europe, Japan, and other westernized countries. 
Environmental factors are critical in determining disease 
expression. Some of the potential risk factors that have received 
attention as being associated with the rise in atopic disease 
include small family size, increased income and education both 
in whites and blacks, migration from rural to urban environ-
ments, and increased use of antibiotics, that is, the so-called 
‘western lifestyle’. These observations are supported by observa-
tions that allergic responses are driven by T helper cell type 2 
(Th2) immune responses, whereas infections are induced by 
Th1 responses. Since Th1 responses antagonize the develop-
ment of Th2 cells, a decreased number of infections or the lack 
of Th1 signals during early childhood could predispose to Th2 
allergic responses (see Chapters 1 and 2).

Diagnosis and Differential Diagnosis
Clinical features of AD are listed in Box 50-1. Of the major 
features, pruritus and chronic or relapsing eczematous derma-
titis with typical distribution are essential for diagnosis.3 Intense 
pruritus and cutaneous reactivity are cardinal features of AD. 
Pruritus may be intermittent throughout the day but is usually 
worse at night. Its consequences are scratching, prurigo papules, 
lichenification and eczematous skin lesions. Patients with AD 
have a reduced threshold for pruritus. As a result, allergens, 
reduced humidity, excessive sweating and low concentrations of 
irritants (e.g. wool, acrylic, soaps and detergents) can exacer-
bate itching and scratching.

During infancy AD is generally more acute with excoriation, 
vesicles over erythematous skin and serous exudate. The rash 
primarily involves the face, scalp and extensor surfaces of the 
extremities (Figure 50-1). In the patient with chronic AD, skin 
lesions become lichenified (Figure 50-2) and the rash localizes 
to the flexural folds of the extremities. Approximately half of 
children with AD continue to have persistent skin disease as 
adults. At all stages of AD, patients usually have dry, lackluster 
skin. Chronic hand eczema, the most common form of occupa-
tional skin disease, may be the primary manifestation in many 
adults with AD. Other features, including exogenous allergy or 
elevated IgE, are variable although commonly seen in AD.

Box 51-1 lists a number of inflammatory skin diseases, 
immunodeficiencies, skin malignancies, metabolic disorders, 
and infectious diseases that share features of AD. The differen-
tial diagnosis of AD should be considered particularly in 
patients with refractory AD. Infants presenting in the first year 
of life with failure to thrive, diarrhea, a generalized scaling ery-
thematous rash and recurrent cutaneous and/or systemic infec-
tions should be evaluated for severe combined immunodeficiency 
syndrome (see Chapter 9). Wiskott-Aldrich syndrome is an 
X-linked recessive disorder characterized by thrombocytopenia, 
defects in humoral and cellular immunity and recurrent bacte-
rial infections. The hyperimmunoglobulin E (hyper-IgE) syn-
drome is characterized by elevated serum IgE levels, defective T 
and B cell function, recurrent deep-seated bacterial infections 
including cutaneous abscesses caused by Staphylococcus aureus 
and/or pruritic skin disease caused by S. aureus, such as pustu-
losis, or recalcitrant dermatophytosis, reported with human 
immunodeficiency virus as well as with a variety of infestations 
such as scabies. Dock8 deficiency should be considered in 
patients with severe recurrent eczema herpeticum. Other condi-
tions that can be confused with AD include psoriasis, ichthyosis, 
and seborrheic dermatitis.
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Figure 50-1  Infant with acute atopic dermatitis. Note the oozing and 
crusting  skin  lesions.  (Reproduced with permission from Weston WL, 
Morelli JG, Lane A, editors. Color textbook of pediatric dermatology. 
3rd ed. St Louis: Mosby; 2002.)

Figure 50-2  Adolescent with lichenification of the popliteal fossa from 
chronic  atopic  dermatitis.  (Reproduced with permission from Weston 
WL, Morelli JG, Lane A, editors. Color textbook of pediatric dermatol-
ogy. 3rd ed. St Louis: Mosby; 2002.)

ESSENTIAL FEATURES

• Pruritus
• Facial and extensor eczema in infants and children
• Flexural eczema in adults
• Chronic or relapsing dermatitis

FREQUENTLY ASSOCIATED FEATURES

• Personal or family history of atopic disease
• Xerosis
• Cutaneous infections
• Nonspecific dermatitis of the hands or feet
• Elevated serum IgE levels
• Positive immediate-type allergy skin tests
• Early age of onset

OTHER FEATURES

• Ichthyosis, palmar hyperlinearity, keratosis pilaris
• Pityriasis alba
• Nipple eczema
• White dermatographism and delayed blanch response
• Anterior subcapsular cataracts, keratoconus
• Dennie-Morgan infraorbital folds, orbital darkening
• Facial erythema or pallor
• Perifollicular accentuation

BOX 50-1 CLINICAL FEATURES OF ATOPIC 
DERMATITIS*

*Other skin conditions that may mimic atopic dermatitis should be 
excluded (see Box 51-1).

Adolescents or adults who present with an eczematous der-
matitis with no history of childhood eczema, respiratory allergy 
or atopic family history may have allergic contact dermatitis 
(see Chapter 53). Of note, topical glucocorticoid contact allergy 
has been reported increasingly in patients with chronic derma-
titis on topical corticosteroid therapy.

Pathogenesis
Interactions between susceptibility genes, the host’s environ-
ment, pharmacologic abnormalities and immunologic  
factors contribute to the pathogenesis of AD. There are two 
disease models: first, that AD is a skin disease that primarily 
derives from an intrinsic defect of epithelial cells and skin 

barrier, thereby facilitating as a second step numerous modifi-
cations of innate and adaptive immunity (the outside-inside 
hypothesis); second, that AD is primarily an immunologic 
disease with mechanisms related to the overactivation of the 
immune system and Th2 dominated immune responses that 
impact secondarily on skin barrier function (the inside-outside 
hypothesis).4 However, it is most likely that a combination of 
both hypotheses and a continuous interplay contributes to the 
complexity of AD.

Genetics
The fact that AD and atopic disorders frequently affect more 
than one family member accounts for the strong genetic back-
ground of this disease. Several genetic factors contribute to the 
complex pathophysiology of AD, indicating that it is not a 
monogenic but a genetically complex disorder.5,6 It seems most 
likely that not only AD itself but, in particular, different sub-
types of AD such as AD with early onset, childhood AD versus 
adulthood AD or AD with IgE mediated allergic reactions might 
be based on distinct genetic constellations.7–9 Therefore, one 
approach to achieve clarity could be systematic distinction of 
genetic modifications associated with (1) skin barrier dysfunc-
tion, (2) deficient innate immune responses and (3) modified 
adaptive immune reactions in AD.10,11

GENETICS AND SKIN BARRIER DYSFUNCTION

Dry skin, mirrored by increased transepidermal water loss, 
reduced skin hydration and decreased amounts of natural 
moisturizing factor indicate skin barrier impairment in AD.12,13 
A candidate gene region for AD, localized on chromosome 
1q21,5 contains a selection of genes encoding structural pro-
teins of epidermal cornification, such as S100A proteins, profil-
aggrin, small proline-rich region proteins (SPRRs) and late 
envelope proteins (LEP), which form the so-called ‘epidermal 
differentiation complex’ (EDC). Filaggrin is an essential protein 
in maintenance of the formation of the stratum corneum 
barrier.14 In recent years, loss-of function mutations in the filag-
grin gene have been shown to be strongly associated with AD.15 
This finding was replicated and confirmed by an impressive 
series of independent studies.16,17 Moreover, a closer look at the 
filaggrin loss-of-function carriers within the group of AD 
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GENETICS AND ADAPTIVE IMMUNITY

Induction of different receptors on effector cells, dendritic cells 
or other cells after passage of allergens and microbial pathogens 
into the skin contributes to numerous other mechanisms 
involving the adaptive immune system. To date, a wide reper-
toire of genetic modifications of gene regions encoding compo-
nents of adaptive immunity has been associated with AD.6,33,34 
Soluble factors such as cytokines and chemokines, which play a 
crucial role as soluble mediators of the adaptive immune system, 
show profound variations in AD, and it is more than likely that 
some of these deviations are already genetically encoded.35 
These comprise genetic variations on chromosome 5q31-33 
that cover genes of the Th2 cytokine cluster such as interleukin 
(IL)-3, IL-4, IL-5, IL-13 and granulocyte-macrophage colony 
stimulating factor (GM-CSF),6,7 functional mutations of the 
promoter region of RANTES/CCL5 (17q11) and gain-of-func-
tion polymorphisms in the IL4RA gene (16q12).6,7,36 Interest-
ingly, polymorphisms in the IL4RA gene region were associated 
with AD with low IgE serum levels and no allergen sensitization. 
Beyond this, polymorphisms in the IL18 gene associated with 
AD might contribute to modified IL-18 production of periph-
eral blood mononuclear cells (PBMC) of patients with AD after 
stimulation with microbial components.37

SYSTEMIC IMMUNE RESPONSE

Most patients with AD have peripheral blood eosinophilia and 
increased serum IgE levels. Nearly 80% of children with AD 
develop allergic rhinitis or asthma. Serum IgE level is strongly 
associated with the prevalence of asthma, which suggests that 
allergen sensitization through the skin predisposes the patient 
to respiratory disease because of its effects on the systemic 
allergic response. Indeed, epicutaneous sensitization of mice 
with protein antigen induces allergic dermatitis, elevated serum 
IgE, airway eosinophilia and hyperresponsiveness to methacho-
line. This suggests that epicutaneous exposure to allergen in AD 
enhances the development of allergic asthma.

An increased frequency of skin-homing T cells producing 
IL-4, IL-5 and IL-13 but little interferon (IFN)-γ has been found 
in the peripheral blood of patients with AD. There is evidence 
that this predominance of Th2 cells results partially from selec-
tive apoptosis of circulating memory/effector Th1 cells. These 
immunologic alterations are important because IL-4 and IL-13 
are the only cytokines that induce germline transcription at the 
Cε exon, thereby promoting isotype switching to IgE. IL-4 and 
IL-13 also induce the expression of vascular adhesion mol-
ecules, such as vascular cell adhesion molecule-1 involved in 
eosinophil infiltration, and down-regulate Th1-type cytokine 
activity. IL-5 plays a key role in the development, activation and 
cell survival of eosinophils. In contrast, IFN-γ inhibits IgE syn-
thesis as well as the proliferation of Th2 cells and expression of 
the IL-4 receptor on T cells. The decreased IFN-γ produced by 
T cells from AD patients may be the result of reduced produc-
tion of IL-18. Furthermore, an inverse relationship between 
skin colonization with S. aureus and spontaneous IFN-γ pro-
duction of CD4+ T cells as well as induced IFN-γ production of 
CD8+ T cells has been observed.38

A number of determinants support Th2 cell development in 
AD. These include the cytokine milieu in which T cell develop-
ment is taking place, pharmacologic factors, the costimulatory 
signals used during T cell activation, and the antigen-presenting 

patients revealed that specific clinical features and subtypes of 
AD are highly associated, including AD with early onset and a 
high number of allergen sensitizations. Moreover, specific inter-
actions between genetic predisposition and environmental 
factors such as cat exposure at the time of birth seem to increase 
the risk for manifestations of eczema during the first year of 
life, in particular in children with filaggrin mutations.18 In addi-
tion, in the context of a genetically determined disturbed skin 
barrier in AD, there are reports of associations of polymor-
phisms in the SPINK5 gene, which encodes the lymphoepithe-
lial kazal-type related inhibitor (LEKTI), an inhibitor of serine 
proteases. Other studies have reported on the association with 
AD of genetic modifications in the gene region encoding the 
stratum corneum chymotryptic enzyme (SCCE), leading to 
impaired stratum corneum integrity and function.19 Studies 
have also reported on gene associations with other epidermal 
components, such as collagen 29 (COL29),20 or a genetic variant 
on chromosome. In addition to these genetically predetermined 
factors, highly active endogenous proteases such as mast cell 
chymase (MCC), as well as exogenous proteases derived from 
house dust mite allergens or S. aureus, cleave corneodesmo-
somes and accelerate desquamation of corneocytes.21 They may 
also delay epithelial regeneration by binding proteinase-
activated receptors (PAR)-2 and thereby contribute to skin 
barrier impairment in AD.22 Recent genome-wide association 
studies have confirmed the association of SNPs of loci of the 
EDC with AD.23,24 As well as from these genetic changes, epi-
genetic modifications have been demonstrated in lesional skin 
of AD patients and are another putative factor impacting on 
epidermal skin barrier function.25

GENETICS AND INNATE IMMUNITY

First-line host defense mechanisms of the innate immune 
system are maintained by pattern-recognition receptors (PRR) 
that sense the environment for invading pathogens. Toll-like 
receptors (TLR), intracellular nucleotide-binding oligomeriza-
tion domain (NOD) proteins and the LPS receptor CD1426,27 
belong to the PRRs and discriminate between diverse pathogen 
associated molecular patterns. Deficient maturation of the 
immune system and decreased efficiency in responding to PRR 
stimulation are suspected to account not only for higher preva-
lence of atopy but also the greatly increased propensity of AD 
patients to microbial infections. Several studies have focussed 
on a putative association between variations within gene regions 
encoding components of the innate immune system and AD. A 
polymorphism within the TLR2 gene has been shown to be 
associated with severe forms of AD with recurrent bacterial 
infections28 and has been linked to functional modifications of 
TLR2.29 However, no association of polymorphisms in the 
TLR2, TLR4 and TLR6 genes with AD could be shown in other 
studies.30,31 A polymorphism in the TLR9 gene of putative func-
tional relevance on TLR9 promoter activity was associated with 
pure AD.32

SNPs within five known loci (1q21.3 [LCE3A], 5q31.1 [IL13, 
KIF3A, SLC22A4], 11q13.5 [C11orf30] and 20q13.33 
[TNFRSF6B]) as well as four new loci (4q27 [IL2, IL21], 11p13 
[PRR5L], 16p3 [CLEC16A] and 17q21.32 [TNFRSF6B]) were 
detected in genome-wide study thresholds for association with 
AD in a recent study.23 Moreover, 36 SNPs within three chro-
mosomal regions, i.e. 2q12, 6p21 and 11p15.4, were significantly 
associated with AD in another study.24
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significantly greater numbers of cells that are positive for IL-4, 
IL-5 and IL-13 mRNA. However, acute AD is not characterized 
by significant expression of IFN-γ or IL-12.

Chronic AD skin lesions have significantly fewer IL-4 and 
IL-13 mRNA-expressing cells, but greater numbers of IL-5, 
granulocyte-macrophage colony-stimulating factor (GM-CSF), 
IL-12 and IFN-γ mRNA-expressing cells than acute AD. IL-5 
and GM-CSF probably contribute to the increased numbers of 
eosinophils and macrophages. The increased expression of 
IL-12 in chronic AD skin lesions is of interest in that cytokine 
plays a key role in IFN-γ induction. Its expression in eosinophils 
and/or macrophages may initiate the switch to Th1 or Th0 cell 
development in chronic AD.

Aside from Th2 cytokines, elevated expression of Th22 cyto-
kines has been observed in AD skin42,45 and small numbers of 
IL-17+ cells have been demonstrated to infiltrate the dermis of 
AD skin lesions.46,47 Higher mRNA expression of Th17 and 
Th22 cytokines has been observed in intrinsic AD as compared 
to extrinsic AD. Severity score of AD positively correlated with 
mRNA expression of Th2 cytokines in the skin and negatively 
correlated with expression of barrier proteins.

Activated T cells infiltrating the skin of AD patients have also 
been found to induce keratinocyte apoptosis, which contributes 
to the spongiotic process found in AD skin lesions. This process 
is mediated by IFN-γ, which up-regulates Fas on keratinocytes. 
The lethal hit is delivered to keratinocytes by Fas-ligand 
expressed on the surface of T cells that invade the epidermis 
and soluble Fas-ligand released from T cells. Additionally, there 
is some evidence that caspase-3 cleavage in the spinous epider-
mal layer also contributes to spongiosis.48 Mechanisms of IFN-γ 
induced keratinocyte apoptosis in AD have been analyzed in 
more detail and three apoptosis-related genes (NOD2, DUSP1 
and ADM) and eight genes overexpressed in AD skin lesions 
(CCDC109B, CCL5, CCL8, IFI35, LYN, RAB31, IFITM1 and 
IFITM2) have been identified as playing a key role in this 
process.49

Another factor inducing keratinocyte cell death is alpha 
toxin released by S. aureus. The amount of the enzyme acid 
sphingomyelinase, which is capable of preventing Th2 mediated 
increase of alpha toxin induced cell death, is reduced in AD 
skin.50 Additionally, it has been demonstrated that filaggrin is 
able to inhibit S. aureus alpha toxin mediated keratinocyte cell 
death.51 Together these data provide evidence for increased 
keratinocyte cell death in AD due to lower filaggrin expression 
and the increased Th2 micromilieu in the skin.

The role of regulatory T cell subtypes in AD is still unclear. 
There is some evidence for functional deficiency of resident 
TREG cells in the skin,52 while other studies report increased 
local numbers of CD4+CD25+Foxp3+ TREG cells in patients with 
AD. In addition, it has been demonstrated that activated CD25-
expressing T cells with a phenotype of regulatory T cells, lacking 
CCR6 expression, promote Th2 immune responses in patients 
with AD.53 However, additional studies are required to elucidate 
the role of TREG cells in AD.

Antigen-Presenting Cells
Atopic dermatitis skin contains an increased number of IgE-
bearing LCs, which appear to play an important role in cutane-
ous allergen presentation to Th2 cells.54 Binding of IgE to LCs 
occurs primarily via high-affinity IgE receptors. The clinical 
importance of these IgE receptors on LCs is supported by the 
observation that the presence of FcεRI-expressing LCs bearing 

cells (APCs). In this regard, IL-4 promotes Th2 cell develop-
ment, whereas IL-12, produced by macrophages, dendritic cells 
or eosinophils, induces Th1 cells. Mononuclear cells from 
patients with AD have increased cyclic adenosine monophos-
phate (cAMP)-phosphodiesterase (PDE) enzyme activity. This 
cellular abnormality contributes to the increased IgE synthesis 
by B cells and IL-4 production by T cells in AD as IgE and IL-4 
production is decreased in vitro by PDE inhibitors.

SKIN IMMUNOPATHOLOGY

Pathology
Clinically unaffected skin of AD patients exhibits mild epider-
mal hyperplasia and a sparse perivascular T cell infiltrate. Fur-
thermore, increased transepidermal water loss and reduced skin 
hydration is detectable even in nonlesional AD skin.39 AD has a 
biphasic nature, characterized by an acute phase, which is pre-
dominated by Th2 cytokines, followed by a chronic phase, fea-
turing Th1 cytokines.40 Acute eczematous skin lesions are 
characterized by marked intercellular edema (spongiosis) of the 
epidermis. Dendritic APCs such as Langerhans cells (LCs) and 
macrophages in lesional and, to a lesser extent, in nonlesional 
skin of AD patients have surface-bound IgE molecules. Within 
24 to 48 hours after allergen application rapid influx of IgE-
receptor bearing inflammatory dendritic epidermal cells (IDEC) 
and up-regulation of FcεRI expression are detectable in the 
epidermis of atopy patch test lesions.41 In the dermis of the acute 
lesion there is a marked perivenular T cell infiltrate with occa-
sional monocyte-macrophages. The critical role of T cells in AD 
is suggested by the obligate role of T cells in mouse models of 
AD. The lymphocytic infiltrate consists predominantly of acti-
vated memory T cells bearing CD3, CD4 and CD45RO. Eosino-
phils, basophils and neutrophils are rarely present in acute AD; 
mast cells are found in normal numbers but in various stages of 
degranulation. There is an increase in S100A7, S100A8 and 
S100A9 gene expression together with activation of Th2 and 
Th22 cytokines during the acute phase of AD.42

Chronic lichenified lesions are characterized by a hyperplas-
tic epidermis with elongation of the rete ridges and prominent 
hyperkeratosis. There is an increased number of IgE-bearing 
DCs in the epidermis, and macrophages dominate the dermal 
mononuclear cell infiltrate. Mast cells are increased in number. 
Increased numbers of eosinophils are observed in chronic AD 
skin lesions. Eosinophils secrete cytokines and mediators that 
augment allergic inflammation and induce tissue injury in AD 
through the production of reactive oxygen intermediates and 
release of toxic granule proteins.

After topical treatment with calcineurin inhibitors, there is 
a decreased number of infiltrating T cells, B cells and eosino-
phils as well as expression of Th2 cytokines in addition to fre-
quency of CD8+ T cells expressing the Th1 cytokine IFN-γ has 
been observed.43,44 Later on, surface expression of FcεRI epider-
mal DCs and number of epidermal inflammatory DC subtypes 
decreased, while frequency of LCs increased.

Cytokine Expression
Th2- and Th1-type cytokines contribute to the pathogenesis of 
skin inflammation in AD. As compared with the skin of normal 
controls, unaffected skin of AD patients has an increased 
number of cells expressing IL-4 and IL-13, but not IL-5, IL-12, 
or IFN-γ, mRNA. Acute and chronic skin lesions, when com-
pared to normal skin or uninvolved skin of AD patients, have 
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Precursor cells of myeloid DCs display lower responsiveness 
to TGF-β, which might contribute to a lower number of LCs in 
favor of higher numbers of DCs with inflammatory properties 
differentiating from precursor cells.60 Additionally, DCs and 
precursor cells of DCs of patients with AD show an attenuated 
response to IFN-γ stimulation, which in part results from a 
lower expression of IFN-γRI and IFN-γRII, leading to lower 
phosphorylation of STAT-1 and lower expression of IFN-γ 
inducible genes. Together this reduced IFN-γ response might 
contribute to the overbalance of the Th2 immune response in 
the acute phase of AD.61

PLASMACYTOID DENDRITIC CELLS

Human plasmacytoid DCs (PDCs) are the only professional 
interferon (IFN) producing cells and express the IL-3 receptor 
α-chain (CD123) and the blood dendritic cell antigen (BDCA)-
2.62 Stimulation of PDCs with viral antigens induces the pro-
duction of IFN-α/β, which is of crucial importance for the 
defense against viral infections. Human PDCs bear the PRRs 
TLR7 and TLR9 on their cell surface. Furthermore, they express 
the high-affinity receptor for IgE (FcεRI).63,64 Based on a close 
interaction of FcεRI with TLR9, the amount of IFN-α and 
IFN-β released in response to TLR9 stimulation is profoundly 
down-regulated in PDCs after FcεRI aggregation and allergen 
challenge in vitro.63,65,66 In view of frequent FcεRI aggregation 
induced by allergen challenge of PDCs of AD patients, this 
counterregulation might account for a profoundly reduced 
release of IFNs after viral antigen stimulation.

Furthermore, as compared to psoriasis, contact dermatitis or 
lupus erythematosus, the frequency of PDCs in the lesional 
epidermal skin of AD is low, although PDCs are recruited to the 
dermis during atopy patch test (APT).40 This might result from 
Th2 cytokines or IL-10 in the skin micromilieu, leading to 
apoptosis of PDCs and, together with the counterregulation of 
FcεRI with TLRs, promote enhanced susceptibility of AD 
patients to viral skin infections.

Inflammatory Cell Infiltration
Several chemokines have been linked to recruitment of inflam-
matory cell subtypes such as DCs, T cells eosinophils, etc. to the 
skin in AD, including CCL2, CCL3, CCL4, CCL5, CCL11, 
CCL13, CCL18, CCL20, CCL22, CCL26 and CCL27.67 More-
over, serum levels of some of these chemokines correlate directly 
with disease activity67 and decrease in response to successful 
topical treatment, as shown for CCL5 and CCL11 after tacroli-
mus treatment.68 A role of CCL18 in the amplification of aller-
gic inflammation by increased homing of memory T cells has 
been demonstrated.69,70 Another chemokine shown to be selec-
tively up-regulated in AD was CCL1, the ligand to C-C chemo-
kine receptor (CCR)8, which in vitro promoted the recruitment 
of T cells and Langerhans cell-like DCs.71 IL-16, a chemoat-
tractant for CD4+ T cells, is increased in acute AD skin lesions. 
The C-C chemokines, RANTES/CCL5, monocyte chemotactic 
protein-4 (MCP-4/CCL13) and eotaxin/CCL11 have also been 
found to be increased in AD skin lesions and likely contribute 
to the chemotaxis of eosinophils and Th2 lymphocytes into the 
skin.

IL-31 is a novel cytokine, preferentially expressed by Th2 
cells, which signals through a heterodimeric receptor composed 
of IL-31 receptor A and oncostatin M receptor.72 Interestingly, 
up-regulated IL-31 expression has been observed in pruritic AD 

IgE molecules is required to provoke eczematous skin lesions 
by application of aeroallergens on uninvolved skin of AD 
patients. In contrast to mast cells and basophils where the FcεRI 
is a tetrameric structure constitutively expressed at high levels, 
this receptor on APCs consists of the α-chain, which binds IgE 
and γ-chain dimers containing an immunoreceptor tyrosine-
based activation motif (ITAM) for downstream signaling, but 
lacks the classic β-chain.55 It is assumed that allergens which 
invade the skin are taken up by IgE molecules bound to FcεRI-
expressing DCs. In the epidermis, FcεRI expression on DCs is 
related to the atopic state of the individual, with higher expres-
sion in AD lesions as compared to nonlesional skin of AD 
patients or epidermal skin of nonatopic individuals. Different 
FcεRI-bearing DC subtypes have been identified in lesional AD 
skin. CD207+/CD1a+, i.e. LCs, as well as CD207−/CD1a+/FcεRI+ 
DCs are located in the epidermis. CD1c+/FcεRI+ DCs represent 
the major DC subpopulation of the dermal compartment, while 
low numbers of CD207+/FcεRI+/CD1a+ DCs are also detectable 
in the dermis.56

Furthermore it has been demonstrated that the ability of 
cutaneous DC subsets to prime Th1, Th2, Th17 and Th22 
immune responses in vitro is the same for DC derived from skin 
lesions of patients with AD or patients with other inflammatory 
skin diseases such as psoriasis. This indicates that chemokine 
expression and release together with other soluble and cellular 
factors of the skin micromilieu might be crucial for the outcome 
of T cell responses and disease-specific T cell responses in the 
skin.57

Besides myeloid DCs, macrophage-like cells with high hista-
mine receptor 1 expression are detectable in the dermis of 
lesional AD skin and might amplify inflammation after stimula-
tion with histamine released by mast cells and other cells.58

MYELOID DENDRITIC CELLS (MDC) 
CONTRIBUTE TO ALLERGIC SENSITIZATION 
AND MAINTENANCE OF INFLAMMATION  
WITH TH2-TH1 SWITCH

Langerhans cells bearing FcεRI are the main myeloid DC popu-
lation present in nonlesional AD skin; upon allergen challenge 
and inflammation, FcεRI bearing myeloid DCs, so-called 
‘inflammatory dendritic epidermal cells (IDECs)’ are detectable 
in the epidermis. After IgE binding and internalization of the 
allergen, LCs migrate to peripheral lymph nodes and present 
the processed allergen efficiently to naïve T cells, thus initiating 
a Th2 immune response with sensitization to the antigen. 
Beyond, the activated LCs can present the allergen-derived pep-
tides locally to transiting antigen-specific T cells and induce a 
T cell mediated secondary immune response. Concomitantly, 
aggregation of FcεRI on the surface of LCs in vitro promotes 
the release of chemotactic factors, which in vivo supposedly 
contribute to the recruitment of IDECs into the epidermis. 
IDECs mainly present at inflammatory sites, produce high 
amounts of proinflammatory cytokines after FcεRI cross-
linking, display a high stimulatory capacity toward T cells and 
serve as amplifiers of the allergic inflammatory immune 
response.59 Moreover, stimulation of FcεRI on the surface of 
IDECs induces the release of IL-12 and IL-18 and enhances the 
priming of naïve T cells into IFN-γ producing Th1 or Th0 cells. 
These mechanisms may contribute to the switch from the initial 
Th2 immune response in the acute phase to the Th1 immune 
responses in the chronic phase.59
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imply that impaired innate immune mechanisms with defi-
ciency of the antimicrobial peptides (AMPs), which are repre-
sented by human intracellular proteins, i.e. human cathelicidin 
LL-37, human β-defensin (HBD)2 and HBD3 as well as 
dermcidin-derived antimicrobial proteins in sweat, might con-
tribute to the susceptibility of AD patients to skin infections.80 
Defensins are broad-spectrum antibiotics that kill a wide variety 
of bacterial and fungal pathogens. Antimicrobial activity against 
viral pathogens is maintained by LL-37.81 Efficient killing of S. 
aureus is achieved by LL-37 together with HBD2. Since inflam-
matory mediators up-regulate AMP expression, chronic inflam-
matory skin diseases such as psoriasis and contact dermatitis 
are characterized by increased amounts of AMP. Conversely, 
only weak up-regulation of HMD2, 3 and LL-37 is detectable 
in both lesional and nonlesional skin of patients with AD.82 The 
Th2 cytokines IL-4, IL-13 and IL-10 down-regulate AMP 
expression in vitro and might account for low AMP in AD 
skin.80,83 Moreover, reduced mobilization of human HBD3 
accounts for defective killing of S. aureus in AD.84 In addition 
to the propensity to bacterial infections due to low HBD2, 3 and 
LL-37 expression, cathelicidin deficiency in AD might also pre-
dispose to severe viral infections such as eczema vaccinatum 
caused by orthopox virus81,85 and eczema herpeticum (EH).86 In 
support of this concept, lower levels of cathelicidin are detect-
able in skin lesions of AD patients with one or more episodes 
of EH in their history as compared to AD patients without EH.85 
Dermcidin (DCD) is another recently discovered AMP with 
antibacterial and antimycotic properties and is constitutively 
expressed in human eccrine sweat glands. The amount of 
several DCD derived peptides in sweat was found to be signifi-
cantly reduced in AD patients with a history of bacterial and 
viral infections87 and is another cause of higher susceptibility of 
AD patients to microbial infections. Interestingly, both incuba-
tion of keratinocytes with vitamin D3 in vitro, as well as treat-
ment of AD patients with oral vitamin D3, increases cathelicidin 
production of keratinocytes in AD patients, pointing to a novel 
opportunity to improve innate immune responses in AD 
patients therapeutically in the near future.88–91

Immunologic Triggers
FOODS

Well-controlled studies have demonstrated that food allergens 
induce skin rashes in children with AD. Based on double-blind, 
placebo-controlled food challenges, approximately 40% of 
infants and young children with moderate to severe AD  
have food allergy.92,93 Food allergies in AD patients exacerbate 
eczema and contribute to severity of skin disease in some 
patients whereas urticaria reactions or other noncutaneous 
symptoms are triggered in other patients. Removal of food 
allergens from the patient’s diet can lead to significant clinical 
improvement but requires a great deal of education because 
most of the common allergens (e.g. egg, milk, wheat, soy and 
peanut) contaminate many foods and are therefore difficult to 
avoid.

Infants and young children with food allergy generally have 
positive immediate skin tests or serum IgE directed to various 
foods. Positive food challenges are accompanied by significant 
increases in plasma histamine levels and eosinophil activation. 
Importantly, food allergen-specific T cells have been cloned 
from the skin lesions of patients with AD, providing direct 

skin lesions73 and was inducible by both stimulation of cutane-
ous lymphocyte antigen bearing (CLA+) T cells of AD patients 
with staphylococcal enterotoxin B (SEB) in vitro and applica-
tion of SEB to the skin of AD patients in vivo.72–74 Furthermore, 
IL-31 induced the expression of the inflammatory chemokines 
CCL1, CCL17 and CCL22 in keratinocytes.75 Since IL-31 induces 
severe pruritus and dermatitis in transgenic mice75 and IL-31 
receptor showed most abundant expression in dorsal root 
ganglia,72 these findings provide a new link between staphylo-
coccal colonization, subsequent T cell recruitment and activa-
tion and pruritus induction in patients with AD.72

In terms of T cells infiltrating the inflamed skin, it has been 
suggested that the so-called ‘Th17 cells’ may be of relevance not 
only in psoriasis but also in AD. Reports from animal models 
combined with studies using atopy patch tests or microarrays 
imply that Th17 may be induced in the skin by the topical 
application of allergens and may therefore assist skin infection 
in AD. However, as compared to psoriasis, Th17 most likely 
plays a rather minor role in AD skin.76

INTRINSIC DEFECT OF KERATINOCYTES  
IN ATOPIC DERMATITIS

Keratinocytes play an important role in the production of anti-
microbial protein and cytokines in response to stimulation by 
invading pathogens, mediating both innate and adaptive 
inflammatory immune reactions. In addition, AD keratinocytes 
express high levels of the IL-7 like cytokine thymic stromal 
lymphopoietin (TSLP), which activates myeloid dendritic cells 
(DCs) to increase expression of IL-5, IL-13, CCL17 and CCL22. 
Skin-specific overexpression of TSLP in a transgenic mouse 
resulted in an AD-like phenotype, with the development of 
eczematous lesions containing inflammatory dermal cellular 
infiltrates, an increase in Th2 CD4+ T cells expressing cutaneous 
homing receptors and elevated serum levels of IgE,77 pointing 
to an important role of TSLP in AD.78 DCs primed by TSLP 
may convert to strong inducers of T cell responses of the Th2 
type in vitro,79 so that enhanced TSLP release triggered by fre-
quent allergen challenge, microbial infections and inflamma-
tion might initiate and perpetuate Th2 immune responses in 
AD.

Chronic Skin Inflammation
Chronic AD is linked to the prolonged survival of inflammatory 
cells in atopic skin. IL-5 expression during chronic AD plays a 
role in prolonging survival of eosinophils and enhancement of 
their function. In chronic AD, increased GM-CSF expression 
maintains the survival and function of monocytes, LCs and 
eosinophils. Epidermal keratinocytes from AD patients have 
significantly higher levels of RANTES expression following 
stimulation with tumor necrosis factor (TNF)-α and IFN-γ 
than keratinocytes from psoriasis patients. This may serve as 
one mechanism by which cytokines such as TNF-α enhances 
the chronicity and severity of eczema. Mechanical trauma can 
also induce the release of TNF-α and many other proinflam-
matory cytokines from epidermal keratinocytes. Thus, chronic 
scratching plays a role in the perpetuation and elicitation of 
skin inflammation in AD.

Antimicrobial Peptides
The innate immune system provides a rapid response to inva-
sion of microbes. Research results from recent years strongly 
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lesional skin. Pulsed-field gel electrophoresis of S. aureus iso-
lated from families of AD children showed that similar strains 
are detectable in parents and their children.94 This finding 
argues for a high recolonization rate of atopic children.94 The 
importance of S. aureus is supported by the observation that 
even AD patients without overt infection show a greater reduc-
tion in severity of skin disease when treated with a combination 
of antistaphylococcal antibiotics and topical corticosteroids as 
compared to topical corticosteroids alone.

One strategy by which S. aureus exacerbates or maintains 
skin inflammation in AD is by secreting a group of toxins 
known to act as superantigens, which stimulate marked activa-
tion of T cells and macrophages. The skin lesions of over half 
of AD patients have S. aureus that secrete superantigens such as 
enterotoxins A and B and toxic shock syndrome toxin-1. An 
analysis of the peripheral blood skin-homing CLA+ T cells from 
these patients as well as T cells in their skin lesions reveals that 
they have undergone expansion of the beta region of the T cell 
receptor variable chain consistent with superantigenic stimula-
tion. Most AD patients make specific IgE antibodies directed 
against the staphylococcal superantigens found on their  
skin. Basophils from patients with IgE antibodies directed  
to superantigens release histamine on exposure to the relevant 
superantigen, but not in response to superantigens to which 
they have no specific IgE. This raises the interesting possibility 
that superantigens induce specific IgE in AD patients and mast 
cell degranulation in vivo when the superantigens penetrate 
their disrupted epidermal barrier. This promotes the itch-
scratch cycle critical to the evolution of skin rashes in AD.

A correlation has also been found between the presence of 
IgE anti-superantigens and severity of AD. Utilizing a human-
ized murine model of skin inflammation, the combination of 

evidence that foods can contribute to skin inflammation. In 
mouse models of AD, oral sensitization with foods results in the 
elicitation of eczematous skin lesions on repeat oral food chal-
lenges. In patients, however, immediate skin tests for specific 
allergens do not always indicate clinical sensitivity. Therefore 
clinically relevant food allergy must be verified by controlled 
food challenges or carefully investigating the effects of a food 
elimination diet, which is being done in the absence of other 
exacerbating factors.

AEROALLERGENS

A number of well-controlled studies have demonstrated that 
pruritus and eczematoid skin lesions develop after intranasal or 
bronchial inhalation challenge with aeroallergens, but not 
placebo, in AD patients sensitized to inhalant allergens. Epicu-
taneous application of aeroallergens by patch test techniques on 
uninvolved atopic skin elicits eczematoid reactions in 30% to 
50% of patients with AD. Positive reactions have been observed 
to dust mite, weeds, animal dander and molds. In contrast, 
patients with respiratory allergy and healthy volunteers rarely 
have positive allergen patch tests.

Several studies have examined whether avoidance of aeroal-
lergens results in clinical improvement of AD. Most of these 
reports have involved uncontrolled trials in which patients  
were placed in mite-free environments, for example hospital 
rooms in which acaricides or impermeable mattress covers were 
used. Such methods have invariably led to improvement in AD. 
One double-blind, placebo-controlled study using a combina-
tion of effective mite-reduction measures, as compared to no 
treatment, in the home has reported that a reduction in house 
dust mites is associated with significantly greater improvement 
in AD.

STAPHYLOCOCCUS AUREUS

Patients with AD have an increased tendency to develop bacte-
rial (Figure 50-3), viral (Figure 50-4) and fungal skin infections. 
S. aureus is found in over 90% of AD skin lesions. The density 
of S. aureus on inflamed AD lesions without clinical superinfec-
tion can reach up to 107 colony-forming units per cm2 on 

Figure 50-3  Patient with atopic dermatitis who is secondarily infected 
with Staphylococcus aureus. Note multiple pustules and areas of crust-
ing.  (Reproduced with permission from Boguniewicz M, Leung DYM. 
Recent insights into atopic dermatitis and implications for management 
of infectious complications. J Allergy Clin Immunol 2010;125(1):4–13.)

Figure 50-4  Eczema  herpeticum,  the  primary  skin  manifestation  of 
herpes simplex in atopic dermatitis. (Reproduced with permission from 
Boguniewicz M, Leung DYM. Recent insights into atopic dermatitis and 
implications for management of infectious complications. J Allergy Clin 
Immunol 2010;125(1):4–13.)



 50  Role of Barrier Dysfunction and Immune Response in Atopic Dermatitis   445

entry of HSV into human keratinocytes via ADAM10, a disinte-
grin and metalloprotease.105 Furthermore, filaggrin and its 
breakdown products are reported to be capable of preventing 
HSV replication in vitro. Consequently, lower filaggrin expres-
sion due to loss-of function mutations in the FLG gene or sec-
ondary factors such as increased levels of IL-25, IL-4/IL-13 or 
other factors down-regulating filaggrin expression might 
increase the risk for disseminated HSV infections of the skin.106

AUTOALLERGENS

In the 1920s several investigators reported that human skin 
dander could trigger immediate hypersensitivity reactions in 
the skin of patients with severe AD.107 The potential molecular 
basis for these observations was demonstrated by Valenta et al, 
who reported that the majority of sera from patients with severe 
AD contain IgE antibodies directed against human proteins. 
One of these IgE-reactive autoantigens, a 55 kDa cytoplasmic 
protein in skin keratinocytes, has been cloned from a human 
epithelial cDNA expression library and designated Hom s 1. 
Such antibodies were not detected in patients with other skin 
diseases such as chronic urticaria, systemic lupus erythematosus 
or in healthy controls. Although the autoallergens characterized 
to date have mainly been intracellular proteins, they have been 
detected in IgE immune complexes of AD sera, suggesting that 
release of these autoallergens from damaged tissues could 
trigger responses mediated by IgE or T cells. This concept is 
supported by the recent observation that IgE autoallergen titers 
decreased with resolution of AD. These data suggest that, 
whereas IgE immune responses are initiated by environmental 
allergens, allergic inflammation can be maintained by human 
endogenous antigens, particularly in severe AD.

The reason for the development of IgE autoreactivity is cur-
rently unclear but it has been supposed that it might be based 
on chronic tissue damage due to repeated exposure to allergens 
in sensitized persons. Several atopy related autoantigens (ARA), 
including Hom s 1–5 and DSF 70, have been characterized so 
far. Strong IgE autoreactivity is detectable in particular in AD 
patients with high total serum IgE levels, a large number of 
sensitizations to food- and aeroallergens, early onset of AD and 
severe course.108 Thus, IgE autoreactivity has been supposed to 
start in early infancy109 and to contribute to very severe, therapy-
resistant and chronic courses of disease. Specific IgE against the 
stress-inducible enzyme manganese superoxide dismutase 
(MnSOD), which cross-reacts to the skin-colonizing yeast Mal-
assezia sympodialis, correlates with disease activity and has been 
found to induce T cell reactivity in vitro and eczematous reac-
tions in APT in MnSOD-sensitized patients with AD.110 Hom s 
4 induced Th1 responses accompanied by the release of IFN-γ, 
a cytokine involved in epithelial damage and chronic stages of 
skin inflammation.108,111 These observations imply that auto-
reactivity might contribute to impairment of the allergic 
inflammatory reaction as well as to chronification of the disease.

Conclusions
Atopic dermatitis is a common genetically transmitted inflam-
matory skin disease frequently found in association with respi-
ratory allergy (Box 50-2). The diagnosis is mainly based on 
clinical parameters (Figure 50-5). The keys to management are: 
skin hydration; use of effective topical antiinflammatory agents 
such as corticosteroids, tacrolimus or pimecrolimus; and 

S. aureus superantigen plus allergen has been shown to have an 
additive effect in inducing skin inflammation. Superantigens 
can also augment allergen-specific IgE synthesis, suggesting that 
several mechanisms exist by which superantigens could aggra-
vate the severity of AD.

Increased binding of S. aureus to AD skin is likely related to 
underlying atopic skin inflammation. This concept is supported 
by several lines of investigation. First, it has been found that 
treatment with topical corticosteroids or tacrolimus will reduce 
S. aureus counts on atopic skin, although they have no antibi-
otic actions. Second, acute inflammatory lesions have more S. 
aureus than chronic AD skin lesions or normal-looking atopic 
skin. Scratching likely enhances S. aureus binding by disturbing 
the skin barrier and exposing extracellular matrix molecules 
known to act as adhesins for S. aureus, for example fibronectin 
and collagens. Finally, in studies of S. aureus binding to skin 
lesions of mice undergoing Th1 versus Th2 inflammatory 
responses, bacterial binding was significantly greater at skin 
sites with Th2-mediated inflammation. Importantly, this 
increased bacterial binding did not occur in IL-4 gene knockout 
mice, indicating that IL-4 plays a crucial role in the enhance-
ment of S. aureus binding to skin. IL-4 appears to enhance S. 
aureus binding to the skin by inducing the synthesis of fibro-
nectin, an important S. aureus adhesin. Interestingly, studies of 
human AD have found a role for fibrinogen in the binding of 
S. aureus to atopic skin. Because acute exudative lesions likely 
have increased plasma-derived fibrinogen, this may provide a 
mechanism for further binding of S. aureus to acute AD lesions.

The highly increased binding of S. aureus to AD skin is not 
enough to account for the highly increased numbers of S. aureus 
found on AD as compared to normal skin. Once bound to  
AD skin, S. aureus must therefore rapidly proliferate as the 
result of impaired local immune responses. Interestingly,  
superantigens induce corticosteroid resistance of human T cells 
by up-regulation of the glucocorticoid-induced TNF receptor-
related protein ligand (GITR-L) on monocytes95 and signaling 
via the Raf-MEK-ERK1/ERK2 pathway of T cell receptor signal-
ing.96 These mechanisms might be of relevance in a subgroup 
of AD patients recalcitrant to treatment with corticosteroids.

VIRAL INFECTIONS

AD in childhood as well as in adulthood can be complicated by 
localized or widespread cutaneous viral infections, which are 
specific for the disease. Virus infections observable in AD patients 
are most often caused by herpes simplex virus (HSV), human 
papilloma virus or molluscipox virus.97 EH is a disseminated 
HSV 1 or 2 infection with severe systemic illness that occurs in 
10% to 20% of patients with AD.98 Risk factors for EH are an early 
onset of AD, severe and untreated AD, head and neck dermatitis, 
previous HSV infections and EH, and an elevated serum IgE 
combined with higher level of specific sensitizations, especially 
against Malassezia sympodialis.99,100 Moreover, genetic variants in 
IFNG and IFNGR1 as well as IRF2 and STAT6 were associated 
with EH and linked to lower IFN-γ response in EH patients in 
vivo and in vitro.101–103 Reduced gene expression in Claudin-1, a 
tight junction protein, has been identified as another putative 
risk factor for a higher propensity to viral infections induced by 
HSV of a subgroup of patients with AD.104 Co-factors such as S. 
aureus and S. aureus-released alpha toxins might also be respon-
sible for higher susceptibility of a subgroup of AD patients to EH 
since it has been demonstrated that alpha toxins promote viral 
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Figure 50-5  Clinical algorithm for diagnosis and management of atopic dermatitis. (Reproduced with permission from Schneider L, Lio P, Boguni-
ewicz M, Beck L, LeBovidge J, Novak N, et al. Atopic dermatitis: a practice parameter update 2012. J Allergy Clin Immunol 2013;131:295–9.)
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The American Academy of Family Physicians website 
(www.aafp.org/afp/990915ap/1191.html)

The National Eczema Association for Science and Education 
website (www.nationaleczema.org/)

The American Academy of Allergy, Asthma & Immunology 
website (www.aaaai.org/)

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

avoidance of allergenic triggers and skin irritants (Box 50-3). 
With a better understanding of the immunoregulatory abnor-
malities underlying AD, new paradigms are emerging to treat 
acute flares of AD more effectively and to prevent relapses of 
this skin condition.

Helpful Websites
The American Academy of Dermatology website (www 

.aad.org/)

BOX 50-2 KEY CONCEPTS

ATOPIC DERMATITIS

• Atopic dermatitis (AD) affects 10% to 20% of children.
• AD is a genetically transmitted chronic inflammatory allergic 

skin disease.
• Skin-homing T cells express T helper cell type 2 (Th2) cyto-

kines that induce IgE and eosinophilia.
• Antigen-presenting cells in the skin (e.g. Langerhans cells) 

express surface-bound IgE molecules.
• Transition from acute to chronic AD is associated with a switch 

from predominantly Th2 cytokines to a combination of Th1 
and Th2 cytokine gene expression.

• Immunologic triggers include foods, aeroallergens, microbial 
agents and autoallergens.

BOX 50-3 THERAPEUTIC PRINCIPLES

ATOPIC DERMATITIS

• Skin hydration and emollients are needed to repair skin 
barrier function.

• Topical antiinflammatory agents (corticosteroids, pimecroli-
mus, tacrolimus) are the cornerstones of therapy for acute 
flares and prevention of relapses.

• Avoidance of food and inhalant allergens may prevent flares.
• Antimicrobial therapy is often useful in poorly controlled 

patients.
• Sedating antihistamines may promote sleeping at night.
• Nonsedating antihistamines may be useful for patients with 

concomitant urticaria or coexisting respiratory allergy.
• Considerations for refractory patients include phototherapy, 

systemic glucocorticoids, cyclosporine, interferon-γ, myco-
phenolate and methotrexate.
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KEY POINTS

• Proper skin hydration and skin barrier protection are key 
to management of atopic dermatitis (AD).

• Topical antiinflammatory therapy includes use of topical 
steroids and calcineurin inhibitors.

• Identification and elimination of relevant triggers is an 
essential component of managing AD.

• Patient and caregiver education is a critical part of 
caring for patients with AD.

• The risks vs benefits of systemic therapy need to be 
considered for patients failing conventional therapy.

Atopic dermatitis (AD) is a common, frequently relapsing 
inflammatory disease that affects up to 20% of children (see the 
‘Epidemiology’ section of Chapter 50) and has a significant 
impact on the quality of life of patients and families. Manage-
ment approaches in AD have evolved with our increasing 
understanding of the mechanisms underlying this skin disease. 
While AD is the most common chronic skin disease of children, 
it is important to bear in mind the differential diagnosis of a 
pruritic rash when starting therapy, especially if there are atypi-
cal features or the response to treatment is suboptimal. Note 
that, while rare, cutaneous T cell lymphoma/mycosis fungoides 
can occur in adolescents and even children (see Box 51-1). 
Given the complex nature of AD and its chronic, relapsing 
course, it will often require a multipronged approach directed 
at healing or protecting the skin barrier and addressing the 
immune dysregulation to improve the likelihood of successful 
outcomes. This includes proper skin hydration and identifica-
tion and elimination of flare factors such as irritants, allergens, 
infectious agents and emotional stressors, as well as pharmaco-
logic therapy (Figure 51-1).1

Hydration and Skin Barrier  
Protective Measures
As discussed in Chapter 50, patients with AD have genetic or 
immune-mediated abnormalities in skin barrier function.2 Of 
note, filaggrin contributes not only to barrier integrity, but also 
to hydration through generation of hygroscopic amino acids 
that are a key component of natural moisturizing factor (NMF). 
NMF is also involved in the maintenance of skin pH and regula-
tion of key biochemical events, including protease activity, 
barrier permeability and cutaneous antimicrobial defense. Fil-
aggrin may also contribute to the acid mantle through acid 
degradation products. Children with AD have dry skin (xerosis) 

with microfissures and epidermal defects that serve as portals 
of entry for irritants, allergens and skin pathogens. Transepi-
dermal water loss occurs even through normal appearing skin.

Hydration of the skin can be accomplished through warm 
(note that lukewarm and tepid are not comfortable tempera-
tures for bathing!) soaking baths for approximately 10 minutes, 
followed by immediate application of a moisturizer or medica-
tion to prevent evaporation and promote healing. Bathing also 
removes irritants, allergens and skin pathogens and provides 
symptomatic relief. Bathing should also be an enjoyable activity. 
This can be accomplished by providing appropriate bath toys 
for younger children that are reserved for tub time, or a care-
giver may choose to read to them. Older children can read or 
play hand-held games that are safe for a tub. It is important that 
areas involved by eczema are immersed, not just wet. Wet towels 
can be used to hydrate the head and neck regions, with masks 
created to make the experience both therapeutic and enjoyable. 
Young children need to be supervised. Baths can be taken 
several times per day during eczema flares, while showers may 
be substituted in milder disease or to accommodate busy sched-
ules, especially in the mornings. Cleansers with minimal defat-
ting activity and a neutral pH can be used as necessary. 
Preparations formulated for sensitive skin that are dye and fra-
grance free are generally well tolerated. Antibacterial cleansers 
may be helpful for patients with folliculitis or recurrent skin 
infections. Patients should be instructed not to scrub with a 
washcloth while using cleansers. Addition of bleach (sodium 
hypochlorite) to bath water, especially for patients with 
methicillin-resistant Staphylococcus aureus (MRSA), has been 
advocated. However, the amount of bleach per volume of water 
(e.g. an eighth to a half cup per tub of water) and the frequency 
of such treatments (e.g. 1 to 3 times weekly) have not been well 
studied and bleach baths can cause significant skin irritation. 
In a single-center controlled study, children with AD were 
treated with dilute sodium hypochlorite baths (a half cup of 6% 
bleach added to 40 gallons of water) twice weekly for 5 to 10 
minutes, combined with nasal mupirocin twice daily for 5 days 
each month, over a 3-month period.3 Patients tolerated the 
dilute bleach baths although the number of patients colonized 
with MRSA was low and, despite clinical improvement, patients 
remained colonized by S. aureus even after 3 months of 
intervention.

Use of an effective moisturizer combined with hydration 
therapy will help to restore and preserve the stratum corneum 
barrier.4 Moisturizers can also improve skin barrier function, 
reduce susceptibility to irritants, improve clinical parameters of 
AD and decrease the need for topical corticosteroids.5–7 Ingre-
dients that contribute to effective moisturizers include humec-
tants to attract and hold water in the skin such as glycerol, 
occlusives such as petrolatum to retard evaporation, and emol-
lients such as lanolin to lubricate the stratum corneum.8
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corneum susceptible to colonization by S. aureus.9 A ceramide-
dominant emollient added to standard therapy in place of 
moisturizer in children with ‘stubborn-to-recalcitrant’ AD was 
shown to result in clinical improvement.10 Several ceramide-
containing creams are available, including Epiceram® which is 
registered as a medical device and thus available only by pre-
scription. Preliminary data suggest clinical benefit comparable 
to a topical mid-potency corticosteroid.11 Other nonsteroidal 
creams registered as medical devices with unique ingredients 
include MAS063DP (Atopiclair®)12 and S236 (Mimyx®).13 
These creams are not regulated by the US Food and Drug 
Administration (FDA) and have no restrictions on age or length 
of use. They may be especially attractive to parents who have 
concerns about using topical corticosteroids and calcineurin 
inhibitors. However, they are costly and their place in the treat-
ment algorithm for AD has not been definitively established.

Topical Antiinflammatory Therapy
TOPICAL GLUCOCORTICOIDS

Glucocorticoids have been the cornerstone of antiinflammatory 
treatment for over 50 years. Because of potential side-effects, 
topical glucocorticoids are used primarily to control acute exac-
erbations of AD.1

Patients should be carefully instructed in the use of topical 
glucocorticoids to avoid potential side-effects. The potent fluo-
rinated glucocorticoids should be avoided on the face, the geni-
talia and the intertriginous areas. Patients should be instructed 
to apply topical glucocorticoids to their skin lesions and to use 
emollients over uninvolved skin. Failure of a patient to respond 
to topical glucocorticoids is often due to the inadequate amount 
applied. It is important to remember that it takes approximately 
30 g of cream or ointment to cover the entire skin surface of  
an adult-sized patient for one application. The fingertip unit 
(FTU) has been proposed as a measure for applying topical 
corticosteroids and has been studied in children with AD.14,15 
This is the amount of topical medication that extends from the 
tip to the first joint on the palmar aspect of the index finger. It 
takes approximately one FTU to cover the hand or groin, 2 
FTUs for the face or foot, 3 FTUs for an arm, 6 FTUs for a leg, 
and 14 FTUs for the trunk. Of note, adequate application of 
topical corticosteroids has been shown to correlate with clinical 
improvement.16 Obtaining medications in larger quantities can 
result in significant savings for patients.

There are seven classes of topical glucocorticoids, ranked 
according to their potency based on vasoconstrictor assays from 
super-potent (class I) to low potent (class VII). Because of their 
potential side-effects, the super-potent and high-potent gluco-
corticoids should be used only for short periods of time and in 
areas that are lichenified, but not on the face or intertriginous 
areas. The goal is to use moisturizers to enhance skin hydration 
and lower-potency glucocorticoids or nonsteroidal agents for 
long-term therapy if needed. Side-effects from topical glucocor-
ticoids are related to the potency ranking of the compound and 
the length of use as well as the area of the body to which the 
drug is applied, so it is incumbent on the clinician to balance 
the need for a more potent steroid with the potential for side-
effects. In general, ointments have a greater potential to occlude 
the epidermis, resulting in enhanced systemic absorption com-
pared to creams. Side-effects from topical glucocorticoids can 
be divided into local and systemic. Local side-effects include the 

Moisturizers are available as ointments, creams, lotions and 
oils. While ointments have the fewest additives and are the most 
occlusive, in a hot, humid environment they may trap sweat 
with associated irritation of the skin. Lotions and creams may 
be irritating due to added preservatives, solubilizers and fra-
grances. Lotions contain more water than creams and may be 
drying due to an evaporative effect. Oils are also less effective 
moisturizers. Moisturizers should be obtained in the largest size 
available (one pound jars) since they may need to be applied 
several times each day on a chronic basis. Vegetable shortening 
(Crisco®) can be used as an inexpensive moisturizer. Of note, 
patients and caregivers should understand that petroleum jelly 
(Vaseline®) is an occlusive, not a moisturizer, and thus needs to 
be applied on damp, not dry skin. Even young children can be 
taught to apply their moisturizer, allowing them to participate 
in their skin care. Patients and caregivers need to be instructed 
to apply moisturizers routinely but not over or immediately 
prior to topical medications to avoid dilution or interference 
with medication on skin.

A number of studies suggest that AD is associated with 
decreased levels of ceramides, contributing not only to a 
damaged permeability barrier but also making the stratum 

BOX 51-1 DIFFERENTIAL DIAGNOSIS OF ATOPIC 
DERMATITIS

CONGENITAL DISORDERS

Netherton’s syndrome
Familial keratosis pilaris

CHRONIC DERMATOSES

Seborrheic dermatitis
Contact dermatitis (allergic or irritant)
Nummular eczema
Psoriasis
Ichthyoses

INFECTIONS AND INFESTATIONS

Scabies
Human immunodeficiency virus-associated dermatitis
Dermatophytosis

MALIGNANCIES

Cutaneous T cell lymphoma (mycosis fungoides/Sézary 
syndrome)

Letterer-Siwe disease

AUTOIMMUNE DISORDERS

Dermatitis herpetiformis
Pemphigus foliaceus
Graft-versus-host disease
Dermatomyositis

IMMUNODEFICIENCIES

Wiskott-Aldrich syndrome
Severe combined immunodeficiency syndrome
Hyper-IgE syndrome
Dedicator of cytokinesis 8 (DOCK8) associated immunodeficiency
Immune dysregulation, polyendocrinopathy, enteropathy 

X-linked (IPEX) syndrome

METABOLIC DISORDERS

Zinc deficiency
Pyridoxine (vitamin B6) and niacin
Multiple carboxylase deficiency
Phenylketonuria
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discontinue it within 7 to 14 days without a plan to step down, 
resulting in rebound flaring of their AD. Of note, only a few 
topical corticosteroids have been approved for use in very young 
children. These include desonide and fluticasone cream down 
to 3 months of age, alclometasone down to 1 year of age and 
mometasone down to 2 years of age. Indications are typically 
for up to 3 to 4 weeks.

Patients with AD are often labeled as topical corticosteroid 
treatment failures. Reasons for this may include inadequate 
potency of the preparation or insufficient amount dispensed or 
applied, S. aureus superinfection, steroid allergy and possibly 
corticosteroid insensitivity. A much more common reason for 
therapeutic failure is nonadherence to the treatment regimen. 
As with any chronic disease, patients or caregivers often expect 
quick and lasting benefits and become frustrated with the 
relapsing nature of AD.23 These factors need to be considered 
when faced with a patient not responding to therapy before 
considering alternative therapy, especially systemic treatment.

TOPICAL CALCINEURIN INHIBITORS

Since their approval by the FDA in 2000 and 2001, respectively, 
the topical calcineurin inhibitors (TCIs) – tacrolimus ointment 
(Protopic 0.03% and 0.1%) and pimecrolimus cream (Elidel 

development of striae and skin atrophy.17 Systemic side-effects 
in AD are uncommon unless high-potency steroids are used 
under occlusion, but adrenal suppression and cataracts have 
been reported.18–20 However, disease activity, rather than the use 
of topical corticosteroids, was shown to be responsible for low 
basal cortisol values in patients with severe AD.21 Of note, 
patients and caregivers continue to use topical corticosteroids 
suboptimally, primarily due to concerns about their use.22 This 
may include delaying application of the medication for a 
number of days after the start of a flare, which contributes to 
suboptimal outcomes. An expert consensus from the Dermatol-
ogy Working Group pointed out that ‘in an ideal world, derma-
tologists, dermatology nurses, … practitioners, … pharmacists 
would work together to advise and reinforce information about 
the correct way to apply topical corticosteroids, and to address 
concerns about the safety of these highly effective agents. But 
in the real world, expert advice, even when given, is soon forgot-
ten …’.15 Patients and caregivers need to have a basic under-
standing of topical corticosteroids, including their risks and 
benefits. Patients may erroneously assume that the potency of 
a topical corticosteroid is defined by the percent stated after the 
compound name (as discussed under ‘Education of Patients 
and Caregivers’ later in this chapter). At times, patients may be 
prescribed a high-potency corticosteroid with instructions to 

Figure 51-1  Clinical algorithm for diagnosis and management of atopic dermatitis. 
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eliminate or minimize exposure to irritants such as soaps or 
detergents, chemicals, smoke, abrasive clothing and extremes of 
temperature and humidity. Alcohol and astringents found in 
toiletries can be drying. Cleansers, ideally formulated for sensi-
tive skin, should be used in place of soaps, especially fragranced 
ones. Using a liquid rather than powder detergent and adding 
a second rinse cycle will facilitate removal of the detergent. 
Recommendations regarding environmental conditions should 
include temperature and humidity control to avoid problems 
related to heat, humidity and perspiration. Every attempt 
should be made to allow children to be as normally active as 
possible. Certain sports such as swimming may be better toler-
ated than others that involve intense perspiration, physical 
contact or heavy clothing and equipment, but chlorine should 
be rinsed off after swimming with the aid of a cleanser and the 
skin lubricated. Although ultraviolet light may be beneficial to 
some patients with AD, sunscreens should be used to avoid 
sunburn. Sunscreens formulated for the face are often better 
tolerated.

SPECIFIC ALLERGENS

Potential allergens can be identified by taking a careful history 
and carrying out selective allergy tests. Negative skin tests or 
serum tests for allergen-specific immunoglobulin E (IgE) have 
a high predictive value for ruling out suspected allergens. Posi-
tive skin or in vitro tests, particularly to foods, often do not 
correlate with clinical symptoms and should be confirmed with 
controlled food challenges and, if indicated, trials of specific 
elimination diets.38 Avoidance of foods implicated in controlled 
challenges has been shown to result in clinical improvement. 
Infants who do not improve on formulas containing hydrolyzed 
proteins can be tried on amino acid formulas. However, these 
can add a significant financial burden for the family. Extensive 
elimination diets which, in some cases, can be nutritionally 
deficient, are rarely if ever required, because even with multiple 
positive allergy tests, the majority of children will react to three 
or fewer foods on controlled challenge. Unfortunately, patients 
with multiple positive allergy tests are often labeled as multiple 
food-allergic with no attempts to prove clinical relevance. Food 
challenges after getting the eczema under control and establish-
ing a baseline for immediate, and less frequently delayed, reac-
tions can be of immense value in managing the patient and 
helping the family with this stressful issue. It is noteworthy that 
in one retrospective study, 325 (89%) of 364 supervised oral 
food challenges were reported as negative.39 In addition, con-
sultation with a dietitian familiar with food allergies can be 
extremely helpful to ensure a nutritionally sound diet for the 
child and suggest practical advice to caregivers.40 The Food 
Allergy Research & Education website (www.foodallergy.org) is 
a useful resource for patients and families with food allergy (see 
also Chapter 45 on food allergy).

In patients allergic to dust mites, prolonged avoidance of 
dust mites has been found to result in improvement of AD.41–44 
Avoidance measures include: using dust mite-proof casings on 
pillows, mattresses and box springs; washing bedding in hot 
water weekly; removing bedroom carpeting; and decreasing 
indoor humidity levels with air conditioning. Because there are 
many triggers that can contribute to the flare of AD, attention 
should be focussed on identifying and controlling the flare 
factors that are important to the individual patient. In addition, 
allergic contact dermatitis may be overlooked in children and 

1%) – have become well-established, effective and safe nonste-
roidal treatments for pediatric AD.24 They are currently indi-
cated as second-line treatment for intermittent, noncontinuous 
use in children aged 2 years and older with moderate-severe AD 
(tacrolimus ointment 0.03%) and mild-moderate AD (pimecro-
limus cream 1%). Tacrolimus ointment 0.1% is indicated for 
patients 16 years and older. Nevertheless, patients and caregivers 
frequently misunderstand their place in the treatment algorithm 
and have concerns about the boxed warning for these drugs. Of 
note, a Joint Task Force of the American College of Allergy, 
Asthma and Immunology and the American Academy of Allergy, 
Asthma and Immunology reviewed the available data and con-
cluded that the risk/benefit ratios of tacrolimus ointment and 
pimecrolimus cream are similar to those of most conventional 
therapies for the treatment of chronic relapsing eczema.25 In 
addition, a case-control study of a large database that identified 
a cohort of 293,253 patients with AD found no increased risk of 
lymphoma with the use of TCIs.26 Children may be prescribed 
TCIs to replace topical corticosteroids when they are not doing 
well or during a flare of AD, with unrealistic expectations for this 
class of drugs. Patients and caregivers may not be instructed 
about potential side-effects, a common reason for TCIs being 
discontinued, and patients labeled as treatment failures. While 
several studies have explored the use of TCIs in children under 
2 years of age27 and as early intervention to reduce the incidence 
of flare and need for topical steroid rescue,28 they would cur-
rently be considered to be off-label therapy.

PROACTIVE THERAPY

As discussed in Chapter 50, normal appearing skin in AD is not 
normal; there are immune and skin barrier abnormalities, as 
well as S. aureus colonization. In patients whose eczema tends 
to relapse in the same location, an approach that has gained 
increased attention is that of proactive therapy. After a period 
of stabilization, topical antiinflammatory therapy is instituted 
in areas of previously involved but normal-appearing skin, 
rather than waiting for a flare of eczema in a traditional reactive 
approach. Studies with topical corticosteroids29–32 and TCIs,33,34 
including in pediatric patients,35,36 have shown clinical benefit 
with this approach. Of note, it is important to recognize that 
eczema first needs to be brought under control before a 2 to 3 
times weekly, long-term regimen can be instituted. This 
approach would currently be considered off-label in the USA, 
but it has been approved in EU countries for children 2 years 
and older for up to 12 months with tacrolimus ointment and 
shown to be a cost-effective approach by the National Health 
Service of the UK.37

Identification and Elimination  
of Triggering Factors
Patients with AD have hyperreactive skin and a number of dif-
ferent triggers including irritants, allergens, infectious agents 
and emotional stressors can contribute to cutaneous inflamma-
tion and flare of eczema.

IRRITANTS

Patients with AD are more susceptible to irritants than are 
normal individuals. Thus it is important to identify and 

http://www.foodallergy.org
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in development of allergic contact dermatitis because neomycin 
is among the more common allergens causing contact derma-
titis.50 Treatment for nasal carriage with an intranasal antibiotic 
may lead to clinical improvement of AD.51 MRSA may require 
culture and sensitivity testing to assist in appropriate antibiotic 
selection. However, patients and caregivers need to be instructed 
that the best defense against microbes is an intact skin barrier, 
and basic skin care principles as discussed above should be 
emphasized. Of note, antiinflammatory therapy alone, with 
either a topical corticosteroid or topical calcineurin inhibitor, 
has been shown to improve AD and reduce S. aureus coloniza-
tion of the skin.52

Although antibacterial cleansers have been shown to be 
effective in reducing bacterial skin flora,53 they may be too irri-
tating to use on inflamed skin in AD. Baths with dilute sodium 
hypochlorite (bleach) may also be of benefit to AD patients, 
especially those with recurrent MRSA as discussed above under 
‘Hydration and Skin Barrier Protective Measures’, although they 
can be irritating. Of note, a single-center controlled study, while 
showing clinical benefit, did not demonstrate decreased skin 
colonization by S. aureus even with combined nasal treatment 
with mupirocin and after 3 months of treatment.3 A 2014 
review discusses an approach to recurrent MRSA infections in 
patients with AD.54 Some studies have shown that silver-
impregnated clothing reduced staphylococcal colonization, 
improved clinical parameters and reduced topical corticoste-
roid use in AD.55

AD can be complicated by disseminated herpes simplex 
virus infection, resulting in Kaposi’s varicelliform eruption or 
eczema herpeticum (Figure 51-3). Vesicular lesions are umbili-
cated, tend to crop, and often become hemorrhagic and crusted. 
These lesions may coalesce to large, denuded and bleeding areas 
that can extend over the entire body. Herpes simplex can 
provoke recurrent dermatitis and may be misdiagnosed as 
impetigo, although herpetic lesions can become superinfected 
by S. aureus.56 The presence of punched-out erosions, vesicles 
and/or infected skin lesions that fail to respond to oral antibiot-
ics should initiate a search for herpes simplex. This can be 
diagnosed by a Giemsa-stained Tzanck smear of cells scraped 
from the vesicle base or by viral culture or polymerase chain 
reaction (PCR). Test results may be falsely negative if the 
samples are inadequate. Ideally, vesicle fluid should be obtained 

patch testing should be considered in children with AD (see 
Chapter 53).45 In a study to determine the frequency of positive 
and relevant patch tests in children referred for patch testing in 
North America, of the children with a relevant positive reaction, 
34.0% had a diagnosis of AD.46

EMOTIONAL STRESSORS

AD patients often respond to frustration, embarrassment and 
other stressful events with increased pruritus and scratching. In 
some instances, scratching is simply habitual; less commonly it 
is associated with secondary gain. Psychologic evaluation or 
counseling should be considered in patients who have difficulty 
with emotional triggers or psychologic problems contributing 
to difficulty in managing their disease. Relaxation, behavioral 
modification or biofeedback may be helpful in patients who 
habitually scratch.47

INFECTIOUS AGENTS

Children with AD often are colonized or infected with various 
microbial organisms including bacteria, especially Staphylococ-
cus aureus (Figure 51-2), viruses including herpes simplex virus, 
and occasionally yeast or fungi. Methicillin-resistant S. aureus 
(MRSA) is becoming an increasingly important pathogen in 
patients with AD. Antistaphylococcal antibiotics are helpful in 
the treatment of patients who are heavily colonized or infected 
with S. aureus.48 Cephalosporins or penicillinase-resistant peni-
cillins are usually beneficial for patients who are not colonized 
with resistant S. aureus strains. Erythromycin and other mac-
rolide antibiotics are usually of limited utility due to increasing 
frequency of erythromycin-resistant S. aureus. Topical mupiro-
cin is useful for the treatment of localized impetiginized lesions; 
however, in patients with extensive skin infection, a course of 
systemic antibiotics is more practical. Retapamulin ointment 
1%, used twice daily for 5 days, was shown to be as effective as 
oral cephalexin twice daily for 10 days in the treatment of 
patients with secondarily infected dermatitis and was well toler-
ated.49 Use of topical neomycin, on the other hand, can result 

Figure 51-2  Patient with atopic dermatitis who is secondarily infected 
with Staphylococcus aureus. Note multiple pustules and areas of crust-
ing.  (From Weston WL, Morelli JG, Lane A, editors. Color textbook of 
pediatric dermatology. 3rd edn. St Louis: Mosby; 2002.)

Figure 51-3  Eczema  herpeticum,  the  primary  skin  manifestation  of 
herpes simplex in atopic dermatitis. (From Fireman P, Slavin R, editors. 
Atlas of allergies. 2nd edn. London: Mosby-Wolfe; 1996.)
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diphenhydramine may offer an advantage with their soporific 
side-effects when used at bedtime. Doxepin hydrochloride has 
both tricyclic antidepressant and H1- and H2-histamine recep-
tor blocking effects. Thus, it may be useful in treating children 
and adolescents who do not respond to H1 sedating antihista-
mines. If nocturnal pruritus remains severe, short-term use of 
a sedative to allow adequate rest may be appropriate. Treatment 
of AD with topical antihistamines or topical anesthetics is not 
recommended because of potential cutaneous sensitization. 
Other treatment options for sleep disturbance used by the 
behavioral health clinicians in the AD program at National 
Jewish Health include clonidine and melatonin.

Other Treatments
TAR PREPARATIONS

Coal tar preparations may have antipruritic and antiinflamma-
tory effects on the skin.61 They may also have a beneficial effect 
on the skin barrier, as a recent study showed that coal tar can 
increase filaggrin protein in the skin.62 Tar shampoos can be 
beneficial for scalp dermatitis. Tar preparations should not be 
used on acutely inflamed skin because this can result in skin 
irritation. Side-effects associated with tars include folliculitis 
and photosensitivity.

PHOTOTHERAPY

Natural sunlight in moderation may be beneficial to patients 
with AD; however, if the sunlight occurs in the setting of high 
heat or humidity, triggering sweating and pruritus, it may  
be deleterious. Broad-band ultraviolet B, broad-band ultravio-
let A, narrow-band ultraviolet B (NB-UVB) (311 nm), UVA-1 
(340–400 nm) and combined UVAB phototherapy can be  
useful adjuncts in the treatment of AD. Of note, UVB therapy 
was shown to increase skin barrier proteins including filaggrin 
in AD.63 Studies in children are limited and, in general, UV 
therapy should be restricted to adolescents, except in excep-
tional cases.1 Short-term adverse effects with phototherapy may 
include erythema, pain, pruritus and pigmentation; long-term 
adverse effects include premature skin aging and cutaneous 
malignancies.

SYSTEMIC THERAPY

Children who are considered candidates for systemic therapy 
should be evaluated by specialists in AD.1 Patients with refrac-
tory AD often will respond to conventional therapy with appro-
priate education regarding the relapsing nature of AD and 
proper skin care.64 In addition, other diseases with eczematous 
rash may need to be considered (see Box 51-1).

Systemic Glucocorticoids
The use of systemic glucocorticoids, such as oral prednisone, is 
rarely indicated in the treatment of chronic AD.1 The dramatic 
clinical improvement that may occur with systemic glucocorti-
coids is frequently associated with a severe rebound flare of AD 
following the discontinuation of systemic glucocorticoids. 
Short courses of oral glucocorticoids may be appropriate for an 
acute exacerbation of AD while other treatment measures are 
being instituted. If a short course of oral glucocorticoids is 
given, it is important to taper the dosage and begin intensified 

by unroofing one or more intact vesicles. Lumbar puncture 
should be considered if meningitis is suspected, but the pres-
ence of infected lesions over the lumbar areas should preclude 
this procedure. Ophthalmology consultation should be obtained 
for patients with periocular or suspected eye involvement. 
Treatment may be with oral acyclovir for less severe infections 
or intravenous acyclovir for widely disseminated disease or 
toxic-appearing patients at 30 mg/kg/day divided every 8 hours 
(for patients <1 year old) or 1,500 mg/m2/day divided every 8 
hours (for patients >1 year old) for 7 to 21 days, depending on 
the clinical course.57 Valacyclovir is indicated in pediatric 
patients 12 years or older for treatment of herpes labialis (2 g 
every 12 hours for 1 day) and patients 2 to <18 years of age for 
treatment of chickenpox (20 mg/kg 3 times daily for 5 days) up 
to a maximum dose of 1 g 3 times daily. Detailed instructions 
on preparing a liquid suspension (including shelf life) are avail-
able under ‘Extemporaneous Preparation of Oral Suspension’ 
in the manufacturer’s package insert. Of note, the suspension 
needs to be used within 4 weeks of being prepared. Acyclovir 
prophylaxis may be necessary for patients with recurrent eczema 
herpeticum.

In patients with AD, smallpox vaccination, or even exposure 
to vaccinated individuals, may cause a severe widespread skin 
rash called eczema vaccinatum that is similar in appearance to 
eczema herpeticum.58 An increased risk of fatalities resulting 
from eczema vaccinatum has been reported in AD. Even if not 
fatal, eczema vaccinatum is often associated with severe scarring 
and lifelong complications following recovery from this illness.

Fungi may play a role in chronic inflammation of AD. There 
has been particular interest in the role of Malassezia (Pityros-
porum) in AD. Malassezia sympodialis is a lipophilic yeast com-
monly present in the seborrheic areas of the skin. IgE antibodies 
against M. sympodialis are found in AD patients, most fre-
quently in patients with a head and neck distribution of der-
matitis. The potential importance of M. sympodialis as well as 
other dermatophyte infections is further supported by the 
reduction of AD skin severity in patients treated with antifungal 
agents.59 However, even patients with IgE antibodies to M. sym-
podialis often respond better to topical steroids than to topical 
antifungal therapy, and systemic antifungal therapy may benefit 
AD patients through antiinflammatory properties.60

CONTROL OF PRURITUS AND  
SLEEP DISTURBANCE

The treatment of pruritus in AD should be directed primarily 
at the underlying causes. Reduction of skin inflammation and 
dryness with topical glucocorticoids and skin hydration, respec-
tively, will often symptomatically reduce pruritus. Inhaled  
and ingested allergens should be eliminated if documented to 
contribute to eczema. Systemic antihistamines act primarily  
by blocking the H1 receptors in the dermis and thereby amelio-
rating histamine-induced pruritus. However, histamine is  
only one of many mediators that can induce pruritus of the 
skin, minimizing benefit from antihistamine therapy. Some 
antihistamines have anxiolytic agents and may offer symptom-
atic relief through their tranquilizing and sedative effects. 
Studies of newer nonsedating antihistamines have shown vari-
able results in the effectiveness of controlling pruritus in AD 
patients although they may be useful in the subset of AD 
patients with concomitant urticaria. Because pruritus is usually 
worse at night, sedating antihistamines such as hydroxyzine or 
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experiencing the expected therapeutic response. Patients or 
caregivers are often observed applying inadequate amounts of 
topical medications, layering therapy, thus diluting or blocking 
specific drugs and misunderstanding the potency of topical 
corticosteroids based on the misperception that corticosteroid 
potency is based on the percent value (e.g. 2.5% vs 0.05%), 
rather than on the specific corticosteroid preparation (e.g. 
mometasone vs hydrocortisone). AD Home Care or Action 
Plans are integral to the management of children with AD; 
without them, patients or caregivers may forget or confuse skin 
care recommendations.47 These plans should fit the child’s and 
family’s needs and should be reviewed and modified at all 
follow-up visits.

Providing patients and caregivers with appropriate  
educational resources is an important component of manage-
ment. Educational brochures and videos can be obtained  
from the National Eczema Association (800-818-7546 or www 
.nationaleczema.org). Information, instruction sheets and  
brochures including the comprehensive booklet, Understand-
ing Atopic Dermatitis, are available from National Jewish 
Health Lung Line (800 222-LUNG or www.nationaljewish.org) 
as well as from national organizations such as the American 
Academy of Allergy, Asthma & Immunology (www.aaaai.org) 
or the American Academy of Dermatology (www.aad.org).

Wet Wrap Therapy
Wet wrap therapy has been used successfully as part of a step-up 
therapy regimen for treating severe or recalcitrant AD for over 
two decades.70 This therapeutic intervention can improve pen-
etration of topical medications, reduce pruritus and inflamma-
tion and act as a barrier against trauma from scratching.47 A 
study of wet wraps demonstrated recovery of the epidermal 
barrier with clinical improvement associated with release of 
lamellar body and restoration of intercellular lipid lamellar 
structure.71 Of note, 1 week after discontinuation of wet wraps, 
increased water content and decreased transepidermal water 
loss (TEWL) was still maintained. Wet wrap therapy has been 
shown to benefit patients during acute flares of AD.72 This study 
points to the usefulness of this intervention in acute AD flares 
and suggests that the time for topical corticosteroid application 
may be shortened. A technique used successfully at National 
Jewish Health in Denver employs clothing, such as long under-
wear and cotton socks, selectively wetted based on distribution 
of the patient’s eczema, applied over an undiluted layer of 
topical corticosteroids with a dry layer of clothing on top.47 
Treating facial eczema requires nursing skills with wet, followed 
by dry, gauze expertly applied with spaces for eyes and mouth 
carefully cut out and secured with a dressing such as surgical 
Spandage® (Figure 51-4). A DVD demonstrating wrap therapy 
can be purchased through the Professional Education Depart-
ment at National Jewish Health (www.nationaljewish.org). 
Wraps may be removed when they dry out (after approximately 
2 hours), however it is often practical to apply them at bedtime 
and most children are able to sleep with them on. Overuse of 
wet wraps may result in chilling or maceration of the skin and 
may be complicated by secondary infection. However, a con-
trolled study of wet wrap therapy with topical corticosteroids 
found that S. aureus colonization was decreased with this inter-
vention.73 While use of wet wrap therapy over topical calcineu-
rin inhibitors is not indicated on current package labeling, this 
approach is used ‘off-label’ by clinicians. Wet wrap therapy 

skin care, particularly with topical glucocorticoids and frequent 
bathing followed by application of emollients, in order to 
prevent rebound flaring of AD. Patients with oral steroid-
dependent AD, or who are treated with frequent courses of 
systemic steroids, need to be evaluated for corticosteroid side-
effects, including adrenal suppression, osteoporosis, cataracts 
and muscle weakness, and switched to other therapy.

Cyclosporin A
Cyclosporin A (CsA) is a potent immunosuppressive drug that 
acts primarily on T cells by suppressing cytokine transcription. 
Studies, including in children, have demonstrated that patients 
with severe AD, refractory to conventional treatment, can 
benefit from short-term CsA treatment with reduced skin 
disease and improved quality of life.65 A 1-year study of CsA 
(5 mg/kg/day) in a pediatric population using either intermit-
tent or continuous treatment showed no significant differences 
between these two approaches with respect to efficacy or safety 
parameters, and a subset of patients remained in remission after 
treatment was stopped.66 In addition, children as young as 22 
months of age were shown to respond to low-dose (2.5 mg/kg/
day) CsA.67 Nevertheless, risks must be weighed against benefits 
and lab parameters, especially serum creatinine and blood pres-
sure, monitored.1

Azathioprine
Azathioprine is a purine analog with antiinflammatory and 
antiproliferative effects. It has been used for severe AD, includ-
ing in children, although no controlled trials have been 
reported.68 Myelosuppression is a significant adverse effect, 
although thiopurine methyl transferase levels may predict indi-
viduals at risk.1

Mycophenolate Mofetil
Mycophenolate mofetil (MMF), a purine biosynthesis inhibitor 
used as an immunosuppressant in organ transplantation, has 
been used for treatment of refractory inflammatory skin disor-
ders.1 The drug has generally been well tolerated although 
herpes retinitis and dose-related bone marrow suppression have 
been reported. A retrospective analysis of children treated with 
MMF as systemic monotherapy for severe, recalcitrant AD 
found that of 14 patients, 4 achieved complete clearance, 4 had 
>90% improvement, 5 had 60–90% improvement and 1 failed 
to respond.69 Initial responses occurred within 8 weeks (mean 
4 weeks), and maximal effects were attained after 8 to 12 weeks 
at MMF doses of 40–50 mg/kg/day in younger children and 
30–40 mg kg/day in adolescents. MMF was well tolerated in all 
patients, with no infectious complications or significant lab 
abnormalities.

Education of Patients and Caregivers
Education is a critical component of AD management, espe-
cially when the disease is severe or relapsing. Important com-
ponents include teaching about the chronic or relapsing nature 
of AD, exacerbating factors and therapeutic options with risks 
versus benefits and prognosis. Strategies include one-on-one 
communication, direct demonstration with reinforcement, 
group discussions, classroom teaching and written materials 
including an AD Home Care or Action Plan. Observing the 
patient’s or caregiver’s method of treatment will often reveal 
fundamental errors which may explain why a patient is not 

http://www.nationaleczema.org
http://www.nationaleczema.org
http://www.nationaljewish.org
http://www.aaaai.org
http://www.aad.org
http://www.nationaljewish.org
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and often a search for alternative therapies, which may not be 
in the best interest of the child. While children with AD of all 
severities could benefit from a multidisciplinary approach, 
those who especially should be considered candidates include 
those failing conventional therapy, those with recurrent skin 
infections, those diagnosed with multiple food allergies, those 
whose disease is having a significant impact on their or their 
family’s quality of life, those with concerns about medication 
side-effects and those with need for in-depth education. The 
significant and sustained clinical improvement often seen in 
patients treated with a multidisciplinary approach may be due, 
in large part, to in-depth, hands-on education, along with 
changes in environmental exposures, reduction in stressors and 
assurance of adherence with therapy. Of note, a high percentage 
of these patients experience significant improvement, even 
when treated with medications that previously were believed to 
be ineffective, when the treatment is integrated into a compre-
hensive and individualized management program.

The Atopic Dermatitis Program (ADP) at National Jewish 
Health in Denver, Colorado, consists of a team of pediatric 
allergist-immunologists with extensive experience in basic and 
clinical research in AD, a nurse practitioner/dermatology clini-
cal specialist, pediatric psychiatrist, child psychologists, allergy-
immunology fellows-in-training, physician assistants, nurse 
educators, child life specialists, creative art therapist, social 
workers, dietitians and rehabilitation therapists.47 Dermatolo-
gists are available for consultation if the diagnosis of AD is in 
question or phototherapy is being considered. Patients undergo 
comprehensive evaluation and treatment that is tailored to their 
needs and the goals of the family. Our ADP provides single-day 
consultations, multi-day outpatient clinic visits, rarely inpatient 
hospitalization or a day program for more extensive evaluation, 
education and treatment typically over 5 to 14 days. In the 
controlled environment of the day program, patients and care-
givers interact with members of the multidisciplinary team and, 
importantly, with other patients and families in group meetings 
and informal settings. In addition, sleep disturbance and 
response to interventions can be evaluated with overnight 
observation.76

ALLERGEN IMMUNOTHERAPY

Allergen-specific immunotherapy (AIT) has been added as a 
therapeutic consideration in the most recent AD Practice 
Parameter Update for selected AD patients with environmental 
allergies, based on studies with house dust mite immunother-
apy.1 Most of the studies have been done in adult patients and, 
anecdotally, patients on AIT may have flares of their eczema 
with allergen injections. Well-controlled studies in children 
with AD are still required to determine the role for AIT in this 
disease. In addition, preliminary studies with sublingual immu-
notherapy suggest a role for a subset of children with AD sen-
sitized to dust mite allergen,77 but again these data need to be 
reproduced in a larger pediatric population, especially in light 
of the natural history of AD for different subsets of patients.

Investigational or Unproven Therapy
INTRAVENOUS IMMUNOGLOBULIN

High-dose intravenous immunoglobulin (IVIG) could have 
immunomodulatory effects in AD. In addition, IVIG could 

should be thought of as an acute crisis intervention, not as part 
of maintenance therapy, although occasionally it can be used 
on a more chronic basis to select areas of resistant dermatitis 
with appropriate monitoring. An evidence-based critical review 
of wet wrap therapy in children concluded, with a grade C 
recommendation, that: (1) wet wrap therapy using cream or 
ointment and a double layer of cotton bandages, with a moist 
first layer and a dry second layer, is an efficacious short-term 
intervention treatment in children with severe and/or refractory 
AD; (2) the use of wet wrap dressings with diluted topical cor-
ticosteroids is a more efficacious short-term intervention treat-
ment in children with severe and/or refractory AD than wet 
wrap dressings with emollients only; (3) the use of wet wrap 
dressings with diluted topical corticosteroids for up to 14 days 
is a safe intervention treatment in children with severe and/or 
refractory AD, with temporary systemic bioactivity of the cor-
ticosteroids as the only reported serious side-effect; (4) lowering 
the absolute amount of applied topical corticosteroid to once 
daily application and further dilution of the product can reduce 
the risk of systemic bioactivity.74 Recently, the largest controlled 
study of wet wrap therapy in children using a validated scoring 
tool and patient questionnaire showed that in patients with 
moderate to severe AD, SCORAD improved significantly and, 
importantly, the benefit of this intervention could be demon-
strated one month after discharge from the program, even 
though the treatment itself was discontinued before discharge 
(used for an average of 4 days).75 Importantly, none of these 
patients required treatment with a systemic immunosuppres-
sive agent.

Multidisciplinary Approach to  
Atopic Dermatitis
Given the complex nature of AD, its relapsing course and 
incompletely understood pathogenesis, a significant number of 
patients have suboptimal outcomes with their prescribed treat-
ment regimens. In addition, there is a significant impact on the 
quality of life of patients and families that leads to frustration 

Figure 51-4  Facial eczema treated with wet, followed by dry, gauze, 
and  secured  with  a  dressing  such  as  surgical  Spandage®.  (Reprinted 
from Boguniewicz M, Nicol N, Kelsay K, et al. A multidisciplinary 
approach to evaluation and treatment of atopic dermatitis. Semin Cutan 
Med Surg 2008;27:115–27, with permission from Elsevier.)
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oral vitamin D in a randomized, controlled trial. Investigator 
Global Assessment (IGA) score improved by 1 IGA category in 
4 of 5 subjects treated with vitamin D versus 1 of 6 on placebo. 
Similar improvements were seen for change in the eczema area 
and severity index (EASI) score.91 The updated Practice Param-
eter states that patients with AD may benefit from supplemen-
tation with vitamin D, particularly if they have low vitamin D 
levels or low dietary intake.1

OMALIZUMAB

Anecdotal reports suggest clinical benefit in some patients with 
AD, including children treated for their asthma with monoclo-
nal anti-IgE (omalizumab) subcutaneous injections.92 Adult 
patients with severe AD and significantly elevated serum IgE 
levels did not show benefit when omalizumab was used as 
monotherapy.93 In contrast, significant improvement in three 
adolescent patients was observed when omalizumab was added 
to the usual therapy.94 In addition, in an open study of 7 patients 
(aged 6–19 years) with severe AD treated with omalizumab, 
baseline SCORAD was 75.4 (53–96.2) with mean serum IgE 
16,007 IU/L (7,520–35,790 IU/L).95 After 12 months of treat-
ment, mean SCORAD was 30.0 (16.2–43), a mean improve-
ment of 45.6 (31.6–59.6; P < .0005). Specific markers have not 
been found to identify potential responders although a recent 
study suggested that adult AD patients who respond are wild 
type for filaggrin mutations.96 At present, omalizumab remains 
an investigational therapy in AD.

Conclusions
AD is a common, genetically transmitted inflammatory  
skin disease frequently found in association with respiratory 
allergy. Key management concepts include protection of the 
skin barrier, skin hydration, avoidance of irritants and  
proven allergic triggers and effective use of topical antiinflam-
matory agents (Box 51-2). Education of patients and caregivers 
is an essential part of treating AD patients of all levels of severity 
and a multidisciplinary approach to management may be the 
best approach for a number of patients. Better understanding 
of the complex genetic and immunoregulatory abnormalities 
underlying AD may allow for development of more specific 
treatments and suggest new paradigms for managing this 
disease.

interact directly with microbes or toxins involved in the patho-
genesis of AD. IVIG has been shown to contain high concentra-
tions of staphylococcal toxin-specific antibodies that inhibit the 
in vitro activation of T cells by staphylococcal toxins.78

Treatment of severe refractory AD with IVIG has yielded 
conflicting results. Studies have not been controlled and have 
involved small numbers of patients.79,80 Children appear to 
have a better response than adults, including to IVIG as mono-
therapy, and the duration of response was also shown to be 
more prolonged in children. However, additional controlled 
studies are needed to establish efficacy in a more definitive 
manner.

INTERFERON-γ

IFN-γ is known to suppress IgE responses and down-regulate 
Th2 cell proliferation and function. Several studies of patients 
with AD, including a multicenter, double-blinded, placebo-
controlled trial, have demonstrated that treatment with recom-
binant IFN-γ results in clinical improvement.81 Reduction in 
clinical severity of AD was correlated with the ability of IFN-γ 
to decrease total circulating eosinophil counts. Influenza-like 
symptoms are commonly observed side-effects seen early in the 
treatment course.

PROBIOTICS

Data from one meta-analysis suggest a modest role for probiot-
ics in children with moderately severe disease in reducing the 
Scoring of Atopic Dermatitis Severity Index score (mean change 
from baseline, −3.01; 95% confidence interval, −5.36 to −0.66; 
P = .01).82 Duration of probiotic administration, age and type 
of probiotic used did not affect outcome. Another meta-analysis 
found that current evidence is more convincing for probiotic 
efficacy in prevention rather than treatment of pediatric AD.83 
On the other hand, supplementation with Lactobacillus GG 
during pregnancy and early infancy neither reduced the inci-
dence of AD nor altered the severity of AD in affected children, 
but was associated with an increased rate of recurrent episodes 
of wheezing bronchitis.84 A Cochrane review concluded that 
probiotics are not an effective treatment for eczema in children 
and that probiotic treatment carries a small risk of adverse 
events.85 In contrast, a more recent meta-analysis of random-
ized controlled trials through 2011 that attempted to overcome 
some of the limitations of earlier reviews found a reduction of 
approximately 20% in the incidence of AD and IgE-associated 
AD in infants and children with probiotic use.86 To add to the 
continued uncertainty, a study in pregnant women and infants 
up to age 6 months given a multistrain probiotic did not show 
any difference in diagnosis of eczema at 2 years compared to 
placebo.87 However, the frequency of allergic sensitization and 
allergic eczema (defined as eczema with one or more positive 
allergy skin tests) was significantly reduced.

VITAMIN D

Vitamin D deficiency is being increasingly recognized in the US 
population and may play a role in various allergic illnesses.88 Of 
interest, vitamin D may play an important role in regulation of 
antimicrobial peptides in keratinocytes as discussed in Chapter 
50.89 A trial with oral vitamin D supports this hypothesis.90 In 
one small pediatric study, children with AD were treated with 

BOX 51-2 THERAPEUTIC PRINCIPLES

ATOPIC DERMATITIS

• Proper skin hydration and moisturizers are needed to repair 
and help preserve skin barrier function.

• Topical antiinflammatory therapy can be used for both treat-
ment of acute flares and prevention of relapses.

• Avoidance of proven food and inhalant allergens may prevent 
or lessen flares.

• Measures to decrease microbial colonization can improve 
atopic dermatitis.

• Sedating antihistamines may provide symptomatic relief 
through sedating side-effects.

• Addressing the psychosocial aspects of a chronic, relapsing 
illness and providing education with written skin care instruc-
tions can lead to improved outcomes.
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The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

Helpful Websites
National Jewish Health (www.nationaljewish.org)
The National Eczema Association (www.nationaleczema.org)
The American Academy of Allergy, Asthma & Immunology 

(www.aaaai.org)
The American Academy of Dermatology (www.aad.org)
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52 

KEY POINTS

• The distinction between acute and chronic urticaria/
angioedema has important diagnostic and therapeutic 
implications. Recurrent angioedema without urticaria 
suggests the possibility of hereditary angioedema.

• The most common type of swelling in children is acute 
urticaria/angioedema. The cause of acute urticaria can 
often be determined and is most likely to involve IgE-
mediated reactions, viral infections or bites and stings.

• Chronic urticaria/angioedema is typically idiopathic; 
however, physical stimuli often contribute to the symp-
toms. Extensive diagnostic evaluation of chronic urti-
caria is usually not warranted.

• First-line treatment of urticaria/angioedema is non-
sedating antihistamines with dosing up to four times the 
usual dose if necessary.

• Omalizumab or cyclosporine may be considered for 
patients with chronic urticaria who do not respond to 
high-dose antihistamines and do not have an underlying 
urticarial vasculitis.

Urticaria (hives or wheals) typically presents as a pruritic gen-
eralized eruption with erythematous circumscribed borders 
and pale, slightly elevated centers (Figure 52-1A). Angioedema 
is characterized by an asymmetric nondependent swelling that 
is generally not pruritic (Figure 52-1B). The pathophysiology 
of urticaria and angioedema is similar and is due to increased 
vascular permeability. However, the underlying mechanisms 
can be very distinct: mast cells are usually implicated in urti-
caria but bradykinin may be the cause in angioedema. Affected 
patients may manifest symptoms that range from transient and 
mildly annoying hives to severe and potentially fatal angio-
edema. Quality of life has been reported to be moderately to 
severely impaired in patients with chronic urticaria,1–3 and chil-
dren with chronic urticaria exhibit significantly greater psychi-
atric morbidity than controls.4 An efficient and cost-effective 
approach to the management of urticaria and angioedema 
depends on a careful assessment of the characteristics and likely 
cause of the swelling. This chapter provides a framework to 
differentiate the various types of urticaria and angioedema, 
then outlines a directed evaluation and treatment plan based 
on the etiology (Box 52-1).

Epidemiology/Etiology
EPIDEMIOLOGY

Urticaria/angioedema is conventionally classified as either acute 
or chronic, the latter being defined as the continuous or frequent 

occurrence of lesions for longer than 6 weeks.5 While arbitrary, 
this distinction has significant implications regarding the cause, 
course and treatment of the swelling. Most urticaria/angioedema 
is acute, particularly in children. Acute urticaria/angioedema 
can occur during anaphylaxis, and this possibility needs to be 
considered when urticaria or angioedema is associated with 
respiratory, gastrointestinal, cardiovascular or nervous system 
involvement. Approximately 50% of affected patients experi-
ence both urticaria and angioedema, 40% only urticaria, and 
10% only angioedema.6 Surveys have indicated that 15% to 23% 
of the population experience urticaria at least once during their 
lifetime,7 while the prevalence of chronic urticaria is estimated 
to be 0.5% to 5%, with females over-represented.8,9 Atopic indi-
viduals are at increased risk for acute urticaria/angioedema and 
some forms of physical urticaria; however, most patients with 
chronic urticaria/angioedema are not atopic.

The prevalence of hereditary angioedema (HAE) due to C1 
inhibitor (C1INH) deficiency (HAE-C1INH) is approximately 
1 : 50,000. The prevalence of HAE with normal C1INH (HAE-
nlC1INH) is unknown but likely less than HAE-C1INH. 
Acquired C1INH deficiency is only seen in adults and has  
an estimated prevalence of 1 : 500,000. Bradykinin-mediated 
angioedema can also be associated with use of angiotensin-
converting enzyme inhibitors and possibly with recurrent idio-
pathic angioedema.

ETIOLOGY

Most urticaria/angioedema is caused by mast cell degranulation 
with released mediators causing activation of sensory nerves, 
vasodilation, plasma extravasation, up-regulation of endothe-
lial cell adhesion molecules and recruitment of inflammatory 
cells.10–12 Basophils may also play an important role.13 The 
causes of mast cell degranulation in urticaria/angioedema are 
variable. IgE-mediated mast cell degranulation is responsible 
for many cases of acute urticaria/angioedema in children, most 
commonly from drugs and foods. Many acute and most chronic 
urticaria/angioedema cases involve mast cell activation due to 
nonimmunologic or immune processes not involving IgE, such 
as direct mast cell degranulators, viral infections, anaphylatox-
ins, various peptides/proteins and several types of physical 
stimuli. Viral infections are the most common cause of acute 
urticaria in children.14,15

The underlying cause of mast cell degranulation in chronic 
urticaria/angioedema usually cannot be determined. Lesions 
demonstrate a nonnecrotizing mononuclear cell infiltrate 
around small venules, with increased numbers of basophils, 
eosinophils and T helper cells.10,16 Filaggrin is overexpressed in 
urticarial lesions, the level correlating with urticaria severity.17 
Activation of thrombin with subsequent generation of C5a has 
also been suggested as a potential underlying mechanism in 
chronic urticaria.18 Some children with celiac disease and severe 
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thyroid autoimmunity.32 An association between urticaria and 
a variety of autoimmune diseases has also been described, 
although the nature of the relationship remains uncertain.33,34

Severe urticaria/angioedema associated with marked weight 
gain, pronounced leukocytosis and striking eosinophilia (Gleich 
syndrome) has been shown to involve increased serum levels of 
cytokines (including IL-5) during attacks.35,36 Other cases of 
urticaria/angioedema have been reported in association with 
parathyroid disease, polycythemia vera, hemolytic uremic syn-
drome, Schnitzler syndrome (chronic urticaria, monoclonal 
IgM, arthralgia, fever and adenopathy) and pregnancy.37 Cycli-
cal urticaria occurring prior to menses may be an autoimmune 
progesterone-induced dermatitis.38 Genetic causes of swelling 
include HAE, Muckle-Wells syndrome, vibratory angioedema, 
familial cold autoinflammatory syndrome, familial localized 
heat urticaria of delayed type, erythropoietic protoporphyria 
with solar urticaria, C3 inactivator deficiency with urticaria, 
and serum carboxypeptidase N deficiency with angioedema.

HAE-C1INH is an autosomal dominant disease caused by a 
functional deficiency of the plasma protein C1INH. Two major 
types of HAE-C1INH have been described: type I HAE com-
prises 85% of cases and is characterized by low C1INH anti-
genic and functional levels; type II HAE comprises the other 
15% of cases and is characterized by normal C1INH antigenic 
levels with low C1INH functional activity due to secretion of  
a dysfunctional protein.39 Type I and type II HAE are caused 
by mutations in the C1INH gene (SERPING1), resulting in 
increased plasma kallikrein activity and generation of the vaso-
active mediator bradykinin.39 Familial recurrent angioedema 
with normal C1INH gene and protein was originally called type 
III HAE,40,41 but has now been named HAE-nlC1INH.42 Initially 
thought to affect primarily women exposed to increased estro-
gen levels, it has become clear that both men and women are 
affected, with a variable effect of estrogens.42 Several coagula-
tion factor XII gene mutations have been found in a minority 
of HAE-nlC1INH kindreds;43 however, the underlying cause of 
the disease remains unclear. C1INH deficiency may also be 
acquired; however, this occurs primarily in older adults and has 
not been reported in children.

Familial cold autoinflammatory syndrome and Muckle-
Wells syndrome have been shown to be associated with  
mutations in a gene that encodes cryopyrin.44 The family of 
autoinflammatory urticarial syndromes is referred to as  
cryopyrinopathies.45 Neonatal-onset multisystem inflamma-
tory disease (NOMID) is a particularly severe cryopyrinopathy. 
The IL-1 receptor antagonist anakinra has been used success-
fully to prevent attacks.46,47 A hereditary cold urticaria syndrome 
due to genomic deletions of PLCG2 has been shown to lead to 
a gain of phospholipase Cγ2 function associated with antibody 
deficiency, susceptibility to infection, and autoimmunity.48,49

Differential Diagnosis
Recognition of urticaria and angioedema on examination is 
generally straightforward. The single most important step in the 
differential diagnosis is to visualize the lesions during swelling. 
Individual urticarial lesions seldom last for more than a few 
hours (up to 24 hours), which distinguishes urticaria from 
almost all other skin diseases. In addition, urticarial lesions 
blanch with pressure and new hives frequently develop as the 
older ones fade. If the lesions do not itch, the diagnosis should 
be reconsidered. Angioedema is not dependent and is typically 

chronic urticaria showed improvement of the urticaria follow-
ing institution of a gluten-free diet.19 At least 40% of patients 
with chronic urticaria have circulating autoantibodies with 
specificity for IgE or the high-affinity FcεR.20–22 Skin testing 
with autologous serum or plasma may detect these antibodies.23 
Approximately 30% of children with chronic urticaria have 
positive autologous serum skin tests.24,25 The functional and 
prognostic significance of these autoantibodies remains unclear.

An increased prevalence of thyroid antimicrosomal and anti-
thyroglobulin antibodies has been described in urticaria/
angioedema, with about half of these patients having goiters or 
abnormal thyroid function;26–29 however, no causal relationship 
has been demonstrated.30 Conversely, an increased cumulative 
prevalence of urticaria/angioedema has been found in thyroid 
disease patients with antimicrosomal and antithyroglobulin 
antibodies (primarily Hashimoto’s thyroiditis) but not in 
patients with other types of thyroid disease.31 Activation of 
complement by the complement controller domain of thyro-
peroxidase has been suggested to be an important contributor 
to development of urticaria/angioedema in patients with 

Figure 52-1  Typical  examples  of  swelling.  (A)  Diffuse  urticaria  with 
areas of confluence. (B) Angioedema of the upper lip and face. 
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BOX 52-1 KEY CONCEPTS

Urticaria and Angioedema

• The distinction between acute and chronic urticaria/
angioedema has important diagnostic and therapeutic 
implications.

• The most common type of swelling in children is acute 
urticaria/angioedema.

• The cause of acute urticaria can usually be determined and is 
most likely to involve IgE-mediated reactions, viral infections 
or bites and stings.

• The cause of chronic urticaria/angioedema is typically idio-
pathic; however, physical stimuli often contribute to the 
symptoms.

• Chronic urticaria/angioedema must be distinguished from 
urticarial vasculitis.

• Recurrent angioedema without urticaria suggests the  
possibility of hereditary angioedema.

• Most cases of chronic urticaria/angioedema resolve within 3 
to 4 years.
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tarantula hairs or caterpillar foot processes), or substances that 
can produce urticaria on contact with intact skin (such as latex, 
industrial chemicals, benzoic acid, sorbic acid and numerous 
other agents).54 Aspirin and other nonsteroidal antiinflamma-
tory drugs (NSAIDs) can provoke acute urticaria/angioedema 
in children and adults.55,56

CHRONIC URTICARIA/ANGIOEDEMA

This is a diagnosis of exclusion, based on history, examination 
and carefully selected testing. No clear relationship has been 
found between chronic urticaria and food allergy, ingestion of 
food additives or focal infections.57,58 Parasitic infestations may 
be suggested by finding substantial eosinophilia, elevated IgE 
level, abdominal symptoms or a history of recent foreign travel. 
Helicobacter pylori infection has also been suggested as having 
a link to chronic urticaria.59–61

Chronic urticaria is further subdivided into chronic sponta-
neous urticaria (CSU, previously referred to as chronic idio-
pathic urticaria) or inducible urticaria (previously known as 
physical urticaria) based on whether there is a precipitating 
stimulus.62 CSU has no identifiable cause and is the most 
common form of chronic urticaria/angioedema. Patients with 
CSU may have autoimmune features (see above). Inducible 
urticaria involves mast cell degranulation precipitated by dis-
crete physical stimuli (Table 52-1). Inducible urticaria is often 
but not always encountered in the setting of co-existing CSU. 
The percentage of children in whom chronic urticaria also has 
a physical component ranges from 1% to > 10%.63 Patients may 
swell in response to one or several physical stimuli, including 
mechanical pressure or stroking, heat or cold, sunlight or water. 
Specific physical challenges can be performed to confirm induc-
ible urticaria/angioedema. Dermographism may occur in up to 
2% to 5% of the general population (Figure 52-3A), and can 

not symmetrical. Figure 52-2 presents an algorithm for the 
approach to the differential diagnosis.

ACUTE URTICARIA/ANGIOEDEMA

Acute urticaria/angioedema by definition lasts less than 6 weeks 
and is most commonly caused by exposure to allergens, toxins 
or sensitizers, or infections. A cause for acute urticaria/
angioedema can frequently be determined. Most cases in chil-
dren will be secondary to IgE-mediated reactions or viral infec-
tions.14,15 Penicillin and other antibiotics frequently cause 
urticaria/angioedema. The most common foods associated with 
IgE-mediated urticaria/angioedema vary with the age of the 
patient. In younger children, egg, milk, soy, peanut and wheat 
are the most common allergens, whereas fish, seafood, nuts and 
peanuts are common offenders in older children.50 Acute urti-
caria can also be triggered by ingestion of fish containing high 
levels of bioactive amines in the absence of specific IgE (scom-
broid poisoning).51 Urticaria and angioedema are the most 
common manifestations of anaphylactic reactions to insect 
stings and bites. Immunologic reactions to the saliva of bedbugs, 
fleas or mites can cause papular urticaria, especially on the legs 
of children. Recently, acute urticaria/angioedema occurring 3 
to 6 hours following the ingestion of beef, pork, lamb or venison 
has been described in patients with IgE against galactose-α-1,3-
galactose.52 Urticaria multiforme (or acute annular urticarial 
hypersensitivity) is distinguished by transient annular urticarial 
lesions, often accompanied by angioedema, that respond to 
antihistamines.53

Urticaria/angioedema can also result from exposure to direct 
mast cell degranulators (such as strawberries, narcotic drugs, 
polymyxin antibiotics, d-tubocurarine or dextran volume 
expanders), penetrating substances (such as nettles, Portuguese 
man-of-war, other forms of sea life, moth and butterfly scales, 

Figure 52-2  Diagnostic  algorithm  for  urticaria/angioedema.  ACE-I –  Angiotensin-converting  enzyme  inhibitor,  ARB –  angiotensin  II  receptor 
blocker, HAE – hereditary angioedema. 
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Type Provoking Stimuli Diagnostic Test Comment

Mechanically Provoked
Dermographism 

(urticaria factitia)
Rubbing or scratching of skin 

causes linear wheals
Stroking the skin (especially 

the back) elicits a linear 
wheal

Primary (idiopathic or allergic) or secondary 
(urticaria pigmentosa or transient following 
virus or drug reaction)

Delayed 
dermographism

Same Same Rare

Delayed-pressure 
urticaria

At least 2 hr after pressure is 
applied to the skin, deep, 
painful swelling develops, 
especially involving the 
palms, soles and buttocks

Attach two sandbags or jugs 
of fluid (5–15 lb) to either 
end of a strap and apply 
over the shoulder or thigh 
for 10 to 15 min. A positive 
test exhibits linear wheals or 
swelling after several hours

Can be disabling and may be associated with 
constitutional symptoms such as malaise, 
fever, arthralgia, headache and leukocytosis

Immediate-pressure 
urticaria

Hives develop within 1 to 
2 min of pressure

Several minutes of pressure 
elicit hives

Rare; seen in conjunction with hypereosinophilic 
syndrome

Thermally Provoked
Acquired cold 

urticaria
Change in skin temperature 

rapidly provokes urticaria
Place ice cube on extremity 

for 3 to 5 min, then observe 
for pruritic welt and 
surrounding erythema as 
the skin rewarms over 
subsequent 5 to 15 min

Relatively common, may occur transiently with 
exposure to drugs or with infections; other 
rare cases may be associated with 
cryoproteins or may be transferable by serum

Familial cold 
autoinflammatory 
syndrome

Intermittent episodes of rash, 
arthralgia, fever and 
conjunctivitis occur after 
generalized exposure to 
cold

Symptoms occur 2 to 4 hr 
after exposure to cold 
blowing air

Autosomal dominant inflammatory disorder 
previously called familial cold ‘urticaria’; 
results from mutation of CIAS1 gene, coding 
for cryopyrin

Cholinergic urticaria Heat, exertion or emotional 
upsets cause small punctate 
wheals with prominent 
erythematous flare. May be 
related more to sweating 
than to heat per se

Methacholine cutaneous 
challenge is sometimes 
helpful; better to reproduce 
the lesions by exercising in 
a warm environment or 
while wearing a wetsuit or 
plastic occlusive suit

Differs from exercise-induced anaphylaxis in 
that it features smaller wheals and is induced 
by heat as well as by exercise but does not 
generally cause patients to collapse. 
Relatively common in patients with chronic 
urticaria; can be passively transferred by 
plasma in some patients

Localized heat 
urticaria

Urtication occurs at sites of 
contact with a warm stimulus

Hold a test tube containing 
warm water against the skin 
for 5 min

Rare

Miscellaneous Provoked
Solar urticaria Urticaria develops in areas of 

skin exposed to sunlight
Controlled exposure to light; 

can be divided depending 
on the wavelength of light 
eliciting the lesions

Types include genetic abnormality in 
protoporphyrin IX metabolism as well as 
types that can be passively transferred by IgE 
in serum

Aquagenic urticaria Tiny perifollicular urticarial 
lesions develop after contact 
with water of any 
temperature

Apply towel soaked in 37°C 
water to the skin for 30 min

Rare; systemic symptoms can occur; females 
affected more than males; familial form has 
been described

TABLE 

52-1 Major Physical Urticaria Syndromes

account for the majority of hives in some patients.7 Delayed 
pressure urticaria is more angioedematous than urticarial and 
causes significant morbidity.2 Primary and secondary acquired 
forms of cold urticaria have been described.64 Primary acquired 
cold urticaria is often seen in children and is frequently associ-
ated with asthma, allergic rhinitis and progression to frank 
anaphylaxis.65 Patients with acquired cold urticaria have 
drowned when exposed to cold water, and must be warned to 
avoid cold water and never to swim alone. Cold urticaria should 
be distinguished from familial cold autoinflammatory syn-
drome, which is marked by cold-induced erythematous rash, 
fever, arthralgias, leukocytosis and conjunctivitis.44 Cholinergic 
urticaria (Figure 52-3B) is relatively common in children, may 
be confused with exercise-induced anaphylaxis, and can be 

associated with angioedema, wheezing or even syncope.66 Per-
sistent cholinergic erythema, a variant of cholinergic urticaria, 
can be mistaken for a drug eruption or cutaneous mastocyto-
sis.67 Many patients have combinations of different physical 
urticarias, such as cold and cholinergic urticaria, cold and local-
ized heat urticaria, or dermographism with cold urticaria.

Idiopathic anaphylaxis often includes a prominent compo-
nent of urticaria or angioedema and can be difficult to distin-
guish from severe urticaria/angioedema.68 The angioedema of 
idiopathic anaphylaxis can also resemble HAE; however, a posi-
tive family history as well as complement abnormalities will 
clearly identify HAE-C1INH.

Urticarial vasculitis must be distinguished from chronic 
idiopathic urticaria/angioedema. When flagrant, urticarial 
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or, less commonly, with angiotensin II receptor blockers.76 ACE 
is a peptidase that degrades bradykinin (among other peptides), 
and the mechanism of ACE inhibitor-associated angioedema is 
suspected to be due to diminished catabolism of bradykinin.77 
There are also several forms of facial edema that can be con-
fused with angioedema, including the granulomatous cheilitis 
accompanying Crohn’s disease and the Melkersson-Rosenthal 
syndrome (a rare syndrome of recurrent orofacial swelling, 
relapsing facial paralysis and fissured tongue).

Evaluation and Management
HISTORY

A discerning history is the most important diagnostic proce-
dure in the evaluation of urticaria/angioedema. One should 
determine whether the urticaria/angioedema is acute or chronic, 
the duration of the individual lesions, the presence of pruritus 
(a defining symptom for urticaria), when lesions occur, where 
the patient is when lesions occur, what has the patient sus-
pected, and the response to prior treatment. Specific inquiry 
should be made about drugs (including over-the-counter  
products), foreign sera, foods, food additives, herbal or homeo-
pathic treatments, psychologic factors, inhalants, bites and 
stings, direct contact of skin with various agents, connective 
tissue diseases and exposure to physical agents. Associated 
respiratory, gastrointestinal or musculoskeletal symptoms 
should be inquired about.

In many patients, the disease is aggravated by vasodilating 
stimuli such as heat, exercise, emotional stress, alcoholic drinks, 
fever and hyperthyroidism. Premenstrual exacerbations also are 
common. Aspirin and other cyclooxygenase (COX)-1 inhibiting 
NSAIDs can cause acute urticaria or lead to exacerbations in  
up to 30% of patients. A retrospective review of 1,007 charts  
of atopic children revealed that 41 (4.07%) had experi-
enced NSAID-induced facial angioedema.78 Intermittent use of 
NSAIDs was associated with a higher rate of angioedema than 
chronic regular use.79 COX-2 inhibitors and acetaminophen do 
not typically trigger urticaria or angioedema.55,80

Angioedema attacks in HAE-C1INH have distinct manifes-
tations, including: prolonged duration (typically 72 or more 
hours); frequently triggered by minor trauma or stress; often 
preceded by a prodromal syndrome; displaying periodicity with 
attacks of angioedema interspersed by periods of remission 
(daily episodes suggest an alternate diagnosis); swelling most 
commonly affecting the extremities, face, gastrointestinal tract 
or upper airway; and a history of lack of response to prior treat-
ment with antihistamines, corticosteroids or epinephrine.74 Vir-
tually all HAE-C1INH patients experience extremity and 
gastrointestinal attacks during their lifetime. Abdominal attacks 
can be severe, and may resemble a surgical abdomen. Recurrent 
school absences because of abdominal pain may be a presenting 
symptom. It is not unusual to obtain a history of a normal 
exploratory laparotomy for presumed appendicitis. Laryngeal 
attacks are considerably less common, although over 50% of 
HAE-C1INH patients will experience a laryngeal attack at some 
point in their life. Angioedema of the larynx in HAE-C1INH 
can result in closure of the airway and asphyxiation. In the past, 
over 30% of HAE-C1INH patients died from airway attacks.74 
A positive family history of angioedema can usually be elicited 
although up to 25% of HAE-C1INH patients have de novo 
SERPING1 mutations.81

vasculitis is characterized by palpable purpura and bruising or 
discoloration that persists after the hive disappears. Persistence 
of individual urticarial lesions for more than 24 hours or a poor 
response to antihistamine therapy may suggest the possibility 
of urticarial vasculitis, which ranges from relatively benign 
cutaneous hypersensitivity vasculitis to the hypocomplement-
emic urticarial vasculitis syndrome.69,70 In children, most cases 
of cutaneous vasculitis represent Henoch-Schönlein purpura or 
hypersensitivity vasculitis.71 The hypocomplementemic urti-
carial vasculitis syndrome is rarely seen in children.72

ANGIOEDEMA

Angioedema is usually associated with urticaria that is nonde-
pendent, asymmetric and nonpruritic. When it occurs with 
urticaria, the diagnosis and treatment of angioedema mirrors 
the parameters described for urticaria. Recurrent angioedema 
without urticaria (including recurrent unexplained abdominal 
pain) should suggest a possible diagnosis of HAE. Accurate 
diagnosis of HAE is essential to avoid morbidity and mortal-
ity;73 however, delays in HAE diagnosis are the rule rather than 
the exception. Repeated surveys have shown a 10- to 20-year 
interval between onset of symptoms and establishment of the 
correct diagnosis.74 Half of all HAE patients begin swelling 
during the first decade of life, with almost all patients manifest-
ing symptoms by age 18.75

Angioedema may also occur during the treatment of hyper-
tension with angiotensin-converting enzyme (ACE) inhibitors 

Figure 52-3  Examples of physical urticaria.  (A)  Dermographism. 
(From Weston WL, Morelli JG, Lane A, editors. Color textbook of pedi-
atric dermatology. 3rd ed. St Louis: Mosby; 2002.) (B) Cholinergic urti-
caria.  (From Fireman P, Slavin R, editors. Atlas of allergies. 2nd ed. 
London: Mosby-Wolfe; 1996.)

A
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HAE-nlC1INH is also characterized by recurrent prolonged 
attacks of angioedema that can cause asphyxiation.40,41,82 Attack 
frequency varies considerably between affected individuals, 
from carriers who are asymptomatic to patients with multiple 
attacks per year. There is a striking female preponderance of 
patients, and affected women tend to have more severe symp-
toms than affected men.83,84 Like HAE-C1INH, the inheritance 
pattern of HAE-nlC1INH is autosomal dominant; however, the 
penetrance is often much lower with evidence of obligate 
asymptomatic carriers, particularly men. HAE-nlC1INH 
patients appear to manifest symptoms at a somewhat older age 
than HAE-C1INH patients.85 They are also less likely to suffer 
abdominal attacks.

PHYSICAL EXAMINATION

Urticarial lesions typically are generalized and may involve  
any part of the body. Individual lesions often coalesce into  
large lesions. Angioedema is usually asymmetric and typically 
involves loose connective tissue such as the face or mucous 
membranes such as the lips or tongue. Occasionally, the appear-
ance of the lesions gives a clue as to the type of urticaria being 
encountered: linear wheals suggest dermographism; small 
wheals surrounded by large areas of erythema suggest cholin-
ergic urticaria; wheals limited to exposed areas suggest solar or 
cold urticaria; and wheals mainly on the lower extremities 
suggest papular urticaria or urticarial vasculitis.

DIAGNOSTIC PROCEDURES

The laboratory evaluation of patients with urticaria or angio-
edema must be tailored to the clinical situation. In most cases 
no specific etiology can be established, and the diagnostic 
approach should therefore be carefully selected and cost effec-
tive. If the history or examination provides clues to the cause 
of the urticaria/angioedema, the evaluation should be pursued 
using the appropriate tests (e.g. skin testing to confirm IgE-
mediated food or drug allergy). In the absence of a specific likely 
cause, the laboratory evaluation should be minimal.37,62 Box 
52-2 summarizes a limited laboratory evaluation that could be 
performed in patients with chronic urticaria/angioedema. 
Because the cause of chronic urticaria or angioedema is not 
related to extrinsic allergen exposure in the vast majority of 
cases, routine skin testing is not cost effective.37 Patients with a 
history suggestive of physical urticaria may be challenged to 
confirm the diagnosis (see Table 52-1).37

Patients with recurrent angioedema without urticaria should 
be evaluated for HAE with complement testing, which can 
readily establish the diagnosis of type I or type II HAE (Table 
52-2). HAE-nlC1INH patients have a normal C4 as well as 
normal C1INH antigenic and functional levels. Consensus 

BOX 52-2 SUGGESTED TESTING FOR CHRONIC 
URTICARIA/ANGIOEDEMA OF 
UNKNOWN ETIOLOGY

BASIC TESTS

Routine screening:
Complete blood count (CBC) with differential
Erythrocyte sedimentation rate (ESR) or C-reactive protein 

(CRP)
Optional tests based on history and physical:

Liver function tests
Antimicrosomal antibodies, antithyroglobulin antibodies
Anti-FcεR or anti-IgE antibodies or autologous skin testing
Stool for ova and parasites
Physical challenges
C4, C1INH antigen, C1INH function

DISCRETIONARY TESTS BASED ON EVALUATION

If vasculitis is suspected:
Antinuclear antibody
Skin biopsy
CH50

Rheumatoid factor
Cryoglobulins

If liver function tests abnormal:
Serology for viral hepatitis

If HAE-nlC1INH is suspected
F12 mutation

Assay Idiopathic Angioedema Type I HAE Type II HAE HAE-nlC1INH Acquired C1INH Deficiency Vasculitis

C4 nl Low Low nl Low Low or nl
C1INH level nl Low nl nl Low nl
C1INH function nl Low Low nl Low nl
C1q nl nl nl nl Low Low or nl

HAE – Hereditary angioedema, HAE-nlC1INH – HAE with normal C1INH, C1INH – C1 inhibitor, nl – normal.

TABLE 

52-2 Complement Evaluation of Patients with Recurrent Angioedema

criteria for making a diagnosis of HAE-nlC1INH have recently 
been published.42 A minority of HAE-nlC1INH patients may 
have a mutation in the F12 gene, and testing for these mutations 
is warranted in suspected cases.

Treatment
Reassurance is an important aspect of therapy for urticaria/
angioedema. Skin lesions are often more frightening in appear-
ance than the generally favorable prognosis warrants and are 
self-limited. Most urticaria/angioedema spontaneously remits 
without any irreversible damage. Patients should, however, be 
made aware of the need for an emergency room visit if laryngeal 
edema occurs. If the patient has experienced laryngeal edema, 
many physicians would prescribe and instruct the patient in the 
use of self-injectable epinephrine. However, one should avoid 
generating undue anxiety about laryngeal edema because the 
only known fatalities from this cause have been in patients  
with HAE, angiotensin-converting enzyme inhibitor-associated 
angioedema or anaphylactic reactions.

Guidelines for treating patients with urticaria/angioedema 
are summarized in Box 52-3. Obviously the preferred treatment 
is avoidance of causative agents when these can be identified. 
An explanation of the disease process and its triggers should 
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refractory to H1 antihistamines alone, although the evidence for 
their efficacy is weak.37,62 Leukotriene receptor antagonists have 
shown some promise in the treatment of urticaria/angioedema, 
particularly in combination with an antihistamine regimen;92 
however, clear evidence of benefit from randomized, double-
blinded studies is lacking.93 The addition of ephedrine or ter-
butaline is another option but is generally not effective and is 
often associated with significant side-effects. While almost all 
patients will respond to antihistamine therapy, patient variabil-
ity dictates an empiric approach to achieve optimal results.

Lack of response should raise the possibility of an underlying 
urticarial vasculitis, particularly when individual hives last for 
longer than 24 hours. It should be emphasized, however, that 
the physician must document the continuing hives by direct 
observation. Patients should be treated with high-dose second-
generation H1 antihistamines for at least one week before they 
are considered to be ineffective. Furthermore, it is often helpful 
to counsel the patient and patient’s family that the goal of 
therapy is not to suppress the swelling totally, but rather to 
minimize the urticaria/angioedema to the point that it is toler-
able. Addition of a potent first-generation antihistamine 
(hydroxyzine or doxepin) titrated to tolerance may help in 
patients who are not fully responsive to high-dose second-
generation antihistamines.94 Avoidance of dietary ‘pseudoaller-
gens’ (substances that induce hypersensitivity/intolerance 
reactions such as food additives, vasoactive substances such as 
histamine, and some natural substances in fruits, vegetables and 
spices) has been reported to improve CSU in a minority of 
patients.95

In those patients who require additional therapy, third-line 
treatments for chronic urticaria are omalizumab or cyclospo-
rine. Omalizumab has been shown in randomized placebo-
controlled trials to be highly effective in antihistamine-resistant 
urticaria in adults and children.96–100 Cyclosporine has also been 

BOX 52-3 THERAPEUTIC PRINCIPLES

Treatment of Urticaria/Angioedema

Avoidance of known provoking stimuli can greatly improve 
treatment outcomes.

H1 antihistamines are the mainstay of treatment, and second-
generation H1 antihistamines are preferred because they have 
fewer side-effects.

Difficult cases may require treatment with various combinations 
of second-generation H1 antihistamines, first-generation H1 
antihistamines, H2 antihistamines and leukotriene receptor 
antagonists.

Omalizumab and cyclosporine are often effective for 
antihistamine-resistant urticaria.

Delayed-pressure urticaria does not generally respond well to 
antihistamines.

Corticosteroids should be avoided whenever possible and in 
particular for the treatment of chronic urticaria/angioedema 
without delayed-pressure urticaria.

The angioedema of hereditary angioedema does not respond 
to antihistamines, corticosteroids or epinephrine; oropharyn-
geal attacks of hereditary angioedema must be treated as a 
medical emergency.

also be helpful for patients with physical urticaria such as der-
mographism, cholinergic urticaria and delayed-pressure urti-
caria. Common sense avoidance measures should be reviewed 
with patients afflicted with cold or solar urticaria. Treatment of 
any discovered underlying disease is imperative, and genetic 
counseling should be provided to families with hereditary 
forms of these conditions. In addition, patients should avoid, 
to the extent feasible, potentiating factors such as alcoholic 
drinks, heat, exertion and aspirin.

Antihistamines are the mainstay of treatment for acute or 
chronic urticaria/angioedema (Figure 52-4).37,62 Continuous use 
of antihistamines is justified by their actions as inverse agonists 
on the H1 receptor, decreasing spontaneous receptor activity.86 
Used at a sufficient dose, they alleviate pruritus and suppress hive 
formation. Most first-generation H1 antihistamines are effective 
in urticaria; however, common side-effects (particularly drowsi-
ness and anticholinergic effects) are a substantial issue and have 
limited the usefulness of these drugs.87 In addition, children may 
experience either sedation or a paradoxical agitation response to 
first-generation H1 antihistamines.88

Second-generation H1 antagonists cross the blood-brain 
barrier poorly, producing much less central drowsiness or agita-
tion, and have much less anticholinergic effect. In general, first-
generation antihistamines should be avoided for the treatment 
of urticaria, particularly in children.62 Second-generation H1 
antagonists have thus become the preferred drugs for the first-
line treatment of urticaria/angioedema, including for infants as 
young as 6 months.37,62,89 The most commonly used second-
generation H1 antihistamines in the USA are cetirizine, lorata-
dine, desloratadine and fexofenadine. Each of these has been 
shown to be well tolerated and effective for the treatment of 
urticaria/angioedema.90 The recommended doses for the pedi-
atric population are shown in Table 52-3. Up-dosing of second-
generation antihistamines up to 4 times the usual dosage has 
been shown to be effective for control of urticaria in adults and 
children.91

Because the cutaneous vasculature expresses H2 as well as the 
more abundant H1 receptors, the addition of an H2 antihista-
mine may provide significant benefit for patients who are 

Figure 52-4  Therapeutic algorithm for chronic urticaria/angioedema. 

Trial of omalimumab or cyclosporine

Up-dose second-generation H1
antihistamine to 2−4 times
usual recommended dose

Maximal second-generation H1
antihistamine plus potent first-generation
H1 antihistamine plus H2 antihistamine

Reevaluate diagnosis, especially
possibility of vasculitis; consider

corticosteroid burst or alternative medicine

 Adequate control

Adequate control

Adequate control

Adequate control

Second-generation H1 antihistamine and elimination of
 nonspecific exacerbating factors
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Drug Supplied As Usual Dosage Earliest Approved Age

Cetirizine Tablets: 5, 10 mg
Syrup: 1 mg/mL

6 mo to 1 yr: 2.5 mg/d
1 to 2 yr: 2.5 mg bid
2 to 5 yr: 2.5 mg bid or 5 mg qd
6 to 11 yr: 5–10 mg/d
≥ 12 yr: 10 mg/d

6 mo

Loratadine Tablets/Reditabs: 10 mg
Syrup: 1 mg/mL

2 to 6 yr: 5 mg/d
≥ 6 yr: 10 mg/d

2 yr

Fexofenadine Tablets: 30, 60, 180 mg
Oral suspension: 6 mg/mL

6 mo to 2 yr; 15 mg/d
2 to 11 yr: 30 mg bid
≥ 12 yrs: 60 mg bid or 180 mg/d

6 mo

Desloratadine Tablets/Reditabs: 5 mg 6 mo to 1 yr: 1 mg/d
1 to 5 yr: 1.25 mg/d
6 to 12 yr: 2.5 mg/d
≥ 12 yrs: 5 mg/d

6 mo

TABLE 

52-3 Dosing of Second-Generation H1 Antihistamines in the Pediatric Population

shown to be effective for chronic urticaria in randomized 
placebo-controlled studies.101,102 The safety of cyclosporine in 
children is less well established than in adults; however, it has 
also been shown to be efficacious in children with chronic urti-
caria.103,104 Patients treated with cyclosporine need to be care-
fully monitored with cyclosporine serum concentrations and 
measures of renal function and blood pressure. A variety of 
other drugs (including dapsone, colchicine, hydroxychloro-
quine, methotrexate, sulfasalazine and intravenous gamma-
globulin) have been reported to be helpful, although most of 
the reports are anecdotal.

In cases of severe antihistamine-resistant urticaria, a brief 
course of corticosteroids could be cautiously considered but the 
potential side-effects need to be discussed.105 Parenteral corti-
costeroids are often effective in controlling severe urticaria/
angioedema as well as urticarial vasculitis;105 however, the 
potential side-effects from chronic use of corticosteroids 
mandate that they be used at the lowest possible dose for the 
shortest period of time.106,107

The treatment of HAE is distinct from that of allergic or 
idiopathic angioedema. Treatment of HAE is best considered as 
three separate goals: treatment of acute attacks, short-term pro-
phylaxis and long-term prophylaxis.108 It is crucial to recognize 
that standard angioedema treatment modalities, such as epi-
nephrine, corticosteroids or antihistamines, do not have a sig-
nificant impact on the swelling in HAE. Due to the complexity 
of treatment of HAE, involvement of an expert physician and 
extensive patient education are recommended.108

Acute HAE attacks should be treated with drugs that specifi-
cally and effectively target the pathophysiology of the disease 
(Table 52-4). Published guidelines concur that all HAE patients 
should have ready access to these drugs, that attacks at all sites 
are eligible for treatment, and that treatment is most effective 
when administered early in an attack.73,108–111 Two different 
C1INH concentrates have been approved in the USA for treat-
ment of HAE attacks – plasma-derived C1INH (Berinert) and 
recombinant human C1INH (Ruconest). Both are administered 
by intravenous injection and have been approved for use in 
adolescent and adult HAE patients. Home therapy with intra-
venous C1INH was also shown to be safe and effective in  
children.112 Two other drugs that antagonize bradykinin genera-
tion or action have been approved for treatment of acute  
HAE attacks: a plasma kallikrein inhibitor (ecallantide) and a 

Drug Class 
and Name Dose Side-Effects

C1INH Concentrates

Berinert 20 units/kg, IV Common: bruising and pain at 
site of injection

Uncommon: thrombosis, allergic 
reaction

Ruconest 50 units/kg, IV Common: bruising and pain at 
site of injection

Uncommon: thrombosis, allergic 
reaction

Plasma Kallikrein Inhibitor
Ecallantide 30 mg SC 

children ≥ 12
Common: none
Uncommon: anaphylaxis

Bradykinin B2 Receptor Antagonist
Icatibant 30 mg SC 

children ≥ 18
Common: wheal and pain at 

injection site
Uncommon: none

IV – Intravenous, SC – subcutaneous.

TABLE 

52-4 
Drugs Used for Treatment of Acute HAE 
Attacks in Children

bradykinin B2 receptor antagonist (icatibant). Ecallantide and 
icatibant have been approved for use in the USA for treatment 
of acute attacks in HAE patients age 16 and older, and 18 and 
older, respectively.

Prophylactic treatment of HAE is used to reduce the likeli-
hood of swelling in a patient undergoing a stressor or procedure 
likely to precipitate an attack (short-term prophylaxis) or to 
decrease the number and severity of angioedema attacks (long-
term prophylaxis). The extent of the local trauma may influence 
the decision on whether to treat the patient prophylactically. 
C1INH replacement given for short-term prophylaxis should 
be administered 1 to 12 hours prior to the stressor. High-dose 
anabolic androgens used for short-term prophylaxis in adults 
should be started 7 to 10 days prior to the stressor. It is critically 
important that effective on-demand treatment also be available 
whether the patient is given short-term prophylaxis or not.

There is little consensus regarding which patients should 
receive long-term prophylactic treatment. In general, the deci-
sion to start a patient on long-term prophylaxis should be 
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resolution of the problem. A discrete cause of chronic urticaria, 
by contrast, is rarely established, forcing the clinician into the 
role of suppressing symptoms but not curing the problem. 
Although frequently frustrating for both the patient and the 
physician, the treatment of chronic urticaria can almost always 
achieve adequate results until the swelling disorder spontane-
ously remits. Hereditary angioedema is a rare but important 
cause of recurrent angioedema, and timely screening for HAE 
is the key to protecting these patients from potentially severe 
morbidity and mortality.

Helpful Websites
The American Academy of Dermatology (www.aad.org/)
The American Academy of Allergy Asthma & Immunology 

(www.aaaai.org)
The Hereditary Angioedema (HAE) Association (www 

.hereditaryangioedema.com)

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

individualized, taking into account attack frequency, attack 
severity, co-morbid conditions, access to emergent treatment 
and patient experience and preference. The most commonly 
used medications for long-term prophylaxis of HAE are  
anabolic androgens and plasma-derived C1INH concentrate 
(Cinryze) (Table 52-5). Anabolic androgens, however, are rela-
tively contraindicated in children under the age of 16.113,114 Anti-
fibrinolytic drugs, epsilon aminocaproic acid or tranexamic 
acid can also be used for long-term prophylaxis but are typically 
less effective.

Conclusions
Urticaria and angioedema are common clinical problems whose 
manifestations range from trivial and intermittent to life threat-
ening. To minimize spending time and money unnecessarily on 
complicated work-ups, while simultaneously not overlooking 
important diagnoses, the clinician must be able to characterize 
urticaria/angioedema by chronicity, type and, increasingly, 
pathogenesis. With careful detective work, the cause of acute 
urticaria/angioedema can often be determined and appropriate 
interventions can be instituted that should lead to prompt 

Drug Class and Name
Usual Pediatric Dose  
(Typical Range of Doses) Side-Effects

Antifibrinolytic Agents

Epsilon aminocaproic acid 0.05 g/kg bid (0.025 g/kg bid–0.1 g/kg bid) Common: nausea, vertigo, diarrhea, postural hypotension, 
fatigue, muscle cramps with increased muscle enzymes

Uncommon: thrombosis
Tranexamic acid 20 mg/kg bid (10 mg/kg bid–25 mg/kg tid)

17α-Alkylated Androgens
Danazol 50 mg/d (50 mg/wk–200 mg/d Common: weight gain, virilization, acne, altered libido, muscle 

pain/cramps, headache, depression, fatigue, nausea, 
constipation, menstrual abnormalities, increase in liver 
enzymes, hypertension, altered lipid profile

Uncommon: decreased rate of growth in children, 
masculinization of female fetus, cholestatic jaundice, peliosis 
hepatis, hepatocellular adenoma

Stanozolol 0.5–1 mg/day for children < 6 yr; up to 
2 mg/d for children ≥ 6 yr

Oxandrolone 0.1 mg/kg/d

C1INH Concentrate
Cinryze 1,000 units IV 2×/wk for adolescents Common: bruising and pain at injection site

Uncommon: thrombosis, allergic reaction

TABLE 

52-5 Drugs Used for Long-Term Prophylaxis of HAE in Children
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KEY POINTS

• Allergic contact dermatitis (ACD) in children is not 
uncommon and should be suspected in patients with 
chronic dermatitis.

• Patch testing is the gold standard for the diagnosis of 
ACD even in children and should be considered for 
children with chronic or recurrent eczematous dermatitis 
including those with atopic dermatitis (AD) who fail to 
improve with standard treatment. The greatest abuse of 
patch testing is lack of use.

• Counsel the patient and/or family by identifying and 
providing a list of the chemicals they are sensitive to and 
giving synonyms and sources.

• Give patients a list of safe products to use, alternatives 
and substitutions if possible.

• Patients with a suggestive history or physical findings 
but negative results on the thin-layer rapid-use epicuta-
neous test (T.R.U.E. TEST®) should be considered for 
further evaluation in a patch testing clinic.

Contact	 dermatitis	 (CD)	 is	 a	 spectrum	 of	 inflammatory	 skin	
reactions	induced	by	exposure	to	external	agents.	Clinically,	CD	
most	commonly	manifests	as	a	dermatitis	or	eczema,	but	it	can	
present	as	urticaria,	erythroderma,	phototoxic	or	photoallergic	
reactions,	 hypopigmentation	 or	 hyperpigmentation,	 and	 even	
as	 an	 acneiform	 eruption.	 The	 more	 common	 type	 of	 CD	
results	 from	 tissue	 damage	 caused	 by	 contact	 with	 irritants	
(irritant	 CD),	 whereas	 contact	 with	 allergens	 causes	 allergic	
contact	 dermatitis	 (ACD).	 The	 former	 is	 seen	 commonly	 in	
infants	as	diaper	dermatitis,	whereas	nickel	and	poison	ivy	are	
more	frequent	causes	of	ACD	in	the	pediatric	population.1

An	 estimated	 85,000	 chemicals	 exist	 in	 the	 world,	 and	
approximately	2,800	substances	have	been	identified	as	contact	
allergens.2	 The	 majority	 of	 these	 agents,	 when	 applied	 to	 the	
skin,	can	induce	an	irritant	CD	(ICD).3

Epidemiology
It	 was	 previously	 thought	 that	ACD	 occurs	 less	 frequently	 in	
children,	possibly	because	of	reduced	exposure	to	contact	aller-
gens	 or	 because	 the	 immune	 system	 in	 children	 may	 be	 less	
susceptible	 to	 contact	 allergens.	 However,	 subsequent	 studies	
found	a	 sensitization	 rate	 of	20%	 to	24%.4–6	Two	multicenter	
North	 American	 studies	 describing	 patch	 testing	 in	 pediatric	
patients	with	ACD	found	that	allergen	sensitivity	rates	were	not	
different	 in	children	when	compared	to	those	of	adults	 in	the	
USA;	however,	the	frequency	of	the	relevant	allergen	reactions	

differed	 between	 the	 two	 populations.7,8	Another	 striking	 dif-
ference	was	the	finding	that	the	frequency	of	the	concomitant	
diagnosis	of	atopic	dermatitis	(AD)	was	higher	(34%)	in	chil-
dren	 with	 a	 relevant	 positive	 patch	 test	 reaction	 compared	 to	
only	11.2%	in	adults.8

ACD	is	considered	rare	in	the	first	few	months	of	life	but	has	
been	 reported	 as	 early	 as	 1	 week	 of	 age	 from	 a	 hospital	 ID	
bracelet.9	 The	 prevalence	 rises	 with	 increasing	 age	 and	 by	 10	
years	 of	 age	 the	 incidence	 reaches	 that	 seen	 in	 adults.	 Subse-
quently,	 variations	 for	 some	allergens	depend	on	 the	patterns	
of	 exposure.	With	advancing	age,	ACD	diminishes	 in	 severity	
and	 in	 the	 loss	 of	 allergic	 response	 in	 previously	 sensitized	
individuals.10

In	patients	suspected	of	having	ACD	and	referred	for	patch	
testing,	the	positive	patch	test	rates	ranged	from	14%	to	70%.	
Current	relevance	was	reported	at	56%	to	93%.	In	a	study	by	
Seidenari	 et	al11	 in	 Italian	 children,	 the	 highest	 percentage	 of	
positive	responses	was	found	in	children	less	than	3	years	of	age,	
suggesting	 a	 higher	 sensitization	 rate	 in	 young	 children.	 In	 a	
study	 designed	 to	 look	 specifically	 at	 infants	 and	 young	 chil-
dren,	 Bruckner	 and	 colleagues12	 found	 that	 24.5%	 of	 asymp-
tomatic	 children	 aged	 6	 months	 to	 5	 years	 were	 sensitized	 to	
one	or	more	contact	allergens.	Approximately	one	half	of	 the	
sensitized	children	were	younger	than	18	months.	In	the	ado-
lescent	 age	 group,	 females	 have	 significantly	 higher	 rates	 of	
ACD	on	the	face,	likely	to	be	explained	by	increased	exposure	
to	nickel	in	piercing	and	to	preservative	and	fragrance	in	cos-
metic	products.	A	USA-based	 study	 showed	nickel,	 fragrance,	
cobalt,	 thimerosal,	 Balsam	 of	 Peru	 (BOP),	 potassium	 dichro-
mate,	neomycin,	lanolin,	thiuram	mix	and	p-phenylenediamine	
(PPD)	to	be	common	allergens	in	children.7	Less	common,	but	
emerging	allergens	include	cocamidopropyl	betaine	in	‘no	tears’	
shampoos,	 baby	 washes	 and	 cleansers	 and	 disperse	 dyes	 in	
clothing	materials.	A	different	study	looking	at	age-related	spe-
cific	allergens	showed	that,	with	increasing	age,	nickel	takes	the	
place	of	mercurials	as	the	principal	allergen.13	With	respect	to	
race,	 in	 a	 large	 study	 of	 more	 than	 9,000	 individuals,	 De	 Leo	
and	colleagues14	found	no	difference	in	the	overall	response	rate	
to	allergens	on	patch	testing	between	white	and	black	patients.

Pathogenesis
IRRITANT CONTACT DERMATITIS

Irritant	 CD	 results	 from	 contact	 with	 agents	 that	 abrade	 or	
irritate	the	skin.	Irritation	is	usually	a	cytotoxic	event	produced	
by	 a	 wide	 variety	 of	 chemicals,	 detergents,	 solvents,	 alcohol,	
creams,	lotions,	ointments	and	powders	and	by	environmental	
factors	 such	 as	 wetting,	 drying,	 perspiration	 and	 temperature	
extremes.	 A	 major	 finding	 after	 exposure	 to	 skin	 irritants	 is	
perturbation	of	the	skin	barrier	with	an	associated	increase	in	
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Langerhans	cells	process	 it	while	migrating	to	regional	 lymph	
nodes,	where	they	present	it	to	naïve	T	cells.	Hapten-specific	T	
cells	have	been	shown	to	include	Th1,	Th2,	Th17	and	T	regula-
tory	subsets.19	An	important	property	of	Langerhans	cells	and	
dendritic	cells	is	their	ability	to	present	exogenous	antigens	on	
both	 MHC	 class	 I	 and	 class	 II	 molecules.	 This	 cross-priming	
leads	to	the	activation	of	both	CD4+	and	CD8+	hapten-specific	
T	cells.21

Although	classic	delayed-type	hypersensitivity	reactions	are	
mediated	primarily	by	CD4+	 cells,	CD	to	haptens	 is	mediated	
primarily	by	CD8+	cells	with	a	Th1-type	cytokine	profile.22,23

On	 subsequent	 contact	 of	 the	 skin	 with	 a	 hapten,	 that	 is,	
during	the	elicitation	phase	of	ACD,	other	antigen-presenting	
cells	(APCs),	including	macrophages	and	dermal	dendritic	cells,	
may	stimulate	antigen-specific	memory	T	cells	and	contribute	
to	 the	 initiation	of	 the	 local	 inflammatory	 response	 (the	der-
matitis	reaction).	The	sensitized	T	cells	home	in	on	the	hapten-
provoked	 skin	 site,	 releasing	 their	 inflammatory	 mediators,	
which	results	in	epidermal	spongiosis	(‘eczema’).	Secondary	or	
subsequent	 hapten	 exposure	 shortens	 the	 period	 of	 latency	
from	contact	to	appearance	of	the	rash.

INNATE IMMUNE RECOGNITION OF HAPTENS

A	 recent	 review	 of	 early	 events	 in	ACD	 described	 the	 earliest	
event	in	ACD	as	the	formation	of	hapten-self	complexes:24	pre-
haptens	oxidize	before	contact	with	the	skin;	pro-haptens	such	
as	 urushiol	 are	 oxidized	 by	 the	 host	 after	 contact;	 complete	
haptens	are	directly	active.	Haptens	 induce	 the	production	of	
reactive	oxygen	species,	which	leads	to	release	of	ATP	and	other	
damage-associated	molecular	patterns	 (DAMPs),	as	well	 as	 to	
the	 generation	 of	 low-molecular-weight	 hyaluronic	 acid.	 The	
latter	 is	 sensed	 by	 neighboring	 cells	 via	 Toll-like	 receptor	 2	
(TLR2)	and	TLR4,	resulting	in	increased	expression	of	pro-IL-
1β	and	pro-IL-18.	Activation	of	the	inflammasone	by	ATP	with	
resultant	caspase	1	activity	generates	active	IL-1β	and	IL-18.	Of	
interest,	nickel	has	been	 found	 to	directly	bind	histidine	 resi-
dues	in	the	extracellular	domain	of	TLR4,	triggering	the	activa-
tion	of	this	receptor.25

KERATINOCYTE APOPTOSIS AND ECZEMA

Spongiosis	is	a	well-established	histologic	hallmark	of	the	epi-
dermis	 in	 eczema.	 It	 is	 characterized	 by	 the	 diminution	 and	
rounding	 of	 keratinocytes	 (condensation),	 and	 widening	 of	
intercellular	spaces	resulting	in	a	spongelike	appearance	of	the	
epidermis	 that	 can	 lead	 to	 formation	 of	 small	 intraepidermal	
vesicles.	The	function	and	integrity	of	the	epidermis	are	depen-
dent	 on	 specific	 cell	 surface	 adhesion	 molecules.	 Activated	 T	
cells	infiltrating	the	skin	in	eczematous	dermatosis	induce	kera-
tinocyte	apoptosis,	resulting	in	spongiosis.26	Resolution	of	epi-
dermal	 spongiosis	 and	 cellular	 infiltrate	 can	 be	demonstrated	
when	ACD	is	successfully	treated.27

T CELL RECRUITMENT IN ALLERGIC  
CONTACT DERMATITIS

The	 recruitment	 of	 T	 cells	 into	 the	 skin	 is	 regulated	 by	 the	
expression	 of	 the	 specific	 skin-homing	 receptor,	 cutaneous	
lymphocyte-associated	antigen	 (CLA),	which	mediates	 rolling	
of	T	cells	over	activated	endothelial	cells	expressing	E-selectin.28	
In	 addition,	 chemokine	 receptors	 have	 been	 proposed	 as	

transepidermal	water	loss.	The	mechanism	associated	with	this	
barrier	 perturbation	 may	 include	 disorganization	 of	 the	 lipid	
bilayers	in	the	epidermis.15	In	addition,	these	changes	can	stim-
ulate	an	array	of	proinflammatory	cytokine	production	in	the	
epidermis.16

Although	 allergens	 are	 not	 implicated	 in	 ICD,	 the	 skin-
associated	 immune	system	 is	clearly	 involved,	and	historically	
few	differences	were	noted	when	ICD	and	ACD	were	compared	
immunohistopathologically.17	An	important	difference	between	
the	two	forms	of	CD	is	that	ICD	does	not	require	prior	sensi-
tization	and	immunologic	memory	is	not	involved	in	the	clini-
cal	manifestation.	The	cellular	 infiltrate	 includes	CD4+	T	cells	
with	a	T	helper	cell	 type	1	 (Th1)-type	profile.18	A	number	of	
studies	have	identified	the	epidermal	keratinocyte	as	a	key	effec-
tor	 cell	 in	 the	 initiation	and	propagation	of	 contact	 irritancy.	
Keratinocytes	 can	 release	 both	 preformed	 and	 newly	 synthe-
sized	cytokines,	as	well	as	up-regulate	major	histocompatibility	
complex	(MHC)	class	II	molecules	and	induce	adhesion	mol-
ecules	 in	 response	 to	 irritants.19	 These	 mediators	 can	 cause	
direct	tissue	damage,	activating	Langerhans	cells,	dermal	den-
dritic	 cells	 and	 endothelial	 cells,	 which	 contribute	 to	 further	
cellular	 recruitment	 including	 neutrophils,	 lymphocytes	 and	
mast	cells	that	also	contribute	to	the	inflammatory	cascade.	The	
‘final’	 cellular	 damage	 results	 from	 inflammatory	 mediators	
released	by	activated,	nonsensitized	T	cells.	The	inflammatory	
response	 is	dose	and	 time	dependent.	Any	 impairment	 to	 the	
epidermal	 barrier	 layer	 (e.g.	 fissuring,	 overhydration)	 renders	
the	skin	more	susceptible	to	an	irritant	effect.	The	clinical	pre-
sentation	of	ICD	is	usually	restricted	to	the	skin	site	directly	in	
contact	 with	 the	 offending	 agent,	 with	 little	 or	 no	 extension	
beyond	the	site	of	contact.

ALLERGIC CONTACT DERMATITIS

Allergic	 CD	 is	 recognized	 as	 the	 prototypic	 cutaneous	 cell-
mediated	 hypersensitivity	 reaction,	 in	 which	 the	 epidermal	
Langerhans	 cell	 plays	 a	 pivotal	 role.19	 The	 offending	 agent,	
acting	as	an	antigen,	initiates	the	immunologic	reaction	at	the	
site	of	contact	with	the	skin.	Most	environmental	allergens	are	
haptens	(>500	Da)	that	bind	to	carrier	proteins	to	form	com-
plete	antigens	before	they	can	cause	sensitization.	The	thickness	
and	 integrity	of	 the	skin	 influence	 the	allergic	response.	Thus	
thinner	 sites	 such	as	 the	eyelids,	 earlobes	and	genital	 skin	are	
most	vulnerable,	whereas	the	thicker	palms	and	soles	are	more	
resistant.	Exposure	patterns	determine	the	clinical	appearance	
and	course	of	 the	dermatitis.	An	association	of	filaggrin	gene	
(FLG)	mutations	with	contact	sensitization	to	nickel	and	contact	
sensitization	 to	 nickel	 combined	 with	 intolerance	 to	 fashion	
jewelry,	but	not	with	other	contact	allergens,	has	been	demon-
strated.20	Thus,	FLG	deficiency	may	represent	a	risk	factor	 for	
contact	sensitization	to	allergens.

The	immune	response	of	ACD	requires	completion	of	both	
an	afferent	and	an	efferent	limb.	The	afferent	limb	consists	of	
the	hapten	gaining	entrance	to	the	epidermis,	activating	kerati-
nocytes	 to	 release	 inflammatory	 cytokines	 and	 chemokines	
including	tumor	necrosis	factor	(TNF)-α,	GM-CSF,	interleukin	
(IL)-1β,	IL-10	and	macrophage	inflammatory	protein	(MIP)-2.	
The	latter	in	turn	activate	Langerhans	cells,	other	dendritic	cells	
and	endothelial	cells,	leading	to	an	accumulation	of	even	more	
dendritic	 cells	 at	 the	 site	 of	 antigen	 contact.	 In	 addition,	 the	
release	of	IL-1β	by	epidermal	Langerhans	cells	promotes	their	
egress	 from	 the	 epidermis.	 After	 the	 uptake	 of	 antigen,	



	 53  Contact Dermatitis 469

effector	lymphocytes.	Thus	regulatory	T	cells	may	limit	exces-
sive	tissue	damage	and	participate	in	the	resolution	of	ACD.

Evaluation and Management
DIFFERENTIAL DIAGNOSIS

A	number	of	both	eczematous	and	noneczematous	dermatoses	
should	be	considered	in	the	evaluation	of	a	child	with	suspected	
CD.	Eczematous	dermatoses	such	as	seborrheic	and	atopic	der-
matitis	occur	commonly,	whereas	psoriasis	and	zinc	deficiency	
are	 less	common.	Nummular	eczema,	neurodermatitis	(lichen	
simplex	 chronicus)	 and	 adverse	 drug	 reaction	 should	 also	 be	
considered.	Noneczematous	dermatoses	such	as	dermatophyto-
sis,	bullous	impetigo,	vesicular	viral	eruptions,	urticarial	vascu-
litis,	mycosis	fungoides	and	Sézary	syndrome	may	mimic	CD.

SPECTRUM OF CONTACT DERMATITIS

Contact	dermatitis	is	traditionally	divided	into	ICD,	accounting	
for	 80%,	 and	 ACD,	 accounting	 for	 20%	 of	 these	 reactions.	
However,	there	are	other	diseases	that	are	caused	by	an	external	
inciting	 factor	 such	 as	 contact	 urticaria	 (CU)	 and	 protein	
contact	dermatitis	(PCD).39

The	innate	allergenicity	or	irritancy	of	the	allergen,	the	site	
of	contact,	the	degree	of	contact,	the	exposure	time	to	contac-
tants,	the	thickness	and	integrity	of	the	skin	involved,	the	envi-
ronmental	 conditions,	 the	 immunocompetency	of	 the	patient	
and	 genetics	 affect	 the	 type,	 severity	 and	 location	 of	 the	 CD.	
However,	 there	 is	 frequent	 overlap	 between	 ACD	 and	 ICD	
because	many	allergens	at	high	enough	concentrations	can	also	
act	as	irritants.	Impairment	to	the	epidermal	barrier	layer	such	
as	fissuring	may	increase	allergen	entry	into	the	epidermis.

CU,	a	type	I	immediate	hypersensitivity	reaction,	manifests	
as	 pruritic	 wheals	 after	 contact	 with	 the	 triggering	 substance.	
CU	can	be	nonimmunologic	or	immunologic;	the	latter	requires	
a	prior	sensitization	phase	and	can	spread	beyond	the	localized	
contact	point.40

Protein	 CD	 manifests	 as	 chronic	 or	 recurrent	 eczematous	
dermatitis	 (rather	 than	 urticaria)	 upon	 exposure	 to	 specific	
proteins	 such	 as	 shrimp,	 fish,	 meat	 or	 latex41,42	 and	 is	
thought	to	be	caused	by	a	combination	of	type	I	and	type	IV	
reactions.41	 Both	 CU	 and	 PCD	 can	 be	 caused	 by	 contact	 to	
external	allergens	and	can	respond	to	antihistamines	and	topical	
corticosteroids.

ALLERGIC CONTACT DERMATITIS AND  
ATOPIC DERMATITIS

The	relationship	between	ACD	and	AD	is	complex	and	contro-
versial.	Earlier	literature	suggested	that	patients	with	AD,	espe-
cially	 severe	 AD,	 had	 a	 depressed	 Th1	 immune	 system	 and	
therefore	were	less	likely	to	become	sensitized	to	allergens	and	
develop	ACD.43,44	However,	more	recent	literature	suggests	that	
development	of	ACD	may	be	enhanced	in	patients	with	chronic	
moderate	 to	 severe	AD.45–47	Two	 later	 studies	 showed	 that	 the	
rates	of	ACD	in	patients	are	similar	regardless	of	whether	they	
have	AD	or	not,	the	frequencies	of	positive	patch	test	reactions	
in	patients	with	AD	being	63%	to	74%	and	without	AD	61.3%	
to	67%.48,49	In	2010,	Jacob	et	al	reported	that	95.6%	of	69	chil-
dren	 with	 suspected	ACD	 had	 at	 least	 one	 positive	 patch	 test	
reaction,	and	of	these,	76.7%	had	a	history	of	AD.50	Although	

important	 regulators	 of	 the	 tissue	 targeting	 of	 T	 cells.	 In	 this	
respect,	CLA+	T	cells	co-express	the	chemokine	receptor	CCR4,	
the	 ligand	 for	 thymus	 and	 activation-regulated	 chemokine	
TARC	(CCL17)	and	macrophage-derived	chemokine	(CCL22).	
CCR4	triggered	by	TARC	exposed	on	the	endothelial	cell	surface	
during	 inflammatory	 skin	 disorders	 is	 thought	 to	 augment	
integrin-dependent	 firm	 adhesion	 of	 T	 cells	 to	 endothelial	
intercellular	 adhesion	 molecule	 (ICAM)-1.29	 T	 cell	 migration	
into	 peripheral	 tissues	 mostly	 depends	 on	 their	 chemokine	
receptor	profiles.	Th1-type	cells	express	high	levels	of	CCR5	and	
CXCR3,	interacting	with	MIP-1β	(CCL4)	and	interferon	gamma	
(IFN-γ)-inducible	 protein	 10	 (CXCL10),	 respectively,	 whereas	
Th2-type	cells	express	primarily	CCR3,	CCR4	and	CCR8	and	
interact	 with	 eotaxin	 (CCL11),	 TARC	 and	 MDC,	 and	 I-309	
(CCL1).30

Epidermal	keratinocytes	have	been	shown	to	be	an	 impor-
tant	 source	 of	 inflammatory	 mediators	 for	 the	 initiation	 and	
amplification	of	skin	immune	responses.	Treatment	with	IFN-γ	
or	IFN-γ	plus	TNF-α	induces	keratinocytes	to	express	ICAM-1	
and	 MHC	 class	 II	 molecules	 and	 to	 release	 a	 number	 of		
chemokines	 and	 cytokines,	 including	 IL-1,	 TNF-α	 and	
GM-CSF.31	 IL-17	 modulates	 many	 of	 the	 effects	 induced	 by	
IFN-γ.	Of	note,	 IL-4,	a	Th2	cytokine,	acts	 synergistically	with	
the	 Th1	 cytokine	 IFN-γ	 to	 enhance	 keratinocyte	 ICAM-1	
expression	 and	 release	 of	 the	 CXCR3	 agonistic	 chemokines,	
IP-10,	monokines	 induced	by	IFN-γ	 (Mig;	CXCL9),	and	IFN-
inducible	T	cell	α-chemoattractant	(I-TAC;	CXCL11),	thus	aug-
menting	 both	 recruitment	 and	 retention	 of	 Th1-type	 cells	 in	
lesional	skin.32

EFFECTOR T CELLS IN ALLERGIC  
CONTACT DERMATITIS

Both	CD4	and	CD8	T	cells	participate	in	ACD,	with	CD8	T	cells	
predominating	 in	 effector	 mechanisms	 of	 tissue	 damage.33	
Budinger	and	colleagues34	demonstrated	that	nickel-responsive	
peripheral	T	cells	from	patients	with	nickel-induced	CD	showed	
a	significant	overexpression	of	T	cell	receptor	(TCR)-Vβ17,	and	
the	frequency	of	TCR-Vβ17+	T	cells	correlated	significantly	with	
the	in	vitro	reactivity	of	peripheral	blood	mononuclear	cells	to	
nickel.	 In	 addition,	 the	 cutaneous	 infiltrate	 of	 nickel-induced	
patch	 test	 reactions	consisted	primarily	of	Vβ17+	T	cells,	 sug-
gesting	 that	 T	 cells	 with	 a	 restricted	 TCR-Vβ	 repertoire	 pre-
dominate	 in	 nickel-induced	 CD	 and	 may	 be	 crucial	 in	 the	
effector	phase	of	nickel	hypersensitivity.	Of	note,	these	nickel-
specific	T	cells	produced	IL-5	but	not	IFN-γ,	consistent	with	a	
Th2-type	 cytokine	 profile.	 Other	 studies	 have	 shown	 nickel-
specific	 T	 cells	 with	 a	 Th1-type	 profile;35	 in	 addition,	 nickel-
specific	CD4+	Th1-type	cells	have	been	shown	to	be	cytotoxic	
(along	with	CD8+	T	cells)	against	keratinocytes,	whereas	Th2-
type	 nickel-reactive	 T	 cells	 were	 not.36	 More	 recently,	 IL-17-
producing	 TH17	 cells	 have	 been	 shown	 to	 play	 a	 role	 in	 the	
immunopathology	of	ACD,	including	in	both	innate	and	adap-
tive	immune	responses	to	nickel.37

REGULATORY T CELLS IN ALLERGIC  
CONTACT DERMATITIS

Cavani	and	colleagues38	described	nickel-specific	CD4+	T	cells	
from	nickel-allergic	subjects	that	secrete	predominantly	IL-10,	
which	blocks	the	maturation	of	dendritic	cells	including	IL-12	
release,	 thus	 impairing	 their	 capacity	 to	 activate	 specific	 T	
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influence	the	location	of	the	dermatitis.	In	connubial	dermati-
tis,	the	product	may	be	transferred	to	the	child	by	the	parent/
caregiver	or	to	the	patient	by	a	partner.	Clinically,	it	is	difficult	
to	 differentiate	 CD	 from	AD,	 especially	 in	 the	 common	 areas		
of	involvement	such	as	the	eyelids,	lips,	hands,	flexural	areas	of	
the	 neck,	 and	 even	 dermatitis	 with	 scattered	 generalized	
distribution.

A	broader	spectrum	of	ICD,	including	acute, acute delayed, 
cumulative, traumatic	and	subjective,	has	been	described.51

REGIONAL CONSIDERATIONS IN CHILDREN

Hand Dermatitis
Hand	dermatitis	in	children	is	extremely	common.Its	differen-
tial	diagnosis	can	be	challenging	and	it	is	not	often	studied	with	
patch	testing.	Hand	dermatitis	may	be	due	to	ICD	or	ACD,	AD,	
dyshidrosis	or	psoriasis.	Because	the	skin	on	the	palm	is	much	
thicker	 than	 that	 on	 the	 dorsum	 of	 the	 hands,	 ACD	 rarely	
involves	 the	 palms,	 occurring	 most	 often	 on	 the	 thinner	 skin	
between	the	fingers	and	the	dorsum	of	the	hands	(Figure	53-2).	
However,	because	of	 significant	overlap,	 it	may	be	difficult	 to	
distinguish	the	etiology	of	hand	dermatitis.	In	a	study	by	Toledo	
et	al,52	36%	of	 the	children	with	hand	eczema	had	ACD,	sup-
porting	the	recommendation	of	patch	testing	of	children	with	
chronic	 hand	 eczema,	 independently	 of	 age,	 sex,	 personal	
history	of	atopic	dermatitis	or	distribution	of	the	eczema.

Patch	tests	 in	patients	with	hand	eczema	showed	that	rele-
vant	 allergens	 included	 nickel	 sulfate	 (17.6%),	 potassium	
dichromate	 (7.2%),	 rubber	 elements	 including	 thiuram		
mix,	carba	mix,	p-phenylenediamine	(PPD)	and	mercaptoben-
zothiazole	 (MBT)	 (19.6%)	 and	 cobalt	 chloride	 (6.4%).53,54	 A	

many	of	the	common	allergens	seen	in	AD,	such	as	fragrances	
and	lanolin,	are	similar	to	those	seen	in	the	general	population	
there	are	certain	topical	agents	that	are	especially	relevant	in	AD	
such	 as	 topical	 antibiotics	 (neomycin	 and	 bacitracin)	 and	
topical	corticosteroids.	Interestingly,	bacitracin	is	also	reported	
to	 cause	 contact	urticaria	 and	anaphylactic	 reactions.	Allergic	
reactions	to	topical	steroids,	the	mainstay	of	treatment	of	AD,	
have	been	reported	not	only	to	components	of	the	vehicle	(e.g.	
preservative,	fragrance,	emulsifier)	but	to	the	actual	corticoste-
roid	itself.	Thus,	although	the	incidence	of	ACD	in	patients	with	
AD	 remains	 unknown,	 newer	 recommendations	 include	 the	
consideration	 of	 patch	 testing	 in	 patients	 with	 AD	 who	 are	
refractory	to	standard	therapies.50

Diagnosis of Contact Dermatitis
HISTORY

A	careful,	thorough	and	comprehensive,	age-appropriate	history	
should	 include	possible	 contact	 exposure	of	 the	child	 such	as	
diapers,	hygiene	products,	perfume-containing	products,	mois-
turizers,	 cosmetics,	 sun	 blocks,	 tattoos,	 body	 piercing,	 textiles	
with	dyes	and	fire	retardant,	medications,	pets	and	pet	products,	
school	 projects,	 recreational	 exposure,	 sports,	 work,	 etc.	 ICD	
may	 be	 the	 cause	 of	 the	 dermatitis	 or	 an	 aggravating	 factor.	
Frequent	handwashing,	use	of	water	and	soaps,	detergents	and	
cleansers	should	be	noted.	The	evolution	of	the	skin	reaction	is	
influenced	 by	 many	 factors,	 including	 the	 patient’s	 skin,	 age,	
color,	ambient	conditions,	the	use	of	topical	or	other	oral	medi-
cation	and	response	to	all	prior	treatment.	Because	the	majority	
of	contact	reactions	present	as	eczematous	eruptions,	it	is	essen-
tial	to	note	clinical	evolution	from	acute	vesiculation	to	chronic	
lichenification.

Unfortunately,	 although	 history	 can	 strongly	 suggest	 the	
cause	 of	 CD,	 relying	 solely	 on	 the	 history,	 other	 than	 with	
obvious	nickel	reactions	and	a	few	other	allergens,	may	confirm	
sensitization	 in	 only	 10%	 to	 20%	 of	 patients	 with	 ACD.	 CD	
must	be	considered	in	patients	with	AD	because	they	have	an	
impaired	epidermal	barrier	layer	and	use	multiple	medications,	
creams	and	other	topical	products	that	subject	them	to	a	greater	
risk	 for	 both	 allergic	 sensitization	 and	 irritation.	 Also,	 atopy	
amplifies	 the	 effects	 of	 contact	 irritants	 and	 allergens	 on	 the	
skin,	and	contact	sensitization	is	an	aggravating	factor	in	AD.

PHYSICAL EXAMINATION

The	diagnosis	of	ACD	is	suspected	from	the	clinical	presenta-
tion	of	the	rash	and	the	possible	exposure	to	a	contact	allergen.	
CD	can	be	described	as	acute,	subacute	or	chronic.	Acute	der-
matitis	 can	 present	 with	 erythematous	 papules,	 vesicles	 and	
even	bullae.	Chronic	CD	is	generally	pruritic,	erythematous	and	
may	be	associated	with	crusting,	scaling,	fissuring,	excoriations	
and	 lichenification.	 ICD	 usually	 presents	 as	 well-demarcated,	
erythematous	 macules,	 papules	 and	 plaques	 confined	 to	 the	
area	of	the	skin	in	direct	contact	with	the	offending	agents,	with	
little	or	no	extension	beyond	the	site	of	contact	(Figure	53-1).	
ICD	generally	spares	‘protected’	areas	such	as	the	inguinal	folds	
in	diaper	dermatitis.	In	ACD,	the	dermatitis	can	spread	beyond	
the	areas	of	contact	and	can	even	cause	an	activation	of	derma-
titis	at	distant	sites	of	prior	dermatitis	as	in	systemic	CD.

Although	 geographic	 location	 of	 dermatitis	 can	 aid	 in	 the	
determination	 of	 the	 suspected	 allergen,	 other	 factors	 may	

Figure 53-1  Irritant contact dermatitis of the arms. 
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(pre-auricular,	 submental	 and	 jawline	 areas)	 are	 shampoos,	
conditioners	and	facial	cleansers.	In	contrast,	the	products	most	
likely	to	cause	a	central	facial	dermatitis	(cheeks,	forehead)	are	
make-up	and	moisturizers.	ACD	that	affects	the	lateral	neck	is	
most	likely	secondary	to	perfumes/colognes	and	nail	cosmetics.	
Preservatives	and	fragrances	are	the	most	common	allergens	in	
patients	 with	 ACD	 of	 the	 face.60	 Rubber-sensitive	 individuals	
may	 react	 to	 rubber	 sponges,	 masks,	 balloons,	 children’s	 toys	
and	other	products	that	are	in	contact	with	the	face.

The	scalp	skin	is	relatively	resistant	to	allergens	in	shampoos	
and	 hair	 dyes;	 shampoos,	 conditioners,	 hair	 sprays,	 gels	 and	
mousses	may	cause	eyelid	or	facial	dermatitis	without	causing	
scalp	or	forehead	lesions.	Severe	burns	of	the	scalp	and	hair	can	
be	caused	by	the	misuse	of	hair	straighteners	and	relaxers.	The	
manufacturers	of	hair	dyes	recommend	patch	testing	with	the	
product	before	each	application.

Oral Mucous Membranes, Perioral Dermatitis  
and Cheilitis
Perioral	 dermatitis	 and	 cheilitis	 are	 common	 in	 children	 and	
are	associated	with	 lip	 licking,	 lip	chewing,	 thumb	sucking	or	
excessive	 drooling.	 Objectively,	 changes	 may	 be	 barely	 visible		
or	may	vary	from	a	mild	erythema	to	a	fiery	red	color,	with	or	
without	 edema.	 Juices	 of	 foods	 and	 even	 chewing	 gum	 may	
contribute	to	skin	irritation	of	these	areas.	Cinnamon	flavorings	
and	peppermint	are	the	most	common	causes	of	allergic	chei-
litis	from	toothpastes.61

Contact	allergy	of	the	mucous	membrane	is	rare	and	use	of	
patch	testing	to	evaluate	patients	with	mucosal	involvement	is	
controversial.	 In	 a	 series	 of	 331	 patients	 with	 different	 oral	
diseases	(burning	mouth	syndrome,	cheilitis,	gingivitis,	orofa-
cial	granulomatosis,	perioral	dermatitis,	 lichenoid	 tissue	reac-
tion	 and	 recurrent	 aphthous	 stomatitis),	 metals	 (nickel	 and	
gold)	were	most	frequently	positive	on	patch	testing.62	Metals,	
including	 mercury,	 chromate,	 nickel,	 gold,	 cobalt,	 beryllium	
and	palladium,	have	been	used	in	orthodontic	materials	and	are	
important	allergens	in	patients	with	dental	implants	or	ortho-
dontic	 devices	 presenting	 with	 oral	 lichenoid	 lesions.	 Other	
allergens	with	a	high	percentage	of	positive	reactions	on	patch	
testing	 include	 flavorings	 and	 preservatives.	 ‘Fragrances’	 are	
used	as	flavoring	in	food	products,	skin	care	products	and	den-
tifrices.	Balsam	of	Peru	is	found	in	dentifrice,	mouthwash,	lip-
stick	and	food.	Dodecyl	gallate	is	a	preservative	used	to	extend	
the	shelf	life	of	oil-based	foods	such	as	peanut	butter,	soups	and	
pastries.	Toothpaste,	fluoride	mouth	washes,	chewing	gum	and	
other	 foods	 may	 contain	 cinnamic	 aldehyde,	 flavorings	 and	
peppermint,	 which	 are	 common	 causes	 of	 allergic	 cheilitis.	
Thus,	an	oral	antigen	screening	series	in	patients	with	cheilitis	
should	include	not	only	metals	but	also	an	even	more	compre-
hensive	 panel	 of	 flavorings,	 preservatives,	 medications	 and	
dental	acrylates.	The	usefulness	of	patch	testing	in	the	evalua-
tion	 of	 orofacial	 granulomatosis	 and	 recurrent	 aphthous	 sto-
matitis	is	questionable.62

Flexural Areas of Neck and Axillary Dermatitis
The	thin	intertriginous	skin	of	the	neck	is	vulnerable	to	irritant	
reactions	 from	‘perms’,	hair	dyes,	shampoos	and	conditioners.	
‘Berloque’	dermatitis	from	certain	perfumes	or	nail	polish	pres-
ents	 as	 localized	 areas	 of	 eczema.	 Nickel-sensitive	 individuals	
may	react	to	wearing	a	necklace	or	to	zippers.

ACD	can	be	caused	by	deodorants	but	is	rarely	due	to	anti-
perspirants,	 the	 latter	 usually	 causing	 ICD.	 These	 agents	

Swedish	 study	 of	 5,700	 patients	 showed	 that	 patients	 whose	
entire	hands	were	involved	were	more	likely	to	react	to	thiuram		
mix,	 p-phenylenediamine,	 chromate	 and	 BOP,	 while	 those	
with	involvement	of	the	fingers	and	interdigital	spaces	or	palm	
were	more	likely	to	react	to	nickel,	cobalt	and	5-chloro-2-methyl-	
4-isothiazolin-3-one/2-methyl-4-isothiazolin-3-one.55

The	prevalence	of	hand	eczema	in	patients	with	AD	is	2-	to	
10-fold	 higher	 than	 in	 nonatopics.	 Involvement	 of	 the	 dorsal	
aspect	 of	 the	 hand	 and	 fingers,	 combined	 with	 volar	 wrist	
involvement,	suggests	AD	as	a	contributing	etiologic	factor.	Irri-
tant	CD	commonly	presents	as	a	 localized	dermatitis	without	
vesicles	 over	 webs	 of	 fingers	 extending	 onto	 the	 dorsal	 and	
ventral	surfaces	(‘apron’	pattern),	dorsum	of	the	hands,	palms	
and	ball	of	the	thumb.	In	contrast,	ACD	is	often	associated	with	
vesicles	and	tends	to	favor	the	fingertips,	nail	folds	and	dorsum	
of	 the	hands;	 less	commonly	 it	 involves	 the	palms.	Since	ICD	
of	the	hands	can	precede	ACD,	pattern	changes	such	as	increas-
ing	dermatitis	from	web	spaces	to	fingertips	or	from	palms	to	
dorsal	surfaces	should	prompt	patch	testing.56

Face and Eyelid Dermatitis
Eyelid	dermatitis	may	be	due	to	ACD	(55–63.5%),	ICD	(15%),	
AD	 (<10%)	 and	 seborrheic	 dermatitis	 (4%).57	 The	 eyelid	 is	
susceptible	 to	 ACD	 because	 of	 higher	 exposure	 to	 allergens,	
greater	sensitivity	to	allergens	including	aeroallergens,	and	easy	
accessibility	to	touch,	facilitating	the	transfer	of	chemicals	from	
other	areas	of	the	body	(e.g.	nails,	scalp)	to	the	eyelid.	Although	
CD	is	considered	to	be	the	most	common	cause	of	eyelid	der-
matitis,	 it	 is	believed	 that	25%	of	patients	with	AD	may	have	
chronic	eyelid	dermatitis.

Pure	eyelid	dermatitis	may	be	distinct	from	dermatitis	with	
other	areas	of	involvement.58	Common	allergens	causing	eyelid	
dermatitis	 are	 fragrances	 (facial	 tissues,	 cosmetics),	 preserva-
tives,	nickel	(eyelash	curlers),	thiuram	(rubber	sponges,	masks,	
balloons,	 toys),	 cocamidopropyl	 betaine	 and	 amidoamine	
(shampoos),	 tosylamide	 formaldehyde	 resin	 (nail	 polish)	 and	
gold.59	Facial	 tissues	may	contain	 fragrances,	 formaldehyde	or	
benzalkonium	 chloride.	 PPD	 and	 ammonium	 persulfate	 can	
cause	urticaria	and/or	eyelid	edema.

Facial	 dermatitis	 may	 also	 occur	 secondary	 to	 allergens	
transferred	 to	 the	 face	 from	 other	 regions	 of	 the	 body.	 The	
cosmetic	 industry	 markets	 heavily	 to	 children,	 especially	 the	
adolescent	population.	Cosmetics	and	personal	products	such	
as	moisturizers,	sunscreens,	foundations	and	powders	can	cause	
ACD	 which	 tends	 to	 be	 symmetrical	 but	 can	 be	 patchy.	 The	
products	 most	 likely	 to	 cause	 ACD	 in	 the	 peripheral	 face	

Figure 53-2  Allergic contact dermatitis of the hand. 
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Generalized Dermatitis

Dermatitis	 with	 scattered	 generalized	 distribution	 (SGD)	 is	 a	
difficult	 diagnostic	 and	 therapeutic	 challenge	 because	 it	 lacks	
the	characteristic	distribution	that	gives	a	clue	as	to	the	possible	
diagnosis	of	ACD.	Interestingly,	the	most	common	body	loca-
tion	of	dermatitis	for	both	children	and	adults	reported	by	the	
NACD	 in	2013	was	 scattered/generalized	pattern,	 followed	by	
the	 hands	 and	 then	 the	 face.74	 Zug	 and	 colleagues75	 reported	
that	 approximately	 half	 (49%)	 of	 patients	 with	 SGD	 referred	
for	patch	testing	had	a	positive	patch	test	deemed	at	least	pos-
sibly	relevant	to	their	dermatitis,	the	prevalence	being	higher	in	
patients	 with	 a	 history	 of	 AD.	 The	 two	 allergens	 most	 com-
monly	 identified	 were	 nickel	 and	 BOP.	 Hjorth76	 reported	 two	
children	 who	 were	 patch	 test	 positive	 to	 BOP	 whose	 eczema	
flared	 after	 oral	 intake	 of	 naturally	 occurring	 balsams.	 Other	
relevant	 positive	 patch	 test	 reactions	 included	 preservatives	
(formaldehyde,	 quaternium	 15,	 methyldibromoglutaronitrile/
phenoxyethanol,	diazolidinyl	urea,	2-bromo-2-nitropropane-1,	
3-diol,	 imidazolidinyl	urea,	 and	DMDM	hydantoin)	and	pro-
pylene	glycol.	Dyes	such	as	disperse	blue	106	in	synthetic	fibers	
in	children’s	garments	have	also	been	implicated.11

Advising	patients	to	use	skin	care	products	without	the	most	
frequent,	 relevant	 allergens	 (formaldehyde-releasing	 preserva-
tives,	fragrances	and	propylene	glycol)	is	one	strategy	that	may	
be	 helpful	 while	 awaiting	 definitive	 patch	 testing	 results.	
However,	8%	to	10%	of	patients	with	SGD	remain	in	the	unclas-
sified	eczema	category.75

Systemic	 CD	 should	 be	 considered	 as	 a	 possible	 cause	 of	
dermatitis	with	SGD.	It	manifests	as	a	localized	or	generalized	
inflammatory	skin	disease	that	occurs	in	sensitized	individuals	
when	they	are	exposed	to	the	specific	allergen	orally,	transcuta-
neously,	 intravenously	 or	 by	 inhalation.	 There	 are	 a	 variety		
of	manifestations	of	systemic	CD	reactions	including	a	reactiva-
tion	 of	 a	 previous	 dermatitis,	 reactivation	 of	 a	 previously		
positive	 patch	 test	 (localized	 ‘recall	 reactions’),	 a	 systemic	
inflammatory	 skin	 disease	 such	 as	 the	‘baboon	 syndrome’77–81	
and/or	oral	lichenoid	reactions.	Patients	allergic	to	ethylenedi-
amine	may	react	to	systemic	aminophylline	and	antihistamines	
of	 the	 piperazine	 or	 ethanolamine	 families.	 Similar	 reactions	
have	 been	 reported	 to	 glucocorticoids,	 diphenhydramine,		

generally	cause	a	dermatitis	involving	the	entire	axillary	vault,	
whereas	 textile	 ACD	 spares	 the	 apex	 of	 the	 vault.	 However,	
sweat	and	perspiration	may	cause	increased	deodorant	allergen	
in	the	periphery,	giving	a	dermatitis	 that	 is	 less	 intense	 in	the	
apex	of	the	axillae.	ACD	due	to	disperse	dyes	such	as	disperse	
Orange	1,	disperse	blue	106	and	disperse	blue	124	in	clothing	
can	 elicit	 eczematous	 eruptions	 in	 the	 axillae,	 arms	 and	
groin.63–65

Diaper Dermatitis
Eruptions	 in	 the	diaper	area	are	 the	most	 common	dermato-
logic	disorder	of	infancy.66	Friction,	occlusion,	maceration	and	
increased	 exposure	 to	 water,	 moisture,	 urine	 and	 feces67	 con-
tribute	to	ICD.	The	prevalence	of	diaper	dermatitis,	an	ICD,	in	
infants	has	been	estimated	to	be	7%	to	35%	with	a	peak	inci-
dence	between	ages	9	and	12	months.68	However,	a	large-scale	
study	in	the	UK	demonstrated	an	incidence	of	25%	in	the	first	
4	weeks	of	life	alone.69

Allergic	 CD	 to	 rubber	 chemicals	 (mercaptobenzothiazole,	
cyclohexyl	 thiophthalimide)	 or	 glues	 (p-tertiary	 butylphenol-
formaldehyde	 resin)	 has	 been	 called	 ‘Lucky	 Luke’	 CD.70	 The	
characteristic	dermatitis	is	predominantly	located	on	the	outer	
buttocks	 and	 hips	 in	 toddlers	 (‘gun	 holster’	 pattern)	 and	 is	
caused	 by	 the	 elastic	 bands	 that	 hold	 tightly	 on	 the	 thighs	 to	
prevent	leaking.	Treatment	usually	involves	increasing	the	fre-
quency	 of	 diaper	 changes,	 using	 superabsorbent	 disposable	
diapers	 and	 applying	 low-potency	 corticosteroids	 and	 barrier	
ointments	or	creams.	A	topical	antifungal	agent	is	beneficial	in	
secondary	Candida albicans	infection.	There	has	been	a	definite	
decrease	in	the	incidence	of	diaper	dermatitis	due	to	the	avail-
ability	 of	 newer	 and	 improved	 diapers,	 including	 those	 with	
superabsorbent	gel.71

Medication,	 douches,	 spermicides,	 sprays	 and	 cleaners	 can	
cause	CD	in	the	genital	area.	Fragrances	found	in	liners,	toilet	
paper,	soap	and	bubble	baths	can	cause	a	reaction	in	sensitized	
patients.	 Contraceptive	 devices	 can	 affect	 rubber-	 and	 latex-
sensitive	individuals.	Ammonia	and/or	the	acidity	of	urine	may	
cause	ICD,	especially	in	incontinent	patients.	The	ingestion	of	
spices,	antibiotics	or	laxatives	may	cause	anal	itching.

Leg and Foot Dermatitis
Shaving	agents,	moisturizers	and	rubber	in	the	elastic	of	socks	
can	 cause	 allergic	 reactions	 in	 children.	 Romaguera	 and	
Vilaplana72	found	that	the	foot	was	the	most	frequent	localiza-
tion	of	CD	in	children.	Irritant	dermatitis	of	the	feet	may	occur	
in	children	because	of	excessive	perspiration	or	the	use	of	syn-
thetic	footwear.	More	commonly,	children	can	develop	ACD	to	
rubber	 accelerators	 (MBT	 mix,	 thiuram	 mix,	 carba	 mix,	 and	
PPD	mix),	dichromates	(Figure	53-3)	or	glues	used	in	the	man-
ufacture	of	shoes.	Chrome	used	in	the	tanning	and	dyeing	pro-
cesses	 of	 leather,	 and	 colophony	 used	 in	 glues	 in	 soles	 and	
insoles,	 may	 be	 sensitizing.	 Other	 chemicals	 in	 footwear	 (e.g.	
leather,	adhesives,	glues	and	dyes)	or	in	topical	medications	(e.g.	
creams,	ointments	and	antiperspirants)	can	cause	ACD.	Reac-
tions	to	nickel	sulfate	were	also	frequent	with	metal	in	footwear	
buckles,	 eyelets	and	ornaments.73	 In	ACD,	 the	 involvement	of	
the	dorsal	aspect	of	the	foot	and	toes,	especially	the	hallux,	and	
sparing	of	the	interdigital	areas	is	characteristic.	Irritant	derma-
titis	 can	 involve	 either	 the	 dorsum	 or	 the	 sole.	 Patients	 with	
hyperhidrosis	or	‘sweaty	sock’	dermatitis	should	be	encouraged	
to	wear	cotton	socks	and	to	change	them	frequently,	along	with	
wearing	breathable	footwear.

Figure 53-3  Chronic dermatitis on dorsa of feet and toes caused by 
potassium dichromate allergy from chronic exposure to leather tennis 
shoes. (From Weston WL, Lane AT, Morelli JG. Dermatitis. Color text-
book of pediatric dermatology. 4th ed. Mosby; 2007.)
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ultraviolet	light	exposure	for	96	hours.	Systemic	antihistamines	
have	no	effect	on	patch	 test	 results.	However,	not	all	 children	
with	suspected	ACD	can	have	patch	testing.	Given	the	smaller	
surface	 area	 for	 patch	 testing,	 especially	 in	 young	 children,	 if	
comprehensive	patch	testing	cannot	be	done,	a	detailed	expo-
sure	history	may	guide	the	choice	of	potential	allergens	to	test	
based	 on	 the	 history	 of	 exposures	 and	 the	 patient’s	 own	 per-
sonal	care	products.

SOURCES OF ALLERGENS

Commercially	 available	 standardized	 patch	 testing	 allergens	
have	been	calibrated	with	respect	to	nonirritant	concentrations	
and	compatibility	with	 the	 test	vehicle.	Test	 systems	currently	
available	in	the	USA	are	the	T.R.U.E.	TEST®	and	the	standardized	
allergens	loaded	in	patch	test	chambers.	Certain	screening	panels	
such	as	the	NACD	recommended	series	or	the	American	Contact	
Dermatitis	Society	Core	Allergen	Series,	with	a	range	from	65	to	
70	allergens	are	not	approved	by	the	US	Food	and	Drug	Admin-
istration	(FDA)	but	conform	to	standards	of	care	recommended	
by	 CD	 experts.	 Commercial	 sources	 of	 customized	 patch	 test	
materials	 include	 Smart	 Practice	 Canada	 (1.866.903.2671),	
SmartPractice	Europe	+49	(0)40	6701768	and	Dormer	Labora-
tories,	Inc.	(416-242	6167)	(chemotechnique@dormer.com).

ALLERGENS

The	 German	 Contact	 Dermatitis	 Group	 (GCDG)83	 recom-
mends	that	children	under	6	should	only	be	subjected	to	patch	
testing	 if	 there	 is	 a	 high	 degree	 of	 clinical	 suspicion	 and	 that	
only	 the	 suspected	 allergens	 should	 be	 used.	 Some	 authors	
suggest	dose	adjustment	in	younger	children	for	allergens	such	
as	nickel,	formaldehyde,	formaldehyde	releasers,	mercaptoben-
zothiazole,	thiuram	and	potassium	dichromate	to	avoid	irritant	
false-positive	 reactions.84,85	 Jacob	 et	 al	 recommend	 a	 reduced	
concentration	of	nickel,	formaldehyde	and	rubber	additives	in	
children	under	5,	especially	in	those	who	also	have	AD.86	Chil-
dren	 over	 the	 age	 of	 12	 can	 be	 tested	 in	 the	 same	 manner	 as	
adults	and	most	studies	to	date	suggest	that	the	same	test	con-
centrations	as	in	adults	can	be	used.87

The	 ideal	 number	 of	 patch	 tests	 to	 be	 applied	 depends	 on	
the	patient.	The	usefulness	of	patch	testing	is	enhanced	with	the	
number	 of	 allergens	 tested.	Allergens	 not	 found	 on	 commer-
cially	available	screening	series	in	the	USA	frequently	give	rel-
evant	reactions,	and	personal	products	are	a	useful	supplement	
especially	in	facial	or	periorbital	dermatitis.

neomycin,	penicillin,	 sulfonamides,	 thiuram,	colophony,	BOP,	
fragrance	mix	and	nickel	(Table	53-1).

Patch Testing
Unfortunately,	 even	 with	 an	 extensive	 history	 and	 physical	
exam,	 only	 about	 10%	 to	 20%	 of	 patients	 with	 ACD	 can	 be	
diagnosed	 accurately	 without	 patch	 testing.	 Patch	 testing	 is	
needed	to	identify	the	responsible	allergens,	is	helpful	in	young	
children	suspected	of	ACD	and	remains	the	gold	standard	for	
confirming	ACD.	Although	the	application	of	antigens	for	patch	
testing	is	rather	simple,	antigen	selection	and	patch	test	inter-
pretation	require	an	experienced	clinician	(Table	53-2).

SELECTION OF APPROPRIATE SUBJECTS  
TO TEST

The	higher	the	index	of	suspicion,	the	more	frequent	the	diag-
nosis	of	ACD.	Patch	testing	should	be	considered	for	children	
with	 a	 chronic,	 pruritic	 or	 recurrent	 eczematous	 dermatitis,	
especially	those	with	eyelid	or	hand	involvement,82	those	with	
uncontrollable	or	worsening	chronic	dermatitis	of	greater	than	
2	 months	 duration	 and	 those	 who	 fail	 to	 improve	 following	
standard	 treatment	 protocols	 including	 a	 preliminary	 avoid-
ance	 regimen	 of	 formaldehyde	 and	 fragrance.	 Indeed,	 the	
observation	that	the	greatest	abuse	of	patch	testing	is	its	lack	of	
use	holds	true	even	for	the	pediatric	population.	Immunocom-
promised	patients,	including	those	on	oral	steroids	or	those	on	
cancer	 chemotherapy	 or	 immunosuppressive	 drugs,	 are	 not	
appropriate	 candidates	 for	 patch	 testing.	 Ideally,	 the	 patient’s	
dermatitis	should	be	quiescent	because	flare-up	reactions	may	
be	elicited	during	patch	testing.	The	patch	test	site	should	have	
had	no	potent	 topical	 immune	modulators	or	 steroid	applied	
for	 5	 to	 7	 days	 before	 testing.	 Patients	 should	 avoid	 sun	 or	

Contact Sensitizer Systemic Reaction to

Glucocorticoids Oral hydrocortisone
Benadryl cream® Oral diphenhydramine
Neomycin Oral neomycin
Penicillin Oral penicillin
Sulfonamide Para-amino sulfonamide hypoglycemics 

(tolbutamide, chlorpropamide)
Thiuram Antabuse
Colophony, Balsam 

of Peru, fragrance 
mix

Spices: clove, nutmeg, cinnamon, cayenne 
pepper

Citrus fruits: oranges, lemon, tangerines
Tomatoes

Ethylenediamine Aminophylline
 (alternative: oral theophylline, IV 

theophylline)
Piperazine and ethanolamine (Atarax®, 

Antivert®)
 (alternatives: diphenhydramine, 

chlorpheniramine, fexofenadine)
Nickel Nickel in tap water, utensils and food high 

in nickel content such as soy, chocolate, 
lentils, cashews

Chromate Inhaled chromium: oral potassium 
dichromate

TABLE 
53-1 

Reported Causes of Systemic Allergic  
Contact Dermatitis

Grade Patch Test Grading

(−) Negative reaction

(?+) Doubtful reaction with faint erythema only

1+ Weak positive reaction with nonvesicular erythema, 
infiltration, possible papules

2+ Strong positive reaction with vesicular erythema, 
infiltration and papules

3+ Extreme positive reaction with intense erythema and 
infiltration coalescing vesicles, bullous reaction

IR Irritant reaction

TABLE 
53-2 

Patch Test Interpretation Based on The 
Recommendation of The International 
Contact Dermatitis Research Group
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A	2011	Pediatric	Research	Equity	Act	(PREA)-1	found	that	
the	T.R.U.E.	TEST®	test	with	29	patches	was	efficacious	and	safe,	
in	a	study	of	102	children	aged	6	to	18	years.88	Since	then	seven	
more	allergens	have	been	added	to	the	T.R.U.E.	TEST®,	whose	
safety	and	efficacy	in	pediatric	age	groups	are	still	being	studied	
(Table	 53-3).	 Comparative	 results	 of	 the	 T.R.U.E.	 TEST®	 and	
Finn	Chamber	method	have	shown	a	64%	to	98%	concordance,	
depending	on	the	allergen.

However,	a	further	study	suggested	that	false-negative	results	
may	occur	with	the	T.R.U.E.	TEST®,	particularly	with	fragrance	
mix	and	rubber	additives	(thiuram	and	carba	mix),89	as	well	as	
to	neomycin,	cobalt	and	lanolin.

Other	standardized	allergens	can	be	tested	individually	with	
a	 loading	 chamber	 such	 as	 the	 Finn	 Chamber	 but	 clinicians	
need	 to	 be	 aware	 of	 the	 limitations	 of	 each	 system	 of	 patch	
testing	 for	 individual	 allergens.90	 Caution	 should	 be	 exercised	
when	 testing	 for	 nonstandardized	 antigens	 to	 avoid	 adverse	
effects	and	false-positive	or	-negative	responses.	Ideally,	at	least	
two	control	subjects	should	be	tested	with	any	nonstandardized	
allergen.	‘Leave-on’	cosmetics	(make-up,	perfume,	moisturizer,	
nail	polish),	clothing	and	most	foods	are	tested	‘as	is’,	whereas	
‘wash-off ’	cosmetics	(soap,	shampoo)	are	tested	at	1	:	10	to	1	:	
100	dilution.

Patch	testing	should	never	be	performed	with	an	unknown	
substance.	Photopatch	tests	should	be	performed	by	physicians	
with	expertise	in	ultraviolet	radiation	if	photocontact	dermati-
tis	is	suspected.	Additional	guidelines	for	patch	testing,	includ-
ing	strength	of	recommendations	and	quality	of	evidence,	have	
been	 published	 by	 the	 British	 Association	 of	 Dermatologists’	
Therapy	 Guidelines	 and	 Audit	 Subcommittee.91	 The	 T.R.U.E.	
TEST®	may	serve	as	 triage	or	a	screening	tool	 in	an	allergist’s	
practice	 but	 occupational	 exposures	 may	 benefit	 from	 early	
referral	for	supplemental	testing.

SELECTION OF ALLERGENS IN CHILDREN

The	 North	 American	 Contact	 Dermatitis	 Group	 (NACDG)	
seeks	to	determine	the	frequency	of	positive	and	relevant	patch	
tests	in	children	referred	for	patch	testing	in	North	America	and	
to	 compare	 results	 of	 patch	 testing	 in	 children	 and	 adults,	 as	
well	 as	 results	 with	 international	 data	 on	 contact	 allergy	 in	
children.	No	significant	difference	in	the	overall	frequency	of	at	
least	 one	 relevant	 positive	 patch	 test	 reaction	 was	 noted	 in		
children	 (51.2%)	 compared	 with	 adults	 (54.1%).8	 In	 a	 more	
recent	meta-analysis,	the	top	five	most	prevalent	allergens	in	the	
pediatric	population	that	should	have	priority	for	inclusion	in	
standardized	 testing	 are	 nickel	 sulfate,	 ammonium	 persulfate,	
gold	 sodium	 thiosulfate,	 thimerosal	 and	 toluene-2,5-diamine	
(p-toluenediamine).92

The	top	ten	most	commonly	positive	allergens	in	the	pedi-
atric	population	in	North	America	are	nickel,	neomycin,	cobalt,	
fragrance,	 Myroxylon pereirae	 (BOP),	 gold,	 formaldehyde,	
lanolin/wool	alcohols,	 thimerosal	and	potassium	dichromate.8	
Eight	of	these	allergens	are	also	in	the	top	10	allergens	seen	in	
adults.74	 The	 two	 allergens	 in	 children	 but	 not	 in	 adults	 are	
lanolin/wool	 alcohols,	 which	 can	 be	 found	 in	 healing	 oint-
ments,	aftershave,	baby	and	bath	oil,	hand	sanitizers	and	creams,	
and	thimerosal,	which	is	 likely	a	sensitization	due	to	previous	
vaccination	and	is	not	a	relevant	allergen.

There	 are	 additional	 highly	 relevant	 allergens	 in	 children	
which	 correlate	 with	 unique	 exposures	 such	 as	 (1)	 methyl-
chlorosiothiazolinone/	 methylisothiazolinone	 (MCI/MI),	 a	

chemical	 preservative	 found	 in	 infant	 products	 such	 as	 wet	
wipes,	 protective	 creams,	 liquid	 soaps	 and	 shampoos;	 (2)	
cocamidopropyl	betaine	(CAPB),	a	surfactant	used	in	cleansing	
products	(e.g.	No	More	TearsTM	formulations);	(3)	disperse	dyes	
found	in	diaper	material	and	colored	garments	such	as	school	
and	 athletic	 uniforms;	 (4)	 carbamates	 and	 thiuram	 used	 in	
rubber	production	found	in	gloves,	garments,	 shoes	and	toys;	
(5)	 dialkyl	 thioureas;	 and	 (6)	 p-tert-butyl	 formaldehyde	 resin	
found	 in	 rubber	 and	 neoprene	 components	 in	 shin	 guards,	
protective	pads	and	wetsuits.

Thus	Jacob	et	al93	recommend	a	basic	North	American	Stan-
dard	Series	for	children	aged	6	to	12	years	to	include	20	selected	
allergens	that	are	the	most	prevalent	in	the	pediatric	population	
with	the	highest	clinical	relevance	and	therefore	would	be	the	
highest	yield	as	a	basic	series.	An	additional	five	other	allergens	
could	be	tested	for	if	there	is	a	relevant	exposure	history.	Table	
53-3	gives	the	most	common	source	of	exposure	for	some	sig-
nificant	allergens.	Similarly,	due	to	the	limited	surface	available	
for	 testing	 and	 the	 potential	 risk	 of	 active	 sensitization,	 the	
GCDRG83	 recommends	 an	 even	 more	 limited	 panel	 of	 12	
contact	allergens	as	a	standard	series	 in	children	from	6	to	12	
years	of	age.	When	history	suggests	exposure	to	shoe	allergens,	
p-tert-butylphenol-formaldehyde	resin	and	potassium	dichro-
mate	are	added.	Wool	alcohols/lanolin	 is	added	when	there	 is	
exposure	to	skin	care	products,	disperse	blue	if	clothing	derma-
titis	 is	 suspected	and	p-phenylenediamine	 if	 there	 is	exposure	
to	henna,	tattoos	and	hair	dyes.	Table	53-4	compares	the	recom-
mended	allergens	for	patch	testing	in	children	6	to	12	years	of	
age	 and	 the	 secondary	 allergens	 to	 test	 based	 on	 the	 recom-
mendations	of	Jacob	and	the	GCDRG.	Of	note,	15%	and	39%	
of	children	had	relevant	allergens	not	included	in	the	NACDG	
series	or	T.R.U.E.	TEST®,	respectively,	hence	the	need	for	sup-
plemental	allergens	as	well	as	the	patient’s	personal	products	in	
some	cases.	 It	 is	 important	 to	 remember	 that	 the	majority	of	
patients	will	be	allergic	to	a	single	allergen	or	a	single	group	of	
allergens	 and	 that	 there	 is	 a	 risk	 of	 false-positive	 patch	 test	
results.	 Ideally,	one	needs	to	know	the	value	of	all	 the	clinical	
data	 before	 patch	 testing,	 in	 predicting	 a	 clinically	 relevant	
response	to	any	of	the	allergens	tested.

PATCH TESTING PROCEDURE

Standardized	criteria	for	patch	testing	have	been	set	by	the	Task	
Force	on	Contact	Dermatitis	of	the	American	Academy	of	Der-
matology.	All	results	are	dependent	on	the	recommended	pro-
tocol	for	application,	removal	and	interpretation	of	results.

Patch	 tests	are	 typically	applied	 to	 the	upper-	or	mid-back	
areas	 (2.5	cm	 lateral	 to	 a	 mid-spinal	 reference	 point)	 which	
must	be	free	of	dermatitis	and	hair	and	are	kept	in	place	for	48	
hours.	 Patients	 are	 instructed	 to	 keep	 the	 area	 dry	 and	 avoid	
activities	that	will	cause	excessive	sweating	or	excessive	move-
ment	that	may	cause	displacement	of	the	patches.	In	infants	and	
small	children,	the	patch	test	can	be	covered	with	fabric	adhe-
sive	 tape	 or	 a	 stockinet	 vest.	 Patch	 tests	 are	 removed	 after	 48	
hours	and	read	30	minutes	after	to	allow	resolution	of	erythema	
and	irritative	effect	from	the	tape	and/or	chamber	if	present.	A	
second	 reading	 should	 be	 done	 3	 to	 5	 days	 after	 the	 initial	
application.	Thirty	percent	of	relevant	allergens	negative	at	the	
48-hour	reading	become	positive	in	96	hours.	Irritant	reactions	
tend	to	disappear	by	96	hours.	Metals	(gold,	potassium	dichro-
mate,	nickel,	cobalt),	topical	antibiotics	(neomycin,	bacitracin),	
topical	 corticosteroids	 and	 PPD	 may	 become	 positive	 after	 7	
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Antigen Common Exposures

PANEL 1.2

Nickel sulfate Snaps, jewelry, food
Wool alcohols (lanolin) Cosmetics (lipstick, hair spray), skin care products (creams, ointments, lotions, moisturizer, baby oil, 

diaper lotion), personal hygiene items (soaps, cleansers, shampoos), facial masks, sunscreens, 
over-the-counter and prescription medications for skin rashes, pet grooming aids

Neomycin sulphate Topical antibiotics
Potassium dichromate Chrome-tanned leather products (shoes, boots, gloves), cement, pigments in inks and paints, 

make-up
Caine mix Topical anesthetics
Fragrance mix Fragrances, scented household products
Colophony Cosmetics, sunscreens, adhesives, household products, diapers, feminine napkins, wax depilatories, 

match tips
Paraben mix Preservative in topical formulations, cosmetics
Negative control
Balsam of Peru Cosmetics, fragrances, dental hygiene products, topical medications, food
Ethylenediamine dihydrochloride Topical medications, piperazine-related antihistamines, aminophylline, hydroxyzine hydrochloride
Cobalt dichloride Metal-plated objects (utensils, keys, magnets, clothing fasteners, jewelry), paints, cobalt-based 

pigments, vitamin B12 supplements

PANEL 2.2
p-tert-Butylphenol-formaldehyde 

resin
Fabrics, glued rubber (rubber-containing footwear, handbags, watchbands, belts, bras), sports gear, 

leather goods
Epoxy resin Two-part adhesives and paints, art and sculpture materials, manufacture of tennis racquets, skis, 

circuit boards, lightweight equipment
Carba mix Rubber products, shampoos, disinfectants
Black rubber mix All black rubber products (tires, playgrounds), some hair dyes

CL+ ME– Isothiazolinone (MCI/MI) Cosmetics (foundations, powders, blush, mascaras, eye shadows, eyeliners and pencils), skin care 
products (creams, lotions, moisturizers, soaps, cleaners, bubble baths, wipes), hair care products 
(conditioners, shampoos, coloring agents), laundry products (detergents, fabric softener)

Quaternium-15 Preservative in cosmetics and skin care products
Methyldibromo glutaronitrile Skin care products such as body creams, facial/hand lotions, sun screens, and baby lotions

Personal hygiene products such as moist toilet paper, shampoos, conditioners and shower gels
p-Phenylenediamine Permanent or semipermanent hair dyes, cosmetics, printing ink, black henna tattoo
Formaldehyde Fabric finishes, cosmetics
Mercapto mix Rubber products, glues for leather and plastics
Thimerosal Preservative in contact lens solutions, cosmetics, injectable drugs
Thiuram mix Rubber products, adhesives

PANEL 3.2
Diazolidinyl urea Products for personal care, hygiene and hair care; cosmetics; pet shampoos
Quinoline mix Paste bandages; prescription and non-prescription topical antibiotics and antifungal creams, lotions, 

ointments; animal food
Tixocortol-21-pivalate Antiinflammatory preparations
Gold sodium thiosulfate Gold or gold-plated jewelry, dental restorations
Imidazolidinyl urea Products for personal care, hygiene and hair care; cosmetics; liquid soaps; moisturizers
Budesonide Corticosteroid creams, lotions and ointments, nasal corticosteroid spray; asthma controller 

medication in inhaler, nebulized suspension and dry powder forms
Hydrocortizone-17-butyrate Antiinflammatory preparations
Mercaptobenzothiazole Rubber products, nitrile or neoprene, such as rubber bands, ear- and headphones, masks, condoms 

and diaphragms, goggles, shoes, utility gloves, swimwear, toys, hoses, tubing and elastic
Sports equipment made with natural rubber, butyl rubber, nitrile or neoprene such as shoes, 

wetsuits, boots, masks, racquet and club handles
Bacitracin Prescription and in over-the-counter preparations such as topical antibiotic creams, lotions, 

ointments, bandages, ophthalmic and otic products
Parthenolide Plants and gardens, herbal teas containing sesquiterpenes, supplements, tablets or tinctures
Disperse blue 106 Synthetic fabrics such as polyester, acetate, nylon with black or navy blue color; dark-colored 

polyester velour and in children’s diapers and exercise garments; dyed fabrics such as bedding, 
clothing, nylon stockings, swimming suits, tights, velour, children’s diapers

2-Bromo-2-nitropropane-1,3-diol 
(Bronopol)

Topical antibiotic/antifungal creams/ointments, finger paints, kitty litter, detergents, toiletries and 
cleansers, cleansing lotions, creams, foundations, hair conditioners, mouthwash, shampoos

TABLE 
53-3 Thin-layer Rapid Use Epicutaneous Test (T.R.U.E. TEST®) Antigens
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Allergen Jacob et al GCDRG

Bacitracin  1. Primary*
Budesonide  2. Primary
Carba mix  3. Primary
Cobalt chloride  4. Primary
Cocamidopropyl betaine  5. Primary
Colophonium  6. Primary  1. Primary
Compositae mix/dandelion extract  7. Primary  2. Primary
Disperse blue  8. Primary Secondary†

Ethylenediamine  9. Primary
Formaldehyde 10. Primary
Fragrance mix 1 11. Primary  3. Primary
Fragrance mix 2 12. Primary  4. Primary
Lanolin alcohol 13. Primary Secondary
MCI/MI 14. Primary  5. Primary
Myroxylon pereirae (Balsam of 

Peru)
15. Primary

Neomycin sulfate 16. Primary  6. Primary
Nickel sulfate 17. Primary  7. Primary
Potassium dichromate 18. Primary Secondary
Quaternium 15 19. Primary
Tixocortol-21-pivalate 20. Primary
Thiuram  8. Primary
Mercaptobenzothiazole Secondary  9. Primary
mercapto mix 10. Primary
bufexamac 11. Primary
dibromodicyanobutane 12. Primary
black rubber mix2 Secondary
dialkyl thioureas9 Secondary
para-phenylenediamine2,9,12,13,17 Secondary Secondary
p-tert-butylphenol formaldehyde 

resin2,9,13
Secondary Secondary

*Primary allergens: most prevalent in the pediatric population with 
the highest clinical relevance and therefore would be the highest 
yield as a basic series.

†Secondary allergens: additional significant allergens that could be 
tested for if there is a relevant exposure history.

GCDRG – German Contact Dermatitis Research Group; 
MCI/MI – methylchloroisothiazolinone/methylisothiazolinone.

TABLE 
53-4 

Comparison of Patch Test Recommendations 
By Jacob et al and German Contact 
Dermatitis Research Group for Children 6 to 
12 Years of Age

days.	 More	 than	 50%	 of	 positive	 patch	 testing	 to	 gold	 was	
delayed	for	about	1	week.

The	 International	 Contact	 Dermatitis	 Research	 Group	 has	
developed	 a	 grading	 system	 that	 is	 almost	 universally	 recog-
nized	and	continues	to	be	widely	used	(Table	53-2).

DETERMINING CLINICAL RELEVANCE

The	relevance	of	positive	reactions	to	clinical	ACD	can	only	be	
established	by	carefully	correlating	the	history,	including	expo-
sure	to	the	allergen.	A	positive	patch	test	reaction	may	be	rele-
vant	to	present	or	previous	dermatitis,	multiple	true-positives	

Definite If a use test with the putative item containing the 
suspected allergen is positive or positive patch to 
object/product

Probable If the substance identified by patch testing can be 
verified as present in the known skin contactants 
of the patient

Possible If the patient is exposed to circumstances in which 
skin contact with materials known to contain the 
putative allergen will likely occur

Past If the patient had previous exposure but is currently 
not exposed

Unknown

TABLE 
53-5 Relevance

can	occur,	and	mild	responses	may	still	represent	allergic	reac-
tion.	Conversely,	patients	with	negative	results	may	need	to	be	
referred	 for	 more	 complete	 testing	 to	 a	 patch	 testing	 clinic.	
Thus,	 understanding	 the	 sources	 of	 antigen	 in	 the	 patient’s	
environment	 is	 required	 to	 be	 able	 to	 advise	 the	 patient	 ade-
quately	regarding	avoidance	and	alternatives	in	ACD.	A	positive	
patch	test	is	considered	to	be	a	‘definite’	reaction	of	ACD	if	the	
result	of	a	‘use	test’	with	the	suspected	item	was	positive	or	the	
reaction	of	the	patch	test	with	the	object	or	product	was	posi-
tive.	 It	 would	 be	‘probable’	 if	 the	 antigen	 could	 be	 verified	 as	
present	in	known	skin	contactants	and	the	clinical	presentation	
was	consistent,	and	‘possible’	if	the	patient	is	exposed	to	circum-
stances	in	which	skin	contact	with	materials	known	to	contain	
allergen	was	 likely	(Table	53-5).	Multiple	sensitivities	are	pos-
sible	if	different	allergens	are	present	in	different	products	used	
simultaneously,	or	concomitant	sensitization	occurs	if	allergens	
are	present	in	the	same	products	and	both	induce	sensitization.	
Cross-sensitization	can	also	occur.	Common	combinations	of	a	

Wilkinson, SM. Corticosteroids cross reactions: an alternative view. 
Contact Dermatitis 2000;42:59–63.

BOX 53-1 STRUCTURAL GROUPS OF 
CORTICOSTEROIDS: CROSS-REACTIVITY 
BASED ON TWO IMMUNE 
RECOGNITION SITES – C 6/9 AND 
C16/17 SUBSTITUTIONS

Class A (hydrocortisone and tixocortol pivalate: has C17 or C21 
short chain ester)
Hydrocortisone, -acetate, tixocortol, prednisone, prednisolone, 

-acetate, cloprednol, cortisone, -acetate, fludrocortisone, 
methylprednisolone-acetate

Class B (acetonides: has C16 C17 cis-ketal or -diol additions)
Triamcinolone acetonide, -alcohol, budesonide, desonide, fluo-

cinonide, fluocinolone acetonide, amcinonide, halcinonide
Class C (nonesterified betamethasone; C16 methyl group)

Betamethasone sodium phosphate, dexamethasone, dexameth-
asone sodium phosphate, fluocortolone

Class D1 (C16 methyl group and halogenated B ring)
Clobetasone 17-butyrate, -17-propionate, betamethasone-

valerate, dipropionate, alclometasone dipropionate, fluocorto-
lone caproate, -pivalate, mometasone furoate

Class D2 (labile esters w/o C16 methyl nor B ring halogen 
substitution)
Hydrocortisone 17-butyrate, -17-valerate, -17-aceponate, 

-17-buteprate, methylprednisolone aceponate
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CHROMATE

Chromates	are	commonly	found	in	products	made	of	chrome	
and	stainless	steel,	cement	and	leather.	They	are	found	in	shoes	
and	gloves,	where	chromium	salts	are	used	in	the	tanning	process.	
Chromate	sensitivity	can	be	associated	with	hand	or	foot	derma-
titis,	which	can	persist	even	after	chromate	avoidance.

THIMEROSAL

Thimerosal	is	a	mercuric	derivative	of	thiosalicylic	acid	used	as	
a	preservative	in	vaccines,	cosmetics,	tattoo	inks,	eye	drops	and	
contact	 lens	 solutions	 as	 well	 as	 a	 disinfectant	 (e.g.	 merthio-
late).105,106	 It	may	cross-react	with	mercury,	which	is	used	as	a	
preservative	 material	 in	 shoe	 manufacturing.	 The	 NACDG	
reported	thimerosal	as	the	fifth	most	common	allergen,	induc-
ing	 allergic	 reactions	 in	 11%	 of	 patch-tested	 patients,107	 with	
only	17%	of	the	positive	patch	tests	considered	clinically	rele-
vant,	ranking	thimerosal	 last	 in	relevance	among	the	50	aller-
gens	 tested.	 Sensitization	 to	 thimerosal	 is	 associated	 with	
routine	 vaccination	 and	 this	 sensitization	 is	 lifelong.	 Thus	 a	
positive	patch	test	to	thimerosal	may	not	have	current	relevance.	
However,	thimerosal	can	still	be	found	in	ophthalmic	solutions	
and	some	eye	make-up	and	may	have	relevance	in	eyelid	der-
matitis.	 Because	 of	 its	 potential	 toxicity	 and	 allergenicity	 in	
children,	precautionary	measures	are	underway	to	remove	thi-
merosal	from	vaccines.108	Notably,	sensitization	to	thimerosal	is	
not	a	contraindication	to	vaccination109–111	and	the	only	vaccine	
for	children	under	6	years	of	age	that	still	contains	thimerosal	
is	the	inactivated	influenza	vaccine	in	the	multi-dose	units;	the	
single-dose	 units	 do	 not	 contain	 thimerosal.112	 Thimerosal’s	
removal	from	the	allergy	patch	testing	screening	tray	has	been	
recommended.113

Aside	 from	 thimerosal,	 reactions	 to	 adjuvants	 (e.g.	 alumi-
num	 hydroxide),	 stabilizers	 (e.g.	 gelatin),	 preservatives	 and	
antibiotics	(e.g.	neomycin)	in	vaccines	have	been	reported.

ALUMINUM

Aluminum	 may	 cause	 cutaneous	 granulomas	 in	 response	 to	
vaccines	containing	aluminum	hydroxide.	These	tend	to	resolve	
spontaneously,	 although	 children	 subsequently	 have	 positive	
patch	tests	to	metallic	aluminum	or	its	salts.114	The	aluminum	
sensitivity	 appears	 to	 be	 lost	 with	 time	 as	 it	 occurs	 rarely	 in	
adults.

RUBBER CHEMICALS

Rubber	chemicals	(thiuram	mix,	mercaptobenzothiazole,	mer-
capto	mix)	are	used	in	the	manufacturing	of	both	dipped	(e.g.	
balloons,	gloves)	and	molded	(e.g.	pacifiers,	handle	bars)	rubber	
products.	Mixed	dialkyl	 thioureas	(MDTU),	a	mixture	of	 two	
thiourea	 chemicals,	 is	 used	 for	 rubber	 acceleration	 and	 as	 an	
antioxidant	in	the	manufacturing	of	neoprene.	Large	quantities	
of	 thioureas	 have	 been	 shown	 to	 leach	 from	 neoprene	 com-
pounds	and	the	levels	were	sufficient	to	elicit	ACD.115	This	aller-
gen	 mixture	 has	 one	 of	 the	 highest	 relevancy	 rates	 in	 the	
NACDG	 database.	ACD	 from	 neoprene	 includes	 cases	 caused	
by	orthopedic	braces,	prostheses,	splints	and	foot	supports;	ath-
letic	shoes;	rubber	masks,	swim	goggles	and	wet	suits;	computer	
wrist	 rests;	 neoprene	 gloves;	 and	 rubber-based	 materials	 in	
automobiles.

positive	patch	test	are:	PPD	and	benzocaine	(cross-sensitizer);	
thiuram	mix,	carba	mix	and	mercapto	mix	(rubber	products);	
quaternium	 15	 and	 paraben	 (quaternium-15,	 a	 formaldehyde	
releaser,	and	paraben	are	preservatives	that	are	frequently	com-
bined	and	cosensitize);	cobalt	and	nickel	(cobalt	is	used	in	alloys	
with	nickel	and	chromium	and	cosensitize).	Polysensitization	is	
common	in	children.

The	repeat	open	application	test	(ROAT)	or	exaggerated	use	
test	may	be	done	to	confirm	the	presence	or	absence	of	ACD.	
The	suspected	allergen	(for	‘leave-on’	but	not	‘wash-off ’	prod-
ucts)	 is	applied	to	the	antecubital	 fossa	twice	daily	 for	7	days,	
and	observed	for	dermatitis.	The	absence	of	a	reaction	makes	
CD	 unlikely.	 If	 eyelid	 dermatitis	 is	 considered,	 ROAT	 can	 be	
carried	out	on	the	back	of	the	ear.

Additional	tests	used	less	frequently	in	the	diagnosis	of	CD	
include	 skin	biopsy	 to	differentiate	 from	other	diseases.	Prick	
or	intradermal	testing	may	be	helpful,	especially	in	the	evalua-
tion	of	contact	urticaria.	Contact	urticaria	can	also	be	evaluated	
with	an	‘open’	patch	test.	Potassium	hydroxide	preparation	for	
fungal	 hyphae	 or	 cultures	 may	 be	 needed	 to	 identify	 fungal	
disease.

Allergens of Particular Importance  
in Children
NICKEL

Nickel	is	a	more	common	cause	of	ACD	than	all	other	metals	
combined,	even	 in	children.	Of	391	children	aged	18	years	or	
less	who	were	patch	tested	by	the	NACDG,	28%	had	a	positive	
patch	 test	 to	 nickel,	 and	 26%	 were	 deemed	 to	 have	 a	 nickel	
allergy	 of	 either	 current	 or	 past	 relevance.94	 Nickel	 allergy	 is	
more	 common	 in	 adolescents,	 girls	 more	 than	 boys,	 and	 ear	
piercing	is	the	most	important	predisposing	factor.	The	preva-
lence	 of	 nickel	 allergy	 among	 children	 with	 pierced	 ears	 was	
13%	compared	to	1%	among	those	without.95	The	risk	of	sen-
sitization	 to	 nickel	 appears	 higher	 when	 earlobes	 are	 pierced	
before	the	age	of	20	years	(P	<	.05)96	and	is	increased	with	the	
number	of	piercings.97	Thus,	some	authors	recommend	that	ear	
piercing	 be	 delayed	 until	 after	 10	 years	 of	 age,	 presumably	 to	
allow	for	the	development	of	immune	tolerance.98

Nearly	 5	 million	 people	 in	 the	 USA	 and	 Canada	 undergo	
orthodontic	 treatment.	 In	 patients	 with	 contact	 allergy	 to	
orthodontics,	 nickel	 is	 the	 most	 common	 allergen.	 Nickel	 is	
commonly	used	in	orthodontics;	stainless	steel,	which	contains	
about	8%	nickel	 that	 is	not	normally	biologically	 available,	 is	
generally	 considered	 safe	 in	 nickel-allergic	 patients.	 Certain	
flexible	titanium-nickel	arch	wires	used	in	orthodontics	release	
increased	 amounts	 of	 nickel	 compared	 to	 stainless	 steel	 and	
may	need	to	be	avoided	in	patients	with	known	nickel	sensitiv-
ity.99	A	Finnish	study	of	adolescents	found	that	35%	of	the	girls	
who	had	their	ears	pierced	prior	to	orthodontic	treatment	were	
nickel	 allergic	 versus	 none	 of	 the	 girls	 who	 had	 orthodontic	
treatment	prior	to	ear	piercing.100	The	mechanism	responsible	
was	suggested	to	be	oral	tolerance.101	In	females,	nickel	sensitiv-
ity	 may	 increase	 the	 risk	 of	 developing	 hand	 eczema.102	 The	
presence	of	releasable	nickel	from	the	surface	of	any	object	can	
be	detected	using	the	dimethylglyoxime	spot	test;	a	pink	color	
indicates	the	presence	of	releasable	nickel.	Despite	some	studies	
suggesting	 benefit,103,104	 the	 evidence	 for	 dietary	 avoidance	 of	
nickel	is	not	strong	(quality	of	evidence	IV,	strength	of	recom-
mendation	C).91
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Special Considerations
PLANT DERMATITIS (PHYTODERMATOSES)

A	 number	 of	 plants	 can	 cause	 irritant	 reactions	 through	
mechanical	 or	 chemical	 injury.	 Most	 mechanical	 injury	 from	
plants	is	trivial,	although	inoculation	of	cactus	hairs	can	cause	
pruritus.	‘Itching	powder’	from	rose	hip	hairs	has	caused	macu-
lopapular,	and	sometimes	pustular,	eruptions	at	sites	of	contact.	
Chemical	 irritation	 caused	 by	 oxalate	 crystals	 results	 from	
contact	 with	 mustard,	 horseradish	 and	 capsaicinoids	 in	 chili	
peppers.	 Contact	 with	 stinging	 nettles	 injects	 a	 mixture	 of	
inflammatory	 mediators,	 including	 histamine,	 causing	 a	 hive,	
and	an	unidentified	neurotoxin	that	causes	localized	numbness	
and	tingling.

Plants	of	the	Toxicodendron	group,	including	poison	ivy	and	
poison	oak,	are	the	most	common	causes	of	allergic	plant	der-
matitis	in	children	in	the	USA.	Even	newborns	can	be	sensitized	
to	 the	 oleoresin	 (urushiol).	 The	 clinical	 reaction	 is	 typically	
vesicles	and	bullae,	often	with	a	characteristic	linear	appearance.	
Although	the	fluid	content	of	vesicles	is	not	antigenic,	the	oleo-
resin	can	be	transferred	by	handling	exposed	pet	dander,	cloth-
ing	or	sports	equipment.	Soap	and	water	inactivate	the	antigen.	
Urushiol	 is	 also	 found	 in	 cashew	 nut	 trees,	 Japanese	 lacquer,	
Ginkgo biloba	and	mango	skin,	and	the	ingestion	of	cashews	or	
contact	with	mango	skin	can	cause	a	similar	rash.	Rhus	patch	
testing	is	not	recommended	because	it	has	a	significant	sensitiz-
ing	capacity.

The	 Compositae	 family	 (Asteraceae),	 the	 second	 largest	
plant	family,	represents	approximately	10%	of	the	world’s	flow-
ering	 plants.	 ACD	 to	 Compositae	 may	 manifest	 as	 acute	 or	
chronic	dermatitis	of	exposed	sites.	Although	ACD	to	Composi-
tae	is	typically	seen	in	florists,	farmers	and	professional	garden-
ers,	 recent	 studies	 indicate	 that	 it	 may	 be	 more	 common	 in	
children	 than	 previously	 believed.	 Patch	 test	 reactions	 on	
screening	with	two	different	Compositae	mixes	detected	4.2%	
and	2.6%	positives	among	children	and	adolescents,	with	sig-
nificantly	 higher	 positive	 results	 in	 children	 with	 AD.116	 The	
dermatitis	has	an	airborne	contact	pattern	distribution	 in	 the	
exposed	areas	of	 the	hands	and	 face	with	symptoms	worse	 in	
late	spring	or	summer	and	worse	after	picking	daisies,	dandeli-
ons	or	playing	outdoors.	Belloni	Fortina	and	colleagues117	sug-
gested	adding	Compositae	mix	to	the	pediatric	screening	series	
when	investigating	dermatitis	of	air-exposed	areas	 in	children	
with	AD;	however,	this	carries	the	risk	of	false-positive	results	
or	 sensitization.	 Cross-reactivity	 between	 fragrance	 terpenes	
and	Compositae	plant	extracts	may	be	a	cause	of	false-positive	
patch	testing	to	Compositae.118	In	summary,	ACD	to	Composi-
tae	 should	be	suspected	 in	children	with	a	 family	or	personal	
history	 of	 atopy,	 summer-related	 or	 -exacerbated	 dermatitis	
and	a	history	of	plant	exposure.

Ambrosia	species,	which	include	ragweed,	can	cause	allergic	
plant	dermatitis	when	pollinating,	in	both	atopic	and	nonatopic	
individuals.	 Repeated	 contact	 with	 ornamental	 cut	 flowers,	
including	Alstroemeria	(the	lily	and	tulip	family	of	plants),	can	
result	in	an	ACD	that	presents	with	a	fissured	dermatitis	of	the	
fingertips.	 Plants	 that	 contain	 furocoumarins	 (psoralens),	
including	parsley,	parsnips	and	wild	carrots,	can	cause	photo-
toxic	reactions,	especially	in	summer	when	psoralens	are	most	
abundant	in	the	plants	where	children	are	playing.	These	reac-
tions	 occur	 when	 the	 skin,	 contaminated	 with	 psoralens,	 is	
exposed	to	ultraviolet	A	light.

DERMATITIS FROM TOPICAL MEDICATIONS

The	topical	application	of	anesthetics,	antihistamines,	antibiot-
ics	and	even	antiinflammatory	drugs	along	with	preservatives	
or	fragrances	has	been	implicated	in	sensitization	and	contact	
reactions.	Neomycin	and	topical	diphenhydramine	are	frequent	
and	 potent	 sensitizers	 in	 children.	 Contact	 allergy	 to	 topical	
corticosteroids	 can	 be	 difficult	 to	 diagnose119	 and	 should	 be	
suspected	in	patients	whose	dermatitis	worsens	with	the	appli-
cation	of	a	corticosteroid.	There	have	been	reports	of	contact	
allergy	in	the	nasal	mucosa	to	budesonide	nasal	spray	and	sto-
matitis	with	budesonide	for	oral	inhalation.120	Patch	testing	to	
some	corticosteroids	 is	 commercially	 available	but	because	of	
concurrent	antiinflammatory	action,	delayed	readings	beyond	
72	hours	have	to	be	done.	Corticosteroids	representative	of	dif-
ferent	structural	groups	A-D	with	cross-reactivity	based	on	two	
immune	recognition	sites	–	C	6/9	and	C16/17	substitutions	–	
are	typically	used	in	patch	testing121	(Box	53-1).	Cross-reactivity	
within	 a	 group	 is	 higher	 than	 between	 agents	 in	 different	
groups.	The	currently	available	T.R.U.E.	TEST®	contains	 tixo-
cortol	(Class	A),	budesonide	(Class	B)	and	hydrocortisone-17-
butyrate	(Class	D2).

CONTACT DERMATITIS TO COSMETICS

An	 average	 adult	 applies	 12	 personal	 hygiene	 products	 daily	
and,	 in	 the	 course	 of	 using	 these	 products,	 is	 exposed	 to	 168	
discrete	 chemicals.	 Children,	 especially	 adolescents,	 may	 be	
exposed	 to	 similar	 numbers.	 Exposure	 to	 multiple	 potential	
allergens	occurs	repeatedly	with	the	use	of	cosmetics	and	it	 is	
not	 unusual	 for	 these	 products	 to	 manifest	 as	 contact	 allergy	
distant	 from	 the	 sites	 of	 application	 (termed	 ectopic contact 
dermatitis).

Fragrance	is	the	most	common	causes	of	ACD	from	cosmet-
ics	in	the	USA.	Fragrances	can	be	found	in	cosmetics,	personal	
hygiene	products,	diapers	and	even	scented	toys,	either	overtly	
to	add	an	appealing	scent	or	to	mask	unpleasant	odors.

The	term	unscented	can	erroneously	suggest	that	a	product	
does	not	contain	fragrance	when,	in	fact,	a	masking	fragrance	
can	 be	 present.	 Fragrance-free	 products	 are	 typically	 free	 of	
classic	 fragrance	 ingredients	 and	 generally	 acceptable	 for	 the	
allergic	patient.	However,	 if	 a	 fragrance-based	chemical	 (such	
as	the	preservative	benzyl	alcohol)	is	added	for	a	purpose	other	
than	to	act	as	a	fragrance,	the	product	can	still	claim	that	it	is	
fragrance	free.	The	addition	of	botanical	and	natural	chemicals	
can	also	alter	the	smell	of	the	product.	The	fragrance	mix	that	
is	popularly	used	for	patch	testing	contains	eight	different	fra-
grances	 and	 together	 with	 BOP	 will	 diagnose	 approximately	
60-70%	 of	 fragrance-allergic	 individuals.	 Fragrance	 Mix	 II	 is	
one	 of	 the	 top	 10	 most	 frequently	 positive	 allergens	 of	 the	
NACD	2009–2010	patch	test	but	is	not	included	in	the	current	
T.R.U.E.	TEST®	and	may	therefore	be	missed.

Preservatives,	present	in	most	aqueous-based	cosmetics	and	
personal	 hygiene	 products	 to	 prevent	 rancidity,	 are	 grouped	
into	 two	 broad	 categories:	 formaldehyde	 releasers	 and	 non-
formaldehyde	releasers	(Table	53-6).	Individuals	who	are	aller-
gic	 to	 formaldehyde	 cannot	 use	 any	 of	 the	 formaldehyde	
releasers.	Paraben	 is	 the	most	 commonly	used	preservative	 in	
cosmetic,	pharmaceutical	and	industrial	products	because	of	its	
broad	spectrum	of	activity	against	yeasts,	molds	and	bacteria.

Excipients,	including	propylene	glycol,	ethylenediamine	and	
lanolin,	serve	to	solubilize,	sequester,	thicken,	foam	or	lubricate	
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CONTACT DERMATITIS IN ATHLETES

The	skin	of	athletes	is	exposed	to	repeated	trauma,	heat,	mois-
ture	and	numerous	allergens	and	chemicals	and	is	predisposed	
to	 ICD	 or	 ACD.	 Early	 recognition	 can	 facilitate	 appropriate	
therapy	and	prevention.125

In	 swimmers,	 chemicals	 such	 as	 chlorine	 used	 to	 disinfect	
swimming	pools	can	cause	both	ICD	and	ACD.	The	dermatitis	
may	 spare	 the	 area	 under	 the	 swimwear.	 However,	 swimwear	
and	 equipment	 including	 goggles,	 nose	 plugs,	 nose	 clips,	 ear	
plugs,	fins	and	swim	caps	may	also	cause	CD.	Although	ACD	
from	swimming	goggles	usually	presents	with	well-demarcated,	
bilateral	periorbital	edema	and	erythema	with	varying	degrees	
of	 pruritus,	 exudate	 and	 scaling,	 conjunctival	 injection	 and	
hypopigmentation	 have	 been	 reported.126,127	 Patch	 testing	 to	
rubber	products	should	ideally	include	a	piece	of	material	taken	
from	the	suspected	goggles.	Allergens	include	rubber	and	chem-
icals	 used	 in	 manufacturing	 (neoprene,	 benzoyl	 peroxide,	
phenol-formaldehyde	resin,	thioureas	and	antioxidants).

‘Jogger’s	nipples’	are	painful,	erythematous	and	crusted	ero-
sions	representing	an	ICD	caused	by	friction	from	the	running	
shirt.128	Other	skin	and	nail	problems	are	associated	with	ICD	
and	ACD	from	shoes,	 shirts	and	topical	medications.	Contact	
allergens	include	components	of	rubber,	 leather,	glues	or	dyes	
used	 in	 the	 manufacture	 of	 running	 shoes.	 Sweat	 helps	 leach	
out	 the	 chemicals	 from	 the	 shoes.	 Rubber	 insoles	 containing	
mercaptobenzothiazole	and	dibenzothiazyl	disulfide	have	been	
reported	 to	 cause	 recurrent	 eczematous	 eruptions	 of	 the	 feet,	
which	 can	 be	 prevented	 by	 switching	 to	 new	 insoles	 made	 of	
materials	 such	 as	 polyurethane.129	 In	 a	 large	 case	 series	 of	
student	athletes,	benzocaine	and	lanolin	(found	in	topical	anes-
thetics	and	massage	creams)	were	the	most	prevalent	allergens	
responsible	for	CD	in	runners.130

CD	in	soccer	or	football	players	is	usually	caused	by	equip-
ment	or	chemicals	used	on	the	field.	‘Cement	burns’	presenting	
as	erythematous,	edematous	plaques,	bullae	and	erosions	on	the	
upper	inner	thighs	are	due	to	the	lime	component	used	in	field	
markings.	The	characteristic	rash,	a	history	of	exposure	to	wet	
field	lines,	and	worsening	of	symptoms	after	taking	a	hot	shower	
point	to	the	diagnosis.	Treatment	includes	removing	contami-
nated	 clothing,	 cleaning	 the	 areas	 with	 water	 and	 applying	
topical	antibiotics	or	petroleum	jelly.

Like	runners,	soccer	players	may	develop	ACD	from	topical	
anesthetic	creams,	epoxy	resins,	nickel	in	certain	athletic	shoes	
and	 tincture	 of	 benzoin	 used	 in	 conjunction	 with	 athletic	
tape.125

Urea-formaldehyde	 resin	 in	 shin	 pads	 has	 caused	 ACD	 in	
soccer	players.

Ball	handling	in	baseball	and	basketball	can	cause	both	ICD	
and	 ACD.	 ‘Basketball	 pebble	 fingers’,	 manifesting	 as	 small		
petechiae	and	abrasions	on	a	shiny	denuded	surface	of	the	fin-
gertips	and	pads,	is	an	ICD	resulting	from	mechanical	irritation	
from	 the	 ball’s	 pebbled	 surface.	 An	 eczematous	 rash	 on	 both	
palms,	the	palmar	fingertips	and	base	of	the	thumbs	may	be	due	
to	 rubber	allergy.131	Protective	knee	padding	and	adhesives	 in	
athletic	 tape	 contain	 rubber	 accelerators	 and	 formaldehyde	
resins.

Tennis	 players	 can	 develop	 ICD	 due	 to	 friction	 of	 the		
medial	 thighs.	 This	 manifests	 as	 erythematous	 eruptions		
over	 the	 opposing	 areas.	 ACD	 can	 be	 caused	 by	 isophorone	
diamine	 and	 epoxy	 resin	 used	 in	 the	 manufacture	 of	 tennis	
rackets,	 neoprene	 splints	 for	 tennis	 elbow,	 squash	 balls	 with	

the	active	component	in	a	product.	They	can	cause	ACD	or,	in	
higher	concentrations,	can	act	as	irritants.	Lanolin	is	a	common	
component	of	consumer	products	whose	composition	has	not	
been	 fully	 characterized.	 Medicaments	 containing	 lanolin	 are	
more	sensitizing	than	lanolin-containing	cosmetics.	Lanolin	is	
a	weak	sensitizer	when	applied	on	normal	skin	but	a	stronger	
sensitizer	on	damaged	skin.

Hair	products	are	second	only	to	skin	care	products	as	the	
most	common	cause	of	cosmetic	allergy.	Allergy	to	routine	hair	
care	products	is	usually	due	to	fragrance	and	cocoamidopropyl	
betaine,	 an	 amphoteric	 surfactant	 often	 found	 in	 shampoos,	
bath	products,	eye	and	facial	cleaners,	roll-on	deodorants	and	
other	skin	and	hair	care	products.	Cocoamidopropyl	betaine	is	
less	irritating	(e.g.	baby	shampoo)	than	the	older	polar	surfac-
tants	such	as	sodium	lauryl	sulfate,122	but	is	more	allergenic.

New	 trends	 in	 permanent	 and	 temporary	 tattoos	 have	
emerged	 in	our	adolescent	population.	Black	henna	mixtures,	
containing	 indigo,	henna	and	PPD	and/or	diaminotoluens,	 to	
temporarily	paint	the	skin	are	used	in	some	cultures,	primarily	
before	 major	 events.	 There	 is	 increasing	 use	 of	 PPD	 to	 give	
henna	(auburn	to	red	color)	a	darker	shade	of	brown	to	black	
for	body	painting,	and	the	need	for	a	policy	for	use	in	children	
has	been	suggested.123	Adolescents	working	in	hair	salons	may	
be	exposed	to	PPD,	the	most	common	allergen	affecting	hair-
dressers.	A	number	of	 chemicals	may	cross-react	with	PPD124	
such	 as	 PABA	 in	 sunscreens,	 sulfonamides,	 p-aminosalicylic	
acid,	benzocaine	and	related	‘caines’	anaesthetics,	azo	dyes	and	
black	rubber	mix.

Glycerol	 thioglycolate,	 the	 active	 ingredient	 in	 permanent	
wave	solutions,	is	a	more	common	cause	of	occupational	ACD	
in	hairdressers	than	consumers.	Unlike	PPD,	thioglycolates	may	
remain	allergenic	in	the	hair	long	after	it	has	been	rinsed	out,	
thus	 allergic	 individuals	 may	 continue	 to	 have	 skin	 eruptions	
weeks	 after	 application	 of	 the	 perm,	 and	 allergic	 hairdressers	
may	be	unable	to	cut	permanent	waved	hair.

Nail	cosmetics	have	become	increasingly	popular	and	fash-
ionable	and	ACD	to	acrylics	can	present	locally	at	the	distal	digit	
or	ectopically	on	the	eyelids	and	face.	The	currently	marketed	
products	 contain	 various	 methacrylate	 ester	 monomers,	
dimethacrylates	and	trimethacrylates	as	well	as	cyanoacrylate-
based	glues.

Sunscreens	are	frequently	present	in	cosmetics	such	as	mois-
turizers,	lip	preparations	and	foundations.	As	a	group	they	are	
the	most	common	cause	of	photoallergic	CD.	Chemical-free	sun	
blocks	 use	 physical	 blocking	 agents	 instead	 of	 photoactive	
chemicals	and	include	titanium	dioxide	and	zinc	oxide,	which	
are	rarely	sensitizers.

Formaldehyde Releaser Nonformaldehyde Releaser

Quaternium 15 MCI/MI
Diazolidinyl urea Parabens
Imidazolidinyl urea Chloroxylenol
Bromonitropropane
DMDM hydantoin

Iodopropynyl butylcarbamate
Benzalkonium chloride
Thimerosal

Note: Paraben, quaternium-15 and formaldehyde preservatives are 
frequently combined and cosensitize.

TABLE 
53-6 Cosmetic Preservatives
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and	may	be	especially	valuable	in	treating	facial	or	eyelid	der-
matitis,	 although	use	 in	CD	would	be	off-label	 at	 the	present	
time.

Antihistamines	may	offer	some	benefit	 in	contact	urticaria	
and	 some	relief	 from	pruritus.	Oral	diphenhydramine	 should	
not	 be	 used	 in	 patients	 with	 ACD	 to	 diphenhydramine	 in	 a	
calamine	 base	 (Caladryl®)	 or	 hydroxyzine	 hydrochloride	
(Atarax®)	 in	 ethylenediamine-sensitive	 patients.	 Other	 treat-
ments	 include	 ultraviolet	 light	 as	 well	 as	 immunomodulating	
agents	such	as	methotrexate,	azathioprine	and	mycophenolate	
mofetil.

Mechanical	 barriers	 such	 as	 protective	 gloves	 and	 clothing	
and	barrier	creams	are	helpful	in	some	cases.	For	nickel-allergic	
patients,	barriers	such	as	gloves,	covers	 for	metal	buttons	and	
identification	 of	 nickel	 by	 the	 dimethylglyoxime	 test	 can	 be	
prescribed	but	results	can	be	disappointing.136

Frequency	of	diaper	changes	using	improved	product	design	
features,	such	as	superabsorbent	disposable	diapers,	is	believed	
to	 explain	 the	 decline	 in	 diaper	 dermatitis	 among	 infants.140	
Low-potency	corticosteroids	and	barrier	ointments	or	creams	
can	be	used	for	a	limited	period	of	time.141	A	topical	antifungal	
agent	 should	 be	 used	 in	 secondary	 C. albicans	 infection.	 A	
gentle	 cleansing	 routine,	 frequent	 diaper	 changes	 and	 a	 thick	
barrier	cream	help	control	this	condition.142

Patient	 education	 regarding	 the	 nature	 of	 the	 dermatitis,	
triggering	agents	and	irritant	factors	plus	instruction	for	avoid-
ance	 and	 appropriate	 substitutes	 will	 not	 only	 aid	 in	 clearing	
the	 dermatitis	 but	 also	 prevent	 or	 minimize	 recurrences.	 At	
present,	hyposensitization	of	patients	with	ACD	is	not	a	viable	
therapy.143

Conclusions
Contact	dermatitis	includes	irritant	and	allergic	forms	and	can	
affect	patients	of	 any	age.	 Identification	and	avoidance	of	 the	
allergen	is	key	to	the	successful	treatment	of	ACD.	Patch	testing	
remains	 the	gold	standard	 for	diagnosis	of	ACD	even	 in	chil-
dren,	 and	 negative	 results	 in	 the	 face	 of	 a	 convincing	 clinical	
presentation	 should	prompt	 further	 evaluation	by	a	 specialist	
in	CD.	A	limited	number	of	interventions	effectively	prevent	or	
treat	 ICD	 and	 ACD,	 but	 well-controlled,	 outcome-blinded	
studies,	particularly	in	the	area	of	ACD	prevention,	are	needed.144	
New	insights	into	the	immune	mechanisms	involved	may	lead	
to	better	treatment	strategies,	including	induction	of	tolerance,	
especially	with	difficult-to-avoid	allergens.145

Helpful Websites
American	Contact	Dermatitis	Society	website	includes	‘Find	

a	Physician’	for	patch	testing	(www.contactderm.org)
The	 American	 Academy	 of	 Dermatology	 website	 (www	

.aad.org)
T.R.U.E.	TEST®	website	(www.truetest.com)

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

N-isopropyl-N′-phenylparaphenylenediamine,	 rubber	 and	
anesthetic	sprays	with	ethyl	chloride.

Fiberglass	 in	 hockey	 sticks,	 epoxy	 resin	 adhesives	 in	 a	 face	
mask	and	dyes	used	in	the	manufacture	of	hockey	gloves	have	
caused	ACD.132	Weightlifters	have	developed	ACD	to	the	nickel	
and	 palladium	 in	 weights	 or	 bars133	 and	 the	 chalk	 used	 to	
achieve	a	better	grip.134

In	summary,	the	young	athlete	is	constantly	exposed	to	aller-
gens	 in	 clothing,	 equipment,	 environment	 and	 medications.	
The	unique	presentation	of	 the	rash,	a	careful	sports-directed	
history	and	allergen-directed	patch	testing	enhances	the	ability	
to	diagnose	and	care	for	the	young	athlete	with	dermatitis.

Treatment and Prevention
Identification	of	 the	allergen	to	 improve	avoidance	of	contact	
to	the	allergen	and	education	of	patients	and/or	families	is	the	
mainstay	of	treatment	for	ACD.	All	other	measures	are	palliative	
and	 temporary.	 Compliance	 with	 allergen	 avoidance	 is	 fre-
quently	difficult.	Once	the	offending	agent	is	identified,	patients	
and/or	caregivers	must	be	educated	regarding	the	nature	of	the	
dermatitis,	triggering	agents	and	irritant	factors.	A	list	of	poten-
tial	 exposure	 alternatives	 and	 substitutes	 should	 be	 offered		
to	 the	 patient	 to	 increase	 compliance	 (see	 textbooks	 such		
as	 Fisher’s	 Contact Dermatitis135	 or	 Marks	 et	 al’s	 Contact and 
Occupational Dermatitis).136	 There	 are	 two	 US	 databases	 of	
products	free	of	allergens	the	patient	is	allergic	to:	the	Contact	
Allergen	 Management	 Program	 (CAMP)	 of	 the	 American	
Contact	 Dermatitis	 Society	 (www.contactderm.org)	 and	 the	
Contact	Allergen	Replacement	Database	(CARD)	of	the	Mayo	
Clinic	(www.AllergyFreeSkin.com).

Topical	corticosteroids	are	the	first-line	treatment	for	ACD	
and	are	most	effective	when	treating	localized	dermatitis.	Low-
potency	corticosteroids	are	recommended	for	the	thinner	skin	
of	the	face	and	flexural	areas,	and	high-potency	corticosteroids	
are	 indicated	 for	 thickened,	 lichenified	 lesions.	Ointments	are	
generally	more	potent,	more	occlusive	and	contain	fewer	sensi-
tizing	 preservatives	 than	 creams	 and	 lotions.	 Patients	 with		
sensitivity	to	preservatives	can	use	preservative-free	corticoste-
roids	such	as	fluocinolone	(Synalar®)	ointment,	triamcinolone	
(Aristocort®)	 ointment	 or	 betamethasone	 dipropionate	
(Diprosone®)	ointment.	Of	note,	high-potency	corticosteroids	
should	not	be	used	for	diaper	dermatitis,	yet	the	results	of	one	
survey	 revealed	 that	 a	 combination	 antifungal-corticosteroid	
product	 containing	 betamethasone	 dipropionate	 was	 used	 in	
6%	of	encounters.137

Cool	compresses	with	aluminum	subacetate	(Burrow’s	solu-
tion),	 calamine	 or	 colloidal	 oatmeal	 may	 help	 acute,	 oozing	
lesions.	 Excessive	 handwashing	 should	 be	 discouraged	 in	
patients	with	hand	dermatitis,	and	nonirritating	or	sensitizing	
moisturizers	must	be	used	after	washing.	Soaps	and	nonalkaline	
cleansers	should	be	avoided.

For	 extensive	 and	 severe	 CD,	 systemic	 corticosteroids	 may	
offer	relief	within	12	to	24	hours.

Topical	 calcineurin	 inhibitors,	 approved	 for	 children		
with	AD,	have	been	used	 in	both	animal	models	and	patients	
with	 ACD.138,139	 These	 agents	 do	 not	 induce	 skin	 atrophy	

http://www.contactderm.org
http://www.AllergyFreeSkin.com
http://www.contactderm.org
http://www.aad.org
http://www.aad.org
http://www.truetest.com
http://www.expertconsult.inkling.com
http://www.expertconsult.inkling.com
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KEY POINTS

• The hallmark of allergic conjunctivitis is itching. Bacterial 
and viral conjunctivitis do not commonly present with 
pruritus.

• Bacterial and viral conjunctivitis generally have a self-
limited course ranging from 5 to 14 days. Signs and 
symptoms of acute allergic conjunctivitis wax and wane 
of over longer periods of time coinciding with the circu-
lating allergen (e.g. seasonal pollens).

• Chronic conjunctival vascular injection, ‘red or pink eye’, 
may occur in children with dry eye disease related to 
intense viewing of cell phones and other electronic 
devices.

• Disorders of the tear film as in meibomian gland disease 
(MGD) can result in chronic blepharoconjunctivitis.

• Topical steroids should be used with caution in treating 
conjunctivitis in children because they may raise the 
intraocular pressure (glaucoma) or exacerbate a herpes 
simplex virus (HSV) keratoconjunctivitis.

• Some systemic antihistamines may produce dry eye 
symptoms that confound the diagnosis of allergic 
conjunctivitis.

Allergic disease affects as many as 25% of the pediatric popula-
tion. The direct costs of upper airway allergies are approxi-
mately $5.9 billion, with children < 12 years accounting for 38% 
($2.3 billion) of the total.1 In a study of 5,000 allergic children, 
ocular allergy was reported in 32% as the single manifestation 
of their allergies.2 In the USA ocular allergy symptoms have 
doubled over the past 25 years with up to 40% of the population 
reporting ocular symptoms in the NHANES study,3 coinciding 
with the international market growth in the treatment of ante-
rior ocular inflammatory disorders with anti-allergics occupy-
ing 25% of the market.4 This chapter provides an overview of 
pediatric ‘red eye’ eye disease and a focus on the approach to 
proper diagnosis and management of allergic disorders.

Eye Anatomy, Histology and  
Immune Function
The eye is a common target of local and systemic inflammatory 
disorders that impact on the patient’s quality of life, due to its 
considerable vascularization and vessel sensitivity, and the 
potential for visual loss. Anterior ocular inflammatory disorder 

can pose a formidable diagnostic challenge to clinicians, and 
thus a solid understanding of the eye’s anatomy, histology and 
immune function is essential.

The eye is essentially constructed of two immunologically 
active portions (Figure 54-1):

1. Anteriorly the eyelids, conjunctiva (palpebral and bulbar) 
and tear fluid layer provide the primary barrier against 
environmental aeroallergens, chemicals and infectious 
agents and are contiguous with the collagenous sclera, 
involved in autoimmune disorders.

2. Internally the highly vascular uvea is involved in immune 
complexes and cell-mediated systemic inflammatory dis-
orders and is contiguous with the retina, which is an 
extension of the central nervous system.

Immunologic hypersensitivity reactions involving the eye 
incorporate the spectrum of the classic Gell and Coombs clas-
sification5 (Table 54-1).

EYELIDS

The eyelids are the first line of defense for the eye as they 
provide a mechanical barrier that maintains moisture and 
cleanses the anterior ocular surface. However, the palpebral skin 
is extremely thin compared to the dermis elsewhere (0.55 mm 
thick compared to the 2 mm integument of the face), and is also 
commonly involved in fluid retention, such as in periorbital 
edema and anasarca.

CONJUNCTIVA

The conjunctiva is an active immunologic tissue as it consists of 
a thin mucous membrane that extends from the eyelid margin to 
the limbus of the eye. It is divided into: (1) the palpebral conjunc-
tiva lining the inner surface of the eyelids; (2) the bulbar con-
junctiva covering the sclera; and (3) the fornix or conjunctival 
sac at the junction between the bulbar and palpebral conjunctiva. 
The conjunctiva consists of two distinct histologic layers: the 
epithelium composed of two to five layers of stratified columnar 
cells, with interspspersed mucin producing goblet cells and the 
substantia propria composed of connective tissue.

Inflammatory cells such as mast cells, eosinophils and  
basophils normally do not reside in the ocular epithelium. In 
the substantia propria, mast cells (~6,000/mm3) are present, 
predominantly (> 95%) of connective tissue type (MCTC).6–8 
However, in the more chronic forms of allergic conjunctivitis, 
an increase in mucosal type mast cells (MCT) can be found in 
the epithelial layer.7 Epithelial cells have also been found to have 
an extensive proinflammatory capability in the production of 
various cytokines, such as tumor necrosis factor alpha (TNF-α), 
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TEAR FILM

The conjunctival surface is bathed in a thin layer of tear film 
that appears approximately 2 to 4 weeks after birth. A recent 
model of tear film structure describes an aqueous layer with a 
gradient of mucin that decreases from the ocular surface to the 
overlying lipid layer.9 Goblet cells distributed along the con-
junctival surface produce this mucin, which decreases the 
surface tension of the tear film, thus maintaining a moist hydro-
phobic corneal surface. The outermost lipid component of the 
tear film decreases the evaporation rate of the aqueous tears. 
The aqueous portion of the tear film contains a variety of 
solutes, including electrolytes, carbohydrates, ureas, amino 
acids, lipids, enzymes and tear-specific prealbumin, and immu-
nologically active proteins, including immunoglobulin A (IgA), 
IgG, IgM, IgE, tryptase, histamine, lysozyme, lactoferrin, ceru-
loplasmin, vitronectin and cytokines.

UVEAL TRACT

The uveal tract comprises the iris, ciliary body and choroid, 
each of which possesses a rich vascular architecture and pigment. 
The pigment acts as a filtering system. The ciliary body is 
involved in the production of aqueous humor and is a common 
site for the deposition of immune complexes. In addition, dis-
turbances in the production or outflow of aqueous humor may 
lead to increased intraocular pressure (IOP; i.e. glaucoma). 
There are congenital forms of glaucoma that are not specifically 
associated with immunologic disorders but must be considered 
in the differential diagnosis of pediatric conjunctivitis (‘pink 
eye’ or ‘red eye’).

Differential Diagnosis
The differential diagnosis of the pediatric red eye can be broadly 
divided into four categories: allergic, infectious, immunologic 
and nonspecific (Figure 54-2). Each category possesses distinct 
signs and symptoms.10 These indicators are summarized in 
Table 54-2 and can be used as a guide to delineate pediatric  
red eye.

Figure 54-1  Sagittal cross-sectional view of the human eye revealing 
the parts commonly involved in immunologic reactions: eyelids (blepha-
ritis and dermatitis); conjunctiva (conjunctivitis); cornea (keratitis); sclera 
(episcleritis and scleritis); optic nerve (neuritis); iris (iritis); vitreous (vitre-
itis); choroid (choroiditis); and retina (retinitis). The last four parts con-
stitute the inner portion of the eye (the uveal tract) and are classified as 
forms of uveitis. 

Retina

Choroid

Optic
nerve

Vitreous cavity

Conjunctiva

Anterior
chamber
Cornea

Iris

Lens

Ciliary body

Sclera
Fornix

Limbus

Category
Recognition 
Component Soluble Mediators Time Course Cellular Response Clinical Example

IgE/mast cell IgE Leukotrienes
Arachidonates
Histamine

Seconds
Minutes

Eosinophils
Neutrophils
Basophils

Allergic conjunctivitis
Anaphylaxis
Vernal keratoconjunctivitis

Cytotoxic antibody IgG
IgM

Complement Hours
Days

Neutrophils
Macrophages

Mooren’s ulcer
Pemphigus
Pemphigoid

Immune complex IgG
IgM

Complement Hours
Days

Neutrophils
Eosinophils
Lymphocytes

Serum sickness uveitis
Corneal immune rings
Lens-induced uveitis
Behçet’s syndrome
Kawasaki’s disease
Vasculitis

Delayed hypersensitivity Lymphocytes
Monocytes

Lymphokines
Monokines

Days
Weeks

Lymphocytes
Monocytes
Eosinophils
Basophils

Corneal allograft rejection
Sympathetic ophthalmia
Sarcoid-induced uveitis

TABLE 

54-1 Categories of Pediatric Ocular Inflammation

interleukin (IL)-6 and IL-10 as well as various adhesion mol-
ecules, such as intracellular adhesion molecules (ICAM-1).

Various mononuclear cells, including Langerhans cells, CD3+ 
lymphocytes and CD4+/CD8+ lymphocytes, are also an active 
component of the anterior surface immune response and are 
primarily found in the epithelial layer. Langerhans cells, which 
serve as antigen-presenting cells in the skin, have a similar role 
in the eye.6 The primary lymphoid organ for intraocular reac-
tions is the spleen. Although lymphatics do drain from the 
lateral conjunctiva to the preauricular nodes (e.g. parotid node) 
just anterior to the tragus of the ear, the nasal conjunctival 
lymphatics drain to the submandibular nodes. It is generally 
believed that activated conjunctival lymphocytes travel first to 
these regional lymph nodes, then to the spleen, and ultimately 
back to the conjunctiva.
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Figure 54-2  The differential diagnosis of pediatric  ‘red eye’  includes infectious agents (e.g. chlamydial disease, adenovirus), allergic conditions 
(e.g. SAC, PAC, GPC, VKC), immunologic disorders (e.g. Kawasaki’s disease, uveitis, ataxia-telangiectasia) and nonspecific causes (e.g. foreign body, 
chemical irritation, nasolacrimal obstruction). 
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Acute
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Chronic
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keratoconjunctivitis

Giant papillary
conjunctivitis

Infectious
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Extraocular
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• Ataxia-telangiectasia
• AIDS

Nonspecific

Nasolacrimal
obstruction

Foreign body/
corneal abrasion

Chemical
irritation

Congenital
glaucoma

History
A detailed and accurate history is the most important element 
in distinguishing allergic from nonallergic causes of pediatric 
conjunctivitis. When evaluating a newborn, a full prenatal 
history, including developmental delays and maternal infec-
tions (e.g. HSV, Chlamydia or human immunodeficiency virus 
[HIV]), needs to be obtained. Ocular trauma from forceps or 
vacuum delivery has been known to occur. In addition, ocular 
medications such as silver nitrate and erythromycin given at 
childbirth may cause chemical irritation. In the older child, 
recent exposure to individuals with conjunctivitis or upper 
respiratory tract infection, either within the family or at school, 
may suggest exposure to adenovirus infection in an endemic 
area. The conjunctivitis-otitis media syndrome, occurring fre-
quently in preschool children, is usually caused by nontypable 
Haemophilus influenzae or Streptococcus pneumoniae.11,12 Family 
history is particularly important when inherited disorders are 
suspected. Accidental trauma resulting in corneal abrasions or 
ocular foreign bodies may also occur, especially in the curious 
and mobile toddler. Yet, while accidents occur frequently, child 
abuse must also be considered; in these circumstances a thor-
ough social history is merited. In teenagers, a sexual history may 
suggest a chlamydial or neisserial infection. Patient use and 
abuse of over-the-counter topical medications (e.g. vasocon-
strictors, artificial tears, cosmetics or contact lens wear) has the 
potential to produce inflammation (conjunctivitis medicamen-
tosa or toxic keratopathy). As with all allergies, environmental 
factors and time of onset must be addressed, including seasonal 
variation and exposure to tobacco smoke, cleaning supplies, 
pets, air-conditioning, carpets and other sources of irritants.

Many of the signs and symptoms of allergic conjunctivitis 
are nonspecific as they involve the four classical signs of inflam-
mation (calor, dolor, rubor and tumor), originally recorded by 
the Roman encyclopedist Celsus in the 1st century AD, and 

include heat, pain, redness, swelling, tearing, irritation, stinging, 
burning and photophobia. The hallmark of allergic conjuncti-
vitis is itching. Pruritus can be mild or prominent and may last 
from hours to days. A stringy or ropy discharge is also charac-
teristic of a persistent ocular allergy, and may range from serous 
to purulent. While a purulent discharge may be present, 
morning crusting and difficulty opening the lids are more char-
acteristic of bacterial causes, especially Gram-negative organ-
isms (e.g. Neisseria and Haemophilus). Environmental allergens 
affect both eyes at once, although a unilateral reaction may 
result if one eye is inoculated with animal hair or dander. Ocular 
pain is not typically associated with allergic conjunctivitis and 
suggests an extraocular process such as a corneal abrasion, scle-
ritis or foreign body, or an intraocular process such as uveitis.

Eye Examination
The eye should be carefully examined for evidence of eyelid 
involvement such as blepharitis, dermatitis, swelling, discolor-
ation, ptosis or blepharospasm (Table 54-3). Conjunctival 
involvement may present with chemosis, hyperemia, cicatriza-
tion or formation of papillae on the palpebral and bulbar mem-
branes. The presence of increased or abnormal secretions 
should also be noted. A fundoscopic examination should be 
performed to detect such conditions as uveitis (often associated 
with autoimmune disorders) and cataracts (associated with 
atopic disorders and chronic steroid use).

The examination starts with an inspection of the face and 
area surrounding the eye. A horizontal skin crease on the nose 
(nasal salute) suggests a history of allergic rhinitis. Allergic 
shiners are ecchymotic-looking areas beneath the eyes thought 
to result from impaired venous return from the subcutaneous 
tissues (Figure 54-3). Angioedema commonly involves the con-
junctiva, but it more commonly affects the periorbital space and 
is more prominent around the lower lids secondary to gravity. 
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Figure 54-3  Patient with periorbital swelling. 

Figure 54-4  Conjunctival edema or chemosis with milky appearance 
obscuring conjunctival vessels in an acute allergic reaction. 

Disorder Description

Blepharitis Inflammation of the eyelids; sometimes 
associated with the loss of eyelashes 
(madarosis)

Chalazion A chronic, granulomatous inflammation of the 
meibomian gland

Chemosis Edema of the conjunctiva due to transudate 
leaking through fenestrated conjunctival 
capillaries

Epiphora Excessive tearing; may be due to increased tear 
production or more commonly congenital 
obstruction of the nasolacrimal drainage 
system. This may occur in as many as 20% of 
infants, but resolves spontaneously in most 
cases before 1 year of age.13 Children with 
chronic sinusitis and/or rhinitis may have 
intermittent nasolacrimal duct obstruction since 
the distal nasolacrimal duct drains below the 
inferior meatus. Congenital glaucoma may also 
present with epiphora but has other 
characteristic findings (e.g. corneal 
enlargement, photophobia and eventually 
corneal edema presenting as a corneal haze) 
usually within the first year of life*

Hordeolum Synonymous with a stye
Keratitis Inflammation and infection of the corneal 

surface, stroma and endothelium, with 
numerous causes

Leukocoria A white pupil; seen in patients with Chédiak-
Higashi syndrome (a neutrophil defect), 
retinoblastoma, cataracts and retrolental 
fibroplasia

Papillae Large, hard, polygonal, flat-topped excrescences 
of the conjunctiva seen in many inflammatory 
and allergic ocular conditions

Phlyctenule The formation of a small, gray, circumscribed 
lesion at the corneal limbus that has been 
associated with staphylococcal sensitivity, 
tuberculosis and malnutrition

Proptosis Forward protrusion of the eye or eyes
Ptosis Drooping of the eyelid, which may have 

neurogenic, muscular or congenital causes. 
Conditions specific to the eyelid that may 
cause a ptotic lid include chalazia, tumors and 
preseptal cellulitis

Scleritis Inflammation of the tunic that surrounds the 
ocular globe. Episcleritis presents as a red, 
somewhat painful eye in which the 
inflammatory reaction is located below the 
conjunctiva and only over the globe of the 
eye. The presence of scleritis should prompt a 
search for other systemic immune-mediated 
disorders

Trichiasis In-turned eyelashes; usually results from the 
softening of the tarsal plate within the eyelid

Trantas’ dots Pale, grayish-red, uneven nodules made up of 
eosinophils with a gelatinous composition seen 
at the limbal conjunctiva in vernal conjunctivitis

*Data from Seidman DJ, Nelson LB, Calhoun JH, et al. Pediatrics 
1986;77:399–404.

TABLE 

54-3 Ocular Clinical Signs

Eyelid or nasal vesicular eruptions are often seen in ophthalmic 
zoster, but can also reflect recurrent bacterial infection-
associated staphylococcal blepharoconjunctivitis due to con-
stant rubbing of the eyelids. Scratches and scars on the face or 
eyelid suggest ocular injury. In addition, palpation of the sinuses 
and the preauricular and cervical chain lymph nodes is of diag-
nostic importance.

Next, the conjunctiva should be thoroughly inspected.  
The bulbar conjunctiva examination is performed by looking 
directly at the eye and asking the patient to look up and then 
down, while gently retracting the opposite lid. Examine the 
palpebral (tarsal) conjunctiva by grasping the upper lid at its 
base with a cotton swab on the superior portion of the lid while 
gently pulling the lid out and up as the patient looks down. To 
return the lid to its normal position, have the patient look up. 
The lower tarsal conjunctiva is examined by placing a finger 
near the lid margins, everting the lower eyelid and drawing 
downward. A ‘milky’ appearance of the conjunctiva is char-
acteristic of allergy and is the result of the obscuring of  
blood vessels by conjunctival edema (Figure 54-4). In contrast, 
a velvety, beefy-red conjunctiva with purulent discharge sug-
gests a viral or bacterial etiology, while follicular or papillary 
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the light, then there is a high index of suspicion for increased 
IOP (i.e. glaucoma).

Allergic Disorders
Conjunctivitis caused by IgE-mast cell-mediated reactions is 
the most common hypersensitivity response of the eye. Direct 
exposure of the ocular mucosal surface to the environment 
stimulates these mast cells, clinically producing the acute- and 
late-phase signs and symptoms of allergic conjunctivitis.14,15 In 
addition, the conjunctiva is infiltrated with inflammatory  
cells such as neutrophils, eosinophils, lymphocytes and macro-
phages. Interestingly, acute forms of allergic conjunctivitis lack 
an eosinophilic predominance, as seen in asthma. However, 
eosinophils and other immunologically active cells are preva-
lent in the more chronic forms.

SEASONAL ALLERGIC CONJUNCTIVITIS

Seasonal allergic conjunctivitis (SAC) is the most common 
allergic conjunctivitis, representing over half of all cases. As its 
name implies, SAC is characterized by symptoms that are sea-
sonal and related to specific aeroallergens. Symptoms predomi-
nate in the spring and in some areas during the fall (Indian 
summer). Grass pollen is thought to produce the most ocular 
symptoms. Patients report itchy eyes and/or a burning sensa-
tion with watery discharge, commonly associated with nasal or 
pharyngeal symptoms. A white exudate may be present that 
turns stringy in the chronic form of the condition. The con-
junctiva appears milky or pale pink and is accompanied by 
vascular congestion that may progress to conjunctival swelling 
(chemosis). Symptoms are usually bilateral but not always sym-
metric in degree of involvement. SAC rarely results in perma-
nent visual impairment but can interfere greatly with daily 
activities.

PERENNIAL ALLERGIC CONJUNCTIVITIS

Perennial allergic conjunctivitis (PAC) is considered a variant 
of SAC that persists throughout the year. Dust mites, animal 
dander and feathers are the most common allergens. Symptoms 
are analogous to those of SAC, and 79% of PAC patients have 

hyperplasia of the conjunctival surface reflects a more persistent 
or chronic inflammatory condition. Follicles appear as grayish, 
clear or yellow bumps varying in diameter from a pinpoint to 
2 mm, with conjunctival vessels on their surface, while papillae 
contain a centrally located tuft of vessels. Although a fine papil-
lary reaction is nonspecific, giant papillae (greater than 1 mm) 
on the upper tarsal conjunctiva indicate an allergic source. 
Papillae are generally not seen in active viral or bacterial con-
junctivitis. The presence of follicles, a lymphocytic response in 
the conjunctiva, is a specific finding that occurs primarily in 
viral and chlamydial infections, but is also seen in chronic and 
persistent forms of ocular allergy.

The cornea is best examined with a slit lamp biomicroscope, 
although many important clinical features can be seen with the 
naked eye or with the use of an ophthalmoscope. The cornea 
should be perfectly smooth and transparent. Dusting of the 
cornea may indicate punctate epithelial keratitis. A localized 
corneal defect may suggest erosion or a larger ulcer that could 
be related to major basic protein deposition. Surface lesions can 
best be demonstrated by applying fluorescein dye to the eye, 
preferably following the instillation of a topical anesthetic drop 
(Figure 54-5). The end of the fluorescein strip is touched to the 
marginal tear meniscus. When the patient blinks, the dye is 
dispersed throughout the ocular surface and stains wherever an 
epithelial defect exists, as in a corneal or conjunctival abrasion. 
A light utilizing a cobalt filter, found on most modern ophthal-
moscopes, will best demonstrate abnormal accumulations of 
the dye. Mucus adhering to the corneal or conjunctival surfaces 
is considered pathologic.

The limbus is the zone immediately surrounding the cornea 
that becomes intensely inflamed with a deep pink coloration in 
cases of anterior uveitis or iritis, the so-called ‘ciliary flush’. 
Discrete swellings with small white dots are indicative of degen-
erating cellular debris, which is commonly seen in vernal con-
junctivitis (Figure 54-6). The anterior chamber is examined for 
clearness or cloudiness of the aqueous humor and for the pres-
ence of blood, either diffuse or settled out (i.e. hyphema) or the 
settling out of pus (i.e. hypopyon). A shallow anterior chamber 
suggests narrow-angle glaucoma and is a contraindication for 
the use of mydriatic agents. An estimation of the anterior 
chamber depth can be made by illuminating it from the side 
with a pen light; if the iris creates a shadow on the far side from 

Figure 54-5  Triangular  corneal  abrasion  highlighted  with  fluores-
cein dye. 

Figure 54-6  Limbal conjunctivitis (a form of vernal conjunctivitis). 
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VKC is characterized by conjunctival infiltration by eosino-
phils, degranulated mast cells, basophils, plasma cells, lympho-
cytes and macrophages. Degranulated eosinophils and their 
toxic enzymes (e.g. major basic proteins) have been found in 
the conjunctiva and in the periphery of corneal ulcers, a fact 
that may suggest their etiopathogenic role in many of the prob-
lems associated with VKC.15,16 MCT cells are increased in the 
conjunctiva of these patients.8 Tears from VKC patients have 
been found to contain higher levels of leukotrienes and hista-
mine (16 ng/mL) when compared to controls (5 ng/mL).17 
Tears from VKC patients also contain major basic protein, 
Charcot-Leyden crystals, basophils, IgE and IgG specific for 
aeroallergens (e.g. ragweed pollen) and eosinophils (in 90% of 
cases).18 The tear-specific IgE does not correlate with the posi-
tive immediate skin tests that VKC patients may have, thus it 
represents more than a chronic allergic response as reflected in 
a study that suggested that exposure to house dust mite allergen 
aggravates VKC symptoms.19

GIANT PAPILLARY CONJUNCTIVITIS

Giant papillary conjunctivitis (GPC) is associated with the infil-
tration of basophils, eosinophils, plasma cells and lymphocytes. 
GPC has been directly linked to the continued use of contact 
lenses with a seasonal increase of symptoms during the spring 
pollen season, including itching. Signs include a white or clear 
exudate upon awakening that chronically becomes thick and 
stringy. Patients may develop Trantas’ dots, limbal infiltration 
and bulbar conjunctival hyperemia and edema. Upper tarsal 
papillary hypertrophy (‘cobblestoning’) has been described in 
5% to 10% of soft and 3% to 4% of hard contact lens wearers. 
The contact lens polymer, the preservative (thimerosal) and 
proteinaceous deposits on the surface of the lens have been 
implicated in GPC, but this remains controversial. Analysis of 
the glycoprotein deposits on disposable soft contact lenses has 
revealed that the higher the water content, the higher the protein 
integration (lysozyme, tear-specific prealbumin and the heavy 
chain components of IgG) into the lens.20

Immunologic Disorders
KAWASAKI’S DISEASE

Kawasaki’s disease (KD) (mucocutaneous lymph node syndrome) 
is the most common systemic vasculitis after Henoch-Schönlein 
purpura and the most common cause of acquired heart disease 
in the pediatric population. KD is an acute exanthematous 
illness that almost exclusively affects children: 50% of cases 
occurring in males less than 2 years of age, with an increased 
prevalence in individuals of Japanese ancestry. Five of the  
following six criteria must be present for diagnosis: (1) fever, 
(2) bilateral conjunctival injection, (3) changes in upper  
respiratory tract mucous membrane, (4) changes in skin and 
nails, (5) maculopapular cutaneous eruptions, and (6) cervical 
lymphadenopathy. The cutaneous eruption characteristically 
involves the extremities and desquamates in the later stages. The 
disease may occur in cyclic epidemics, supporting an infectious 
hypothesis. It was originally associated with toxin-producing S. 
aureus,21 but more recently Rickettsia-like organisms have been 
demonstrated by electron microscopy. KD is usually benign and 
self-limited, although 2% of Japanese KD cases (nearly all male) 
experience sudden cardiac death22 due to an acute thrombosis 

seasonal exacerbations. In addition, both PAC and SAC are 
similar in distribution of age, sex and associated symptoms of 
asthma or eczema. The prevalence of PAC has been reported to 
be lower than that of SAC (3.5 : 10,000) although it is subjec-
tively more severe,16 but with the increasing prevalence of aller-
gies as reported in the International Study of Asthma and 
Allergies in Childhood this may be underrepresented; in fact, 
perennial forms of ocular allergy may be more common than 
pure seasonal forms.

VERNAL KERATOCONJUNCTIVITIS

Vernal keratoconjunctivitis (VKC) is a severe, bilateral, recur-
rent, chronic inflammatory process of the upper tarsal conjunc-
tival surface. It has a marked seasonal incidence, and its frequent 
onset in the spring has led to use of the term ‘vernal catarrh’. It 
occurs most frequently in children and young adults who have 
a history of seasonal allergy, asthma and eczema. The age of 
onset for VKC is usually before puberty, with boys being affected 
twice as often as girls. After puberty it becomes equally distrib-
uted between the sexes and ‘burns out’ by the third decade of 
life (about 4 to 10 years after onset). VKC may threaten sight if 
the cornea is involved and is more common in persons of Asian 
or African origin.

Symptoms of VKC include intense pruritus exacerbated by 
time and exposure to wind, dust, bright light, hot weather or 
physical exertion associated with sweating. Associated symp-
toms involving the cornea include photophobia, foreign body 
sensation and lacrimation. Signs include: conjunctival hyper-
emia with papillary hypertrophy (‘cobblestoning’) reaching 7 to 
8 mm in diameter in the upper tarsal plate; a thin, copious 
milk-white fibrinous secretion composed of eosinophils, epi-
thelial cells and Charcot-Leyden granules; limbal or conjuncti-
val ‘yellowish-white points’ (Horner’s points and Trantas’ dots) 
lasting 2 to 7 days; an extra lower eyelid crease (Dennie’s line); 
corneal ulcers infiltrated with Charcot-Leyden crystals; or pseu-
domembrane formation of the upper lid when everted and 
exposed to heat (Maxwell-Lyon’s sign; Figure 54-7). Although 
VKC is a bilateral disease, it may affect one eye more than the 
other.

Figure 54-7  Conjunctival hyperemia with papillary hypertrophy (cob-
blestoning) on the everted palpebral conjunctiva of the upper eyelid in 
a patient with vernal conjunctivitis. 
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(over 95% of cases) to a systemic autoimmune disorder, such 
as Behçet’s disease.26

SARCOIDOSIS

Sarcoidosis is rare in children; 50% to 80% have ocular involve-
ment associated with anterior, intermediate, posterior or diffuse 
nongranulomatous uveitis. Classically, noncaseating granulo-
mas appear as ‘mutton fat precipitates’, obstructive glaucoma, 
Koeppe nodules at the pupillary margin, or sheathing of vessels 
(‘candle wax drippings’). The ocular inflammatory response 
may occur independently of any evidence of systemic involve-
ment. Diagnostic tests include biopsy of the conjunctival or 
lacrimal granulomas, serum angiotensin-converting enzyme 
and lysozyme, chest radiograph for hilar adenopathy, and 
gallium scan. Biopsy of the lacrimal gland, the conjunctiva or 
the periocular skin is only useful when direct visualization 
reveals a nodule. Other granulomatous processes involving the 
eye include toxocariasis, tuberculosis and histoplasmosis, which 
may occur months to years after the primary infection.

JUVENILE RHEUMATOID ARTHRITIS

Juvenile rheumatoid arthritis (JRA), now more commonly 
referred to as juvenile idiopathic arthritis (JIA) and accounting 
for 70% of chronic arthritis in children, exists as three subtypes: 
(1) systemic JIA (10–20%), usually characterized by a febrile 
onset, lymphadenopathy and evanescent rash; (2) polyarticular 
JIA (30–40%), characterized by involvement of multiple (> 4) 
joints with few systemic manifestations; and (3) pauciarticular 
JIA (40–50%), characterized by no more than four joints 
involved, usually larger joints, and a positive antinuclear anti-
body (≈75%). Anterior uveitis can develop in all types although 
it is seen most often in pauciarticular JIA (≈25%). JIA is associ-
ated with chronic bilateral iridocyclitis and Russell bodies (large 
crystalline deposits of immunoglobulin in the iris). Ocular 
manifestations do not parallel the patient’s arthritis; instead, 
onset generally occurs within 7 years after joint inflammation, 
so frequent screening and early detection are crucial to decrease 
the risk of vision loss.

BLEPHARITIS (TABLE 54-4)

Blepharitis, inflammation of the eyelid margin, is one of the 
most common causes of pediatric red eye and is often misdiag-
nosed as an ocular allergy. It may be either anterior, involving 
the lash line, or posterior, involving a dysfunction of the mei-
bomian glands; both are strongly associated with dermatologic 
disorders including atopic dermatitis and rosacea. Anterior and 
posterior blepharitis often occur together due to their common 
association with dermatologic disorders.

A specific form of anterior blepharitis involves colonization 
of the lid margin by Staphylococcus aureus. Coagulase-negative 
staphylococci colonize the normal lid without causing blepha-
ritis (positive cultures of normal lid 6-15%) and thus a cultures 
is not sufficientfor diagnosis. However, it is known that 76% of 
blepharitis cases are associated with atopic dermatitis, while 
ulcerative blepharitis is almost exclusivley associated with atopic 
dermaititis. Staphylococci may contribute to the development 
of conjunctivitis via direct infection as well as enterotoxin27 or, 
indirectly, lipids because the bacteria release esterases and 
lipases generating fatty acids that can act as direct irritants.

of aneurysmally dilated coronary arteries secondary to direct 
vasculitic involvement.

The most typical ocular finding is bilateral nonexudative 
conjunctival vasodilatation, typically involving the bulbar con-
junctiva, with medium to large sized blood vessels being tortu-
ous and engorged. No ocular discharge or pretragal lymph 
nodes are noted. However, there appears to be an increase in 
neutrophilic infiltration in conjunctival epithelial cells.23 Ante-
rior uveitis is seen in up to 80% of patients and is usually mild, 
bilateral and symmetric without ciliary injection (most common 
in children > 2 years of age);24 superficial punctate keratitis is 
seen in 12% of patients. Vitreous opacifications and papill-
edema have been reported. Choroiditis has been reported in a 
case of infantile periarteritis nodosa, which may be indistin-
guishable from KD (see Chapter 12).

UVEITIS

Uveitis may be anatomically classified as anterior, intermediate, 
posterior or diffuse. Patients typically complain of diminished 
or hazy vision accompanied by black floating spots. Severe pain, 
photophobia and blurred vision occur in cases of acute iritis or 
iridocyclitis. The major signs of anterior uveitis are pupillary 
miosis and ciliary/perilimbal flush (a peculiar injection seen 
adjacent to the limbus) that can be easily confused with  
conjunctivitis. Vitreous cells and cellular aggregates are charac-
teristic of intermediate uveitis and can be seen with the direct 
ophthalmoscope. Cells, flare, keratic precipitates on the corneal 
endothelium, and exudates with membranes covering the 
ciliary body can be visualized with the slit lamp and indirect 
ophthalmoscopy.

Anterior uveitis may be confused with conjunctivitis because 
its primary manifestations are a red eye and tearing; ocular pain 
and photophobia are also present. Anterior uveitis may be an 
isolated phenomenon that presents to an ophthalmologist or 
may be associated with a systemic autoimmune disorder that 
presents to a general practitioner. It is found in approximately 
50% of cases of HLA-linked spondyloarthropathies (HLA-B27, 
e.g. ankylosing spondylitis [sacroiliitis], Reiter’s syndrome); 
infections, such as Klebsiella bowel infections (resulting from 
molecular mimicry), brucellosis, syphilis and tuberculosis; HLA 
B5, Bw22, A29, and D5 genotypes; and inflammatory bowel 
diseases (e.g. Crohn’s disease). The inflammatory response in 
the anterior chamber of the eye results in an increased concen-
tration of proteins (flare [i.e. Tyndall effect]), a constricted 
pupil (miosis) with afferent pupillary defect (a poor response 
to illumination), or cells in the aqueous humor. White cells can 
pool in the anterior chamber, forming a hypopyon, or stick to 
the endothelial surface of the cornea, forming keratic precipi-
tates. The sequelae of anterior uveitis may be acute, resulting in 
synechia (adhesions of the posterior iris to the anterior capsule 
of the lens), angle-closure glaucoma (blockage of the drainage 
of the aqueous humor) and cataract formation.

Posterior uveitis commonly presents with inflammatory cells 
in the vitreous, retinal vasculitis and macular edema, which 
threatens vision. Posterior uveitis caused by toxoplasmosis 
occurs as a result of congenital transmission. Serologic assays 
for toxoplasmosis (enzyme-linked immunosorbent assay or 
immunofluorescent antibody) assist in the diagnosis.25

Panuveitis is the involvement of all three portions of the 
uveal tract, including the anterior, intermediate (pars plana) 
and posterior sections. In an Israeli study it was clearly linked 
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Figure 54-8  Localized  bulbar  conjunctival  vascular  injection  in  a 
patient with nodular episcleritis. 
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TABLE 

54-4 
Blepharoconjunctivitis: Inflammation of the Eyelid Can Involve Different Portions of the Anterior and 
Posterior Eyelid (Either Alone or in Combination)

Patients typically complain of persistent burning, itching, 
tearing and a feeling of ‘dryness’. These symptoms tend to be 
more severe in the morning and an exudative crust may be 
present leading to a child’s eye becoming ‘glued shut’. The signs 
of staphylococcal blepharitis include conjunctival injection, 
dilated blood vessels, erythema, scales, collarettes of exudative 
material around the eyelash bases, crusting, lid ulceration, fol-
liculitis, foamy exudates in the tear film, telangiectasias, the loss 
of eyelashes (madarosis) in more chronic forms and even 
chronic papillary conjunctivitis. In addition, corneal immune 
deposits may cause severe photophobia. Treatment is directed 
toward eyelid hygiene with detergents (baby shampoo) and 
steroid ointments applied to the lid margin.

Posterior blepharitis is primarily manifested by meibo-
mian gland obstruction that may result in an acute infection 
(internal hordeolum or stye) but more commonly produces a 
chalazion (a localized granulomatous inflammation caused by 
an accumulation of lipids and waxes within the meibomian 
gland). Chalazion clinically results in edema, erythema and 
burning of the eyelid that evolves into a firm, painless nodule. 
Bilateral eye involvement and conjunctivitis may also be  
present, which further contribute to allergic mimicry; once 
again, eyelid hygiene is the mainstay of therapy. In the 
ophthalmologic literature, ‘hyposensitization’ has been pro-
posed for the subset of cell-mediated associated staphylococcal 
blepharoconjunctivitis.

Phthirus pubis, the pubic or crab louse, has a predilection for 
eyelash infestation29 and may also cause blepharitis. Often the 
lice may be visualized with direct inspection. Involvement of 
the eyelashes in prepubertal children should raise the suspicion 
of sexual abuse.

Ocular rosacea is a rare cause of blepharitis in children, 
although it is believed to be underdiagnosed due to its typically 
mild symptoms.30,31 The majority of cases are unilateral and 
present with a chronic red eye or recurrent chalazia with a 
female : male ratio of 3 : 1. Conjunctival phlyctenules that appear 
as clear vesicles are pathognomonic for this condition, and are 
thought to arise from inflammation directed against the bacte-
rial flora of the eyelids. Treatment with lid hygiene, antibiotics, 
topical corticosteroids and topical cyclosporine may prevent 
serious complications including corneal involvement.

EPISCLERITIS

Inflammation of the scleral surface is termed episcleritis. It 
occurs mainly in adolescents and young adults, presenting as a 
localized injection of the conjunctiva around the lateral rectus 
muscle insertion (Figure 54-8). Typically, the inflammation is 
bilateral and accompanied by ocular pain. The presence of pain 
and absence of pruritus distinguishes episcleritis from allergic 
conjunctivitis. Episcleritis is self-limited and usually not associ-
ated with systemic disease.

CONTACT DERMATOCONJUNCTIVITIS

Contact dermatitis involving the eyelids frequently causes the 
patient to seek medical attention for a cutaneous reaction that 
elsewhere on the skin would be of less concern. The eyelid skin, 
being soft, pliable and thin, has an increased susceptibility  
to contact dermatitis. Initially there is erythema and edema 
associated with ipsilateral conjunctivitis with thickening and 
crusting noted in cases of longer standing. Cosmetics are a 
major offender, but in the pediatric population it may be due 
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INFECTIONS

Conjunctivitis

With increasing contact lens wear in the pediatric population 
there has been an increase in bacterial conjunctivitis and thus 
parents and children should be vigilant with eyelid hygiene and 
contact lens procedures.35

Cellulitis
Orbital cellulitis is an infectious process that involves the extra-
ocular contents and presents with a key symptom of ‘pain’ as 
well as lid edema, proptosis and diplopia due to involvement of 
extraocular muscles, in contrast to other allergic disorders 
affecting the eye. A majority of cases are due to extension of 
sinusitis with the most common pathogens being Streptococcus 
pyogenes, Staphylococcus aureus and Haemophilus influenzae. 
Preseptal cellulitis may resemble orbital cellulitis with intense 
lid swelling except that there is normal ocular movement and 
there is no inflammation of the globe. However, delay in diag-
nosis may lead to extension of infection into the orbit. The 
infectious agents are the same as in orbital cellulitis. A more 
lethal form of a deep subcutaneous infection of the eyelid that 
evolves into a necrotizing fasciitis is caused by beta-hemolytic 
S. pyogenes Lancefield group A, C and G and S. aureus in 25% 
of cases. The underlying process is associated with septic throm-
bophlebitis of the dermal vessels that can lead to septicemia and 
is considered a medical emergency.

TRANSPLANTATION

Bone marrow transplantation is associated with the develop-
ment of xerophthalmia.

Corneal transplantation is one of the most frequently per-
formed transplant procedures, in which a diseased cornea is 
replaced by a cadaveric cornea that must be harvested within 
24 hours of death. Tissue typing is not required for initial trans-
plants as the cornea is avascular. Repeated transplants may 
require tissue typing. The primary indication for corneal 
allografts is maintaining optical integrity. Keratoconus is the 
most common indication, but other keratopathies (e.g. intersti-
tial keratitis, corneal scars or ulcers, herpetic keratitis) and 
endothelial dystrophies may also necessitate transplantation.

Ocular complications involving the conjunctiva and the lac-
rimal system are noted in patients undergoing bone marrow 
transplantation. In acute graft versus host disease (GVHD), 
conjunctival involvement progresses from erythema to chemo-
sis, serosanguineous exudate, and ultimately to the sloughing  
of the conjunctiva and potentially the cornea (pseudomem-
branous conjunctivitis) (Table 54-5).36 The lacrimal gland 
may develop a stasis picture with inspissated blockage of the 

to ophthalmic medications or preservatives. Ophthalmic lubri-
cants such as thimerosal, which are found in contact lens clean-
ing solutions and other topical agents, have been shown by 
patch tests to be among the culprits. Because of the high inci-
dence of irritant false-positive reactions, patch testing is gener-
ally used only as a confirmatory tool.

ANGIOEDEMA

Angioedema is the swelling of the dermis, and the conjunctiva 
is one of the most commonly involved sites in a variety of sys-
temic hypersensitivity reactions. A documented local IgE-mast 
cell sensitization has been reported to papain enzyme in contact 
lens cleaning solution in which serum specific IgE to papain and 
chymopapain was detected.32 The anatomy of the eyelid consists 
of loose epidermal tissue that provides an extensive reservoir 
for edema to even minor allergic reactions, but the differential 
diagnosis of periorbital cellulitis, which may be life-threatening, 
should also be considered.

ATAXIA-TELANGIECTASIA

Louis-Bar’s Syndrome
Ataxia-telangiectasia presents with large tortuous vessels on the 
bulbar conjunctiva, most prominent in the exposed canthal 
regions33 (Figure 54-9), that typically become evident between 
1 and 6 years of age and progress with time. There are no other 
signs or symptoms of conjunctivitis. These children eventually 
develop ataxia, hypogammaglobulinemia (with absent or defi-
cient IgA) and recurrent sinopulmonary infections.34

ACQUIRED IMMUNODEFICIENCY SYNDROME

Children stricken with acquired immunodeficiency syndrome 
(AIDS) rarely have eye involvement. Cytomegalovirus retinitis 
is the most frequently encountered disorder, affecting approxi-
mately 7% of children with AIDS, and can lead to permanent 
vision loss if untreated. It is characterized by regions of intra-
retinal hemorrhage and white areas of edematous retina. HIV 
cotton-wool spots retinitis, herpes zoster retinitis and toxoplas-
mosis retinitis have also been documented in children.

Figure 54-9  Tortuous conjunctival vessels on the bulbar conjunctiva 
in a patient with ataxia-telangiectasia. 

Stage 1 Hyperemia
Stage 2* Hyperemia, chemosis, serosanguineous exudate
Stage 3 Pseudomembranous conjunctivitis
Stage 4 Pseudomembranous conjunctivitis with corneal 

epithelial sloughing

*Occurs in 12% of patients and is associated with increased mortality 
~90%.38

TABLE 

54-5 Clinical Staging of Conjunctival Acute GVHD
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PRIMARY INTERVENTION

Nonpharmacologic interventions are commonly the first line of 
treatment to be considered. Interventions include minimizing 
or avoiding contact with environmental allergens, application 
of cool compresses to the eye, lubrication and use of disposable 
contact lenses, and the use of preservative-free lubricants.39,40

Environmental Control
Avoidance of allergens remains the first option in the manage-
ment of any ocular disorder.

Cold Compresses
Cold compresses provide considerable symptomatic relief, 
especially from ocular pruritus. In general, all ocular 

ductules. These complications are not commonly seen in solid 
heart/lung organ transplantation.37 In chronic forms of GVHD 
there is increased scarring of the conjunctiva and lacrimal 
inflammation with over 50% of patients developing a dry eye 
and a Sjögren-like syndrome.

Treatment
Once an allergic etiology is identified, treatment is approached 
in a stepwise fashion. Treatment can be divided into primary, 
secondary and tertiary interventions (Table 54-6), as well as 
acute (seasonal) versus chronic (persistent).

Current treatment is primarily aimed at restoring the 
patient’s quality of life and may require at least 2 weeks of 
therapy.

Therapeutic Intervention Clinical Rationale Pharmaceutic Agents Comments

PRIMARY

Avoidance Effective, simple in theory, 
typically difficult in practice

> 30% symptom improvement

Cold compresses Decrease nerve c-fiber 
stimulation, reduce 
superficial vasodilation

Effective for mild-to-moderate 
symptoms

Preservative-free tears Lavage, dilutional effect Artificial tears Extremely soothing, recommend 
refrigeration to improve symptomatic 
relief, inexpensive OTC, safe for all 
ages, comfortable, use as needed

SECONDARY
Topical antihistamine and 

decongestants
Antihistamine relieves pruritus, 

vasoconstrictor relieves 
injection

Antazoline naphazoline, 
pheniramine naphazoline

No prescription required, quick onset, 
more effective than systemic 
antihistamines, limited duration of 
action, frequent dosing required

Topical antihistamine and 
mast cell stabilizer (plus 
other mechanisms)

Single agent with multiple 
actions, has immediate and 
prophylactic activity, 
eliminates need for 2-drug 
therapy, comfort enhances 
patient compliance

Olopatadine (Patanol), ketotifen 
(Zaditor), azelastine (Optivar), 
bepotastine (Bepreve)

Twice-daily dosing, dual-acting agents, 
antihistamine, mast cell stabilizer, 
inhibitor of inflammatory mediators, 
more effective at relieving symptoms 
than other classes of agents, longer 
duration of action, safe and effective 
for 3 years and older

Topical mast cell 
stabilizers

Safe and effective for allergic 
diseases, especially those 
associated with corneal 
changes

Cromolyn (Crolom), lodoxamide 
(Alomide), nedocromil (Alocril), 
pemirolast (Alamast)

Cromolyn relieves mild-to-moderate 
symptoms of vernal 
keratoconjunctivitis, vernal 
conjunctivitis, vernal keratitis. 
Lodoxamide is highly potent

Topical antihistamines Relieves signs and symptoms 
of pruritus and erythema

Levocabastine (Livostin), 
emedastine (Emadine)

Dosing 1–4 times daily, safe and 
effective for 3 years and older

Topical NSAIDs Relieves pruritus Ketorolac (Acular) Stinging and/or burning on instillation 
experienced up to 40% of patients

TERTIARY
Topical corticosteroids Relieves all facets of the 

inflammatory response 
including erythema, edema 
and pruritus

Loteprednol (Lotemax, Alrex), 
rimexolone (Vexol), 
fluorometholone (FML)

Appropriate for short-term use only, 
contraindicated in patients with viral 
infections

Immunotherapy
SCIT
SLIT

Identify and modulate allergen 
sensitivity

Adjunctive, although may be considered 
in secondary treatment in conjunction 
with allergic rhinitis

ANCILLARY
Oral antihistamines Mildly effective for pruritus Loratadine, fexofenadine, 

cetirizine
May cause dry eyes, worsening allergy 

symptoms; may not effectively resolve 
the ocular signs and symptoms of 
allergy

NSAID – Nonsteroidal antiinflammatory drug, OTC – over the counter.

TABLE 

54-6 Overview of the Treatment of Pediatric Ocular Allergic Disorders in a Stepwise Format
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(itching), epiphora (tearing), lid swelling and conjunctival 
swelling (chemosis). Many of the newer agents are also being 
evaluated for potential treatment of the more chronic ocular 
allergy-associated disorders, such as atopic keratoconjunctivitis, 
or the potential to treat both ocular and nasal symptoms as the 
medication drains down the nasolacrimal duct onto the nasal 
mucosa.

Decongestants
Topical decongestants act primarily as vasoconstrictors that are 
highly effective in reducing erythema and are widely used in 
combination with topical antihistamines. The decongestants 
are applied topically 2 to 4 times daily as necessary. They have 
no effect in diminishing the allergic inflammatory response. 
Vasocon-A is the only antihistamine/decongestant proven to be 
effective in treating the signs and symptoms (itch and redness) 
of allergic conjunctivitis. The usual dose is 1 to 2 drops per eye 
every 2 hours, up to four times daily. The primary contraindica-
tion is narrow-angle glaucoma. Excessive use of these agents has 
been associated with an increased conjunctival hyperemia 
known as the rebound phenomenon (a form of conjunctivitis 
medicamentosa).48

Antihistamines
Initially, oral antihistamines were extensively employed to sys-
temically control the symptoms of allergic rhinoconjunctivitis, 
although with an obvious delayed onset of action on the ocular 
domain when compared to topical antihistamine agents. 
However, oral antihistamine appears to have a longer biological 
half-life and can have a longer-lasting effect. Information on 
oral antihistamine use in the treatment of allergic conjunctivitis 
is commonly buried within studies on allergic rhinitis instead 
of rhinoconjunctivitis. Oral antihistamines, especially the older 
generation (e.g. chlorpheniramine), appear to have an effect on 
excessive tearing (lacrimation and epiphora).49 Another assess-
ment tool has been ocular challenge testing (OCT), which has 
shown that oral antihistamines, such as terfenadine or lorata-
dine, can increase several-fold the tolerance to a dose of specific 
allergen treatment in children and adults.50,51 Oral antihista-
mines can offer relief from the symptoms of ocular allergy  
but have a delayed onset of action. Newer, second-generation 
H1 receptor (nonsedating) antagonists are less likely to cause 
unwanted sedative or anticholinergic (dry eye) effects com-
pared to earlier compounds.52 It has therefore been suggested 
that the concomitant use of an eye drop may treat ocular aller-
gic symptoms more effectively.53

H1 stimulation principally mediates the symptom of 
conjunctival pruritus whereas the H2 receptor appears to be 
clinically involved in vasodilation.54–57 Although topical antihis-
tamines can be used alone to treat allergic conjunctivitis, they 
have been shown to have a synergistic effect when used in com-
bination with a vasoconstrictor or when the agents themselves 
have been shown to have effects on other mediators of allergic 
inflammation. Dosing is 1 to 4 times daily and is safe for chil-
dren 3 years and older.

In general, the older topical antihistamines are known to be 
irritating to the eye, especially with prolonged use, and may be 
associated with ciliary muscle paralysis, mydriasis, angle-closure 
glaucoma and photophobia, especially those that are nonselec-
tive and block muscarinic receptors. Interestingly, this effect is 
more pronounced in patients with lighter irides and has not 
been reported with the newer topical agents.

medications provide additional subjective relief when refriger-
ated and immediately applied in a cold state.

Lubrication
Many conditions require the use of lubricants for either tem-
porary relief (e.g. seasonal ocular allergy, corneal abrasion) or 
for more long-term complications (e.g. keratoconjunctivitis 
sicca in patients undergoing bone marrow transplantation). 
Tear substitutes consist of a viscosity agent in three formula-
tions in order to increase the length of action while decreasing 
the length of time vision is blurred after instillation: aqueous 
(seconds), gel (a few minutes) and ointment (~30 minutes). 
Ointments are best tolerated overnight. Most are buffered to pH 
7.7–7.8 and contain a preservative. Artificial tears can be applied 
topically 2 to 4 times daily as necessary. If drops are used more 
than 4 times a day then a preservative-free preparation should 
be considered. Lubrication primarily assists in the direct removal 
and dilution of allergens that may come in contact with the 
ocular surface. Ocular lubricants vary by class, osmolarity and 
electrolyte composition; no product has yet emerged as a clear 
favorite. Parents should be given the name of one or two brands 
from each class of lubricant to try until a suitable product or 
combination of products is found.

Contact Lenses
In general, adolescent patients who have seasonal allergy should 
avoid contact lens use during seasonal flare-ups. The need for 
clean lenses with minimal deposit build-up must be stressed, 
and the use of daily wear lenses with rigid disinfecting and 
cleaning techniques is recommended. Alternatively, daily dis-
posable lenses should be used.41,42 When such individuals wear 
contact lenses (CLs), a special set of circumstances arises that 
increases the risk of ocular infection. The risk is greatest if the 
lenses are soft and, therefore, provide for little tear exchange 
beneath their surface. Under such circumstances, limited tear 
flow allows for a greater build-up of lens deposits and metabolic 
wastes, while permitting increased tear evaporation from the 
lens surface.43

In a study evaluating the impact of daily disposable lenses 
versus patient’s standard chronic wear lenses, 67% reported that 
the 1-day disposable lenses provided improved comfort in com-
parison to the lenses they wore prior to the study. This com-
pared with 18% agreeing that the new pair of habitual lenses 
provided improved comfort, suggesting that the use of 1-day 
disposable lenses may be an effective strategy for managing 
allergy-suffering contact lens wearers.44 Overall, the newer soft 
silicone lenses with increased gas permeability have had a higher 
comfort satisfaction rate (56%) than the rigid gas-permeable 
lens (14%), while 63% of nonatopic and only 47% of atopic 
subjects described their lenses as very comfortable to wear.45,46

SECONDARY INTERVENTION –  
A STEP APPROACH47

The development of therapeutic agents to specifically address 
the various signs and symptoms of allergic inflammation of the 
conjunctival surface is ongoing. In the search for more effective 
medications for ocular allergy, the conjunctival allergen chal-
lenge (CAC), also known as the conjunctival provocation test 
(CPT), has been critical as a standardized model for the assess-
ment of efficacy and duration of effect that new agents have on 
the allergy signs and symptoms of erythema (redness), pruritus 
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Bepotastine.  Bepotastine 1.5% (Bepreve) is the newest of the 
FDA-approved ophthalmic antihistamines. There is evidence 
for multiple antiinflammatory properties that include H1-
receptor antagonism, mast cell stabilization and inhibition of 
cytokine production including IL-5.58,64,65 Pretreatment by 
bepotastine differentially reduced IL-5 as well as itching  
associated with LTB-4 injection in an animal model.65,66 The 
agent also appears to have the highest selectivity for H1.

67 Bepo-
tastine besilate was originally developed in Japan by Tanabe  
in conjunction with Ube Industries and was approved in Japan 
as an oral preparation (Talion) in July 2000 for the treatment 
of allergic rhinitis and subsequently approved for the treatment 
of pruritus/itching accompanying urticaria and other skin  
conditions in January 2002. Since bepotastine relieves 
antihistamine-resistant pruritus, it is possible that mechanisms 
of action other than H1 receptor antagonism are also respon-
sible for the antipruritic effects of this agent. In CAC placebo 
trials, multiple signs and symptoms (ocular itching, eyelid 
swelling, tearing, total nonocular symptoms score, nasal con-
gestion and rhinorrhea) of allergic conjunctivitis were signifi-
cantly reduced by instillation of bepotastine compared with 
vehicle.68,69

Ketotifen.  Ketotifen 0.025% (Zaditor) is a benzocyclohepta-
thiophene that has been shown to display several antimediator 
properties, including strong H1 receptor antagonism and inhi-
bition of leukotriene formation.70,71 Ketotifen has also been 
shown to have pronounced antihistaminic and antianaphylactic 
properties that result in moderate to marked symptom improve-
ment in the majority of patients with asthma, atopic dermatitis, 
seasonal or perennial rhinitis, allergic conjunctivitis, chronic or 
acute urticaria and food allergy. Ketotifen is distinguished from 
the sodium cromolyn and nedocromil, by a conjoint mast cell 
stabilizer with, several antimediator properties including strong 
H1 receptor antagonism and inhibition of leukotriene forma-
tion.72 It is now available as an over-the-counter therapy for 
ocular allergy.

Azelastine.  Azelastine 0.05% (Optivar) is a second-generation 
H1 receptor antagonist. It was demonstrated in a pediatric SAC 

The newer topical antihistamines have also been found to 
have other potential antiinflammatory actions, such as mast cell 
stabilization, cytokine expression or interleukin release (dis-
cussed later in the chapter).

Antihistamines with Multiple Antiinflammatory 
Activities (Table 54-7)

Olopatadine.  Olopatadine 0.01% (Patanol and Pataday) pos-
sesses antihistaminic activity and mast cell stabilizing effects. 
Olopatadine was approximately 10 times more potent as an 
inhibitor of cytokine secretion (50% inhibitory concentration 
1.7–5.5 nmol/L) than predicted from binding data whereas 
antazoline and pheniramine were far less potent (20–140 times) 
in functional assays, including TNF-α mediator release from 
human conjunctival mast cells. Olapatadine has been shown to 
be significantly more effective than placebo in relieving itching 
and redness for up to 8 hours.58 In a comparison study with 
another multiple-action agent, ketotifen, olopatadine fared only 
slightly better over 2 weeks.59 In a reformulated form it has been 
approved for once a day treatment of ocular allergy (Pataday).60

Epinastine.  Epinastine 0.05% (Elestat) is another topical anti-
histamine with other antiinflammatory properties that include 
H2-receptor antagonism, mast cell stabilization and inhibition 
of cytokine production. Pretreatment by epinastine differen-
tially reduced histamine, TNF-α and -β, IL-5, IL-8 and IL-10. 
In vivo, epinastine and olopatadine pretreatment significantly 
reduced clinical scores and eosinophil numbers while epinas-
tine also reduced neutrophils (P < .02), reflecting that there are 
different patterns of inhibition of inflammation.61 The role of 
the histamine H1, H2 and H3 receptor affinities is unclear in the 
actual treatment, but from past clinical experience it would 
appear that having such multiple binding would be beneficial. 
In an animal model of histamine-induced vascular leakage, epi-
nastine, azelastine and ketotifen had a shorter duration of effect 
than olopatadine.62 In CAC placebo trials, multiple signs and 
symptoms (ocular itching, eyelid swelling, conjunctival and epi-
scleral hyperemia, and chemosis) of allergic conjunctivitis were 
significantly reduced by instillation of epinastine compared 
with vehicle.63

Azelastine HCl 
0.05% (Optivar)

Epinastine HCl 
0.05% (Elestat)

Ketotifen 
Fumarate 0.25% 
(Zaditor)*

Olopatadine 
HCl 0.2% 
(Pataday)

Bepotastine 
Besilate 1.5% 
(Bepreve)

Alcaftadine 
0.25% (Lastacaft)

Indication Relief of itching 
associated with 
allergic 
conjunctivitis

Relief of itching 
associated with 
allergic 
conjunctivitis

Temporary 
prevention of 
itching of the 
eye caused by 
allergies

Relief of itching 
associated 
with allergic 
conjunctivitis

Treatment of 
itching associated 
with allergic 
conjunctivitis

Prevention of 
itching 
associated with 
allergic 
conjunctivitis

Dosage 1 drop in each 
affected eye 
twice a day

1 drop in each 
affected eye 
twice a day (age 
3 yr and older)

1 drop in each 
affected eye 
every 8–12 hr

1 drop in each 
affected eye 
once a day

1 drop in each 
affected eye 
twice a day (age 
2 yr and up)

1 drop in each eye 
daily (2 years or 
older)

Adverse 
event

Transient sting 
(≈30%)

Headache (≈15%)
Bitter taste 

(≈10%)

Cold symptoms 
(≈10%)

Upper respiratory 
infection (≈10%)

Headache 
(≈10–25%)

Conjunctival 
injection 
(≈10–25%)

Rhinitis (≈10–25%)

Cold syndrome 
(≈10%)

Pharyngitis 
(≈10%)

Taste (≈25%) Eye irritation, 
burning and/or 
stinging upon 
instillation (< 4%)

*Ketotifen (Zaditor) is now available over the counter in the USA.

TABLE 

54-7 Topical Multiple Action Agents for Treatment of Ocular Allergy
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in children as young as 2 years of age, with no reports of  
serious adverse events. In various animal and in vitro studies  
it was found to be superior and, in others, equivalent to  
cromolyn.83 The usual regimen is 1 to 2 drops four times daily 
for each eye.

Nedocromil.  Nedocromil 2% (Alocril) is a pyranoquinoline 
derivative of cromolyn that inhibits various activities on mul-
tiple cells involved in allergic inflammation including eosino-
phils, neutrophils, macrophages, mast cells, monocytes and 
platelets. Nedocromil inhibits activation and release of inflam-
matory mediators such as histamine, prostaglandin D2 and leu-
kotriene C4 from eosinophils. The mechanism of action of 
nedocromil may be due partly to inhibition of axon reflexes and 
release of sensory neuropeptides, such as substance P, neuroki-
nin A and calcitonin gene-related peptides. Nedocromil does 
not possess any antihistamine or corticosteroid activity.84 Nedo-
cromil has been shown to improve clinical symptoms in the 
control of ocular pruritus and irritation in the treatment of 
SAC.85–92 Its safety profile is similar to that of sodium cromolyn, 
but it is more potent and can be given just twice daily. The 
results of several placebo-controlled studies have shown that 
nedocromil is effective in alleviating the signs and symptoms of 
SAC and provides relief in approximately 80% of patients.86 In 
a study comparing nedocromil (2%) with cromolyn eye drops, 
nedocromil was more efficacious in its impact on hyperemia, 
keratitis, papillae and pannus formation with less time to have 
an effect on itching, grittiness, hyperemia and keratitis.87

Nonsteroidal Antiinflammatory Drugs
Topically applied inhibitors of the cyclooxygenase system (1% 
suprofen)88 have been used in the treatment of VKC.87,88 Ocufen 
(diclofenac) is one of three topical NSAIDs approved for the 
treatment of intraocular inflammatory disorders. Another topi-
cally applied NSAID (0.03% flurbiprofen) has been examined 
for the treatment of allergic conjunctivitis and was found to 
decrease conjunctival, ciliary and episcleral hyperemia and 
ocular pruritus when compared to the control (vehicle-treated 
eyes). Pruritus is associated with prostaglandin release. It has 
been shown that prostaglandins can lower the threshold of 
human skin to histamine-induced pruritus, which may also be 
the primary benefit of these medications in the eye.

Ketorolac  Tromethamine.  Ketorolac tromethamine (Acular, 
Allergan) was approved for the treatment of SAC with a primary 
mechanism of action on the inhibition of cyclooxygenase, thus 
blocking the production of prostaglandins but not the forma-
tion of leukotrienes. Clinical studies have shown that pros-
tanoids are associated with ocular itching and conjunctival 
hyperemia and thus inhibitors can interfere with ocular itch and 
hyperemia produced by antigen-induced and seasonal allergic 
conjunctivitis.89–91 NSAIDs (e.g. ketorolac) do not mask ocular 
infections, affect wound healing, increase IOP or contribute  
to cataract formation, unlike topical corticosteroids. A recent 
study compared diclofenac sodium with ketorolac trometh-
amine and the results for both agents were similar.92 Treatment 
group differences were observed for the pain/soreness score 
with an advantage observed for the diclofenac sodium group 
over ketorolac tromethamine (20.7% versus 3.2%). Keterolac 
and other NSAIDs are classically associated with a low-to- 
moderate incidence of burning and stinging upon instillation 
into the eye.

study that the response rate in the azelastine eye drops group 
(74%) was significantly higher than that in the placebo group 
(39%) and comparable with that in the levocabastine group.73 
Apart from the ability to inhibit histamine release from mast 
cells and to prevent the activation of inflammatory cells, it is 
likely that the antiallergic potency of azelastine is partially the 
result of down-regulation of ICAM-1 expression during the 
early- and late-phase components of ocular allergic response, 
probably leading to a reduction of inflammatory cell adhesion 
to epithelial cells and confirming the prophylactic properties of 
azelastine.74 It is safe to use in children 3 years and older.

Alcaftadine.  Alcaftadine 0.25% (Lastacaft) is an antihistamine 
with affinity to H1, H2 and less to H4 receptors that is superior 
to placebo and as effective as olopatadine 0.1% in preventing 
ocular itching and conjunctival redness at 15 minutes and 16 
hours after administration.75 Interestingly, in an animal model 
for allergic conjunctivitis, alcaftadine demonstrated a decrease 
of eosinophil infiltration when compared to controls and 
olopatadine.76 It is approved for children 2 years and older.

Mast Cell Stabilizers
Cromolyn.  Cromolyn 4% (Crolom) is the prototypic mast cell 
stabilizer. The efficacy of this medication appears to be depen-
dent on the concentration of the solution used (i.e. 1% – no 
effect, 2% – possible effect, and 4% solution – probable 
effect).40,77 Sodium cromolyn was originally approved for more 
severe forms of conjunctivitis with corneal involvement (e.g. 
GPC, VKC) but many physicians have used it for the treatment 
of SAC and PAC with an excellent safety record, although  
the original studies reflecting its clinical efficacy were marginal 
when compared to placebo51,54 and in some animal models.78 
Cromolyn sodium 4% ophthalmic solution requires application 
4 to 6 times daily for effectiveness. It is approved for children  
3 years and older. The major adverse effect is burning and  
stinging, which has been reported in 13% to 77% of patients 
treated.

Lodoxamide.  Lodoxamide 0.1% (Alomide) is a mast cell sta-
bilizer that is approximately 2,500 times more potent than cro-
molyn in the prevention of histamine release in several animal 
models.79 Lodoxamide is effective in reducing tryptase and his-
tamine levels and the recruitment of inflammatory cells in the 
tear fluid after allergen challenge,54,55 as well as tear eosinophil 
cationic protein80 and leukotrienes (BLT and CysLT1) when 
compared to cromolyn. In early clinical trials lodoxamide 
(0.1%) was shown to deliver greater and earlier relief in patients 
with more chronic forms, such as VKC, including upper tarsal 
papillae, limbal signs (papillae, hyperemia and Trantas’ dots) 
and conjunctival discharge, and to improve epithelial defects 
seen in the chronic forms of conjunctivitis (VKC, GPC) than 
cromolyn.81 In patients with allergic conjunctivitis, it is approved 
for the treatment of VKC at a concentration of 0.1% four times 
daily. Lodoxamide may be used continuously for 3 months in 
children older than 2 years of age.

Pemirolast.  Pemirolast potassium 0.1 % (Alamast) is a mast 
cell stabilizer for the prevention and relief of ocular manifesta-
tions of allergic conjunctivitis. It was originally marketed for 
the treatment of bronchial asthma and allergic rhinitis and then 
registered in Japan as an ophthalmic formulation for the treat-
ment of allergic and vernal conjunctivitis.82 It has been studied 
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New Directions and  
Future Developments
Cyclosporine was FDA approved in 2002 as an ophthalmic solu-
tion to increase tear production in patients with tear film dys-
function. The safety and efficacy of ophthalmic cyclosporine, 
however, has not been established in patients under 16 years of 
age. This agent acts on IL-2, which has an immunomodulatory 
effect on the activation of T lymphocytes. Studies and reports 
on the use of topical cyclosporine in cases of VKC have dem-
onstrated marked and lasting improvement in symptoms.13 
Likewise, tacrolimus has been shown to improve the signs and 
symptoms of VKC when administered as an ophthalmic solu-
tion or ointment, with results occurring in as little as 1 week.100,101 
Tacrolimus is a macrolide antibiotic that acts primarily on T 
lymphocytes by inhibiting the production of lymphokines, par-
ticularly IL-2. It has been effective in the treatment of immune-
mediated ocular diseases such as corneal graft rejection, keratitis, 
scleritis, ocular pemphigoid and uveitis. The drug is approxi-
mately 100 times as potent as cyclosporine. Both tacrolimus and 
cyclosporine have been shown in vitro to inhibit histamine 
release.102

Alternative delivery systems for topical agents are also under 
investigation. Immunization approaches using ‘naked plasmid’ 
DNA (pDNA) are being pursued. This approach induces an 
altered antiallergic immune state in which there is a preference 
for the T helper cell type 1 response, producing primarily IgG2a 
whereas allergens would normally induce an IgG1 and IgE 
response.102,103 Additional areas of future research include cyto-
kine antagonists and anti-IgE therapy.15

Sublingual immunotherapy has been approved for use in 
Europe and appears to have potential for patients with single 
allergen-induced symptoms. It is undergoing multiple clinical 
studies for its efficacy and cost effectiveness in studies in the 
USA.103–105

Recent studies have demonstrated the potential of the posi-
tive impact of intranasal treatment (intranasal steroids and  
possibly intranasal antihistamines) on allergic rhinitis and its 
associated ocular allergy symptoms.106–108 It appears that this 
treatment would be best for mild-to-moderate cases, such as in 
seasonal allergic conjunctivitis (more than in perennial allergic 
conjunctivitis). Such patients would still benefit the most from 
topical allergy medications.

Evidence shows that herbal remedies (e.g. butterbur, Urtica 
dioica, citrus unshiu powder), dietary products (e.g. Spirulina, 
cellulose powder), Indian Ayurvedic medicine and Traditional 
Chinese medicine have an effect on the symptoms of allergic 
rhinoconjunctivitis.109,110 Randomized, placebo-controlled trials 
are needed to evaluate the safety and efficacy of complementary 
and alternative medicine in both children and adults.

Conclusions
Ocular disorders in children seen in the clinical subspecialty of 
allergy and immunology are increasing as our basic under-
standing of underlying mechanisms of the eye’s immune 
response coupled with a stepwise diagnostic approach facilitates 
proper diagnosis and treatment, especially for allergic disorders 
(Boxes 54-1 and 54-2). As we develop a greater understanding 
of the biomolecular mechanisms of these disease states, treat-
ment will continue to progress from symptomatic relief to more 
directed therapeutic interventions.

TERTIARY INTERVENTION

Topical Corticosteroids

When topically administered medications such as antihista-
mines, vasoconstrictors, cromolyn sodium and other multiple-
action agents are ineffective, mild topical steroids are a 
consideration. Topical corticosteroids are highly effective in  
the treatment of acute and chronic forms of allergic conjuncti-
vitis and are even required for control of some of the more 
severe variants of conjunctivitis including VKC and GPC. 
However, local administration of these medications is not 
without possible localized ocular complications including 
increased IOP (e.g. in glaucoma), viral infections and cataract 
formation. Topically or systemically administered steroids will 
produce a transient rise in IOP in susceptible individuals;  
this trait is thought to be genetically influenced.91,93–95 Unlike 
efficacy, which varies among the steroid esters, IOP effects are 
consistent among the different esters of the same corticosteroid 
base.

Loteprednol.  Loteprednol 0.2% (Alrex) is an ophthalmic 
suspension approved for the treatment of ocular allergy. One  
of its unique features is its claim to be a site-specific steroid  
(i.e. the active drug resides at the target tissue long enough to 
render a therapeutic effect but rarely long enough to cause 
secondary effects such as increased IOP and posterior subcap-
sular cataract development). The higher dose loteprednol 
(0.5%) formulation has been shown to be effective in reducing 
the signs and symptoms of GPC, acute anterior uveitis and 
inflammation following cataract extraction with intraocular 
lens implantation,91 and as prophylactic treatment for the 
ocular signs and symptoms of SAC administered 6 weeks before 
the onset of the allergy.93

It is recommended that only patients with more chronic 
forms of allergic conjunctivitis use topical steroids in a 
routine manner. Ophthalmologic consultation should be 
obtained for any patient using ocular steroids for more than 2 
weeks to assess cataract formation or increased IOP. Consulta-
tion is also merited for any persistent ocular complaint or if the 
use of strong topical steroids or systemic steroids is being 
considered.

Immunotherapy
The efficacy of allergen immunotherapy is well established, 
although it appears that allergic rhinitis may respond better to 
treatment than allergic conjunctivitis.96 Similarly, for allergic 
patients who had asthma and rhinoconjunctivitis when exposed 
to animal dander (Fel d-I allergen), immunotherapy clearly 
improved the overall symptoms of rhinoconjunctivitis, 
decreased the use of allergy medications and required a 10-fold 
increase in the dose of allergen to induce a positive OCT reac-
tion after 1 year of immunotherapy with the specific cat aller-
gen.97 Symptom assessment post challenge for ragweed-sensitive 
patients treated for at least 2 years with specific ragweed immu-
notherapy revealed improvement in nasal more than ocular 
symptoms when compared with controls.98 The effect of immu-
notherapy specific for Japanese cedar (Cryptomeria japonica) 
pollenosis had reduced the daily total symptom medication 
score, not only in cedar but also in the cross-allergenic Japanese 
cypress (Chamaecyparis obtusa) pollination season, but not sig-
nificantly.99 Thus immunotherapy plays more of an important 
role in the ‘long-term’ control of SAC.
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The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

BOX 54-1 KEY CONCEPTS

Allergic Eye Disease

• Conjunctivitis caused by IgE mast cell-mediated reactions  
is the most common hypersensitivity response of the  
eye.

• Seasonal allergic conjunctivitis is the most common allergic 
conjunctivitis, representing over half of all cases.

• Grass pollen, dust mites, animal dander and feathers are the 
most common allergens.

• Most environmental allergens affect both eyes at once.
• The hallmark of allergic conjunctivitis is pruritus.
• A stringy or ropy discharge may also be characteristic of 

allergy.
• A detailed history is the cornerstone of proper diagnosis.
• Eye examination: simple observation alone may be 

diagnostic.
• Ocular inflammation caused by systemic immunologic dis-

eases is frequently observed in children.
• Immunologic disorders of the eye commonly affect the inte-

rior portion of the visual tract and are associated with visual 
disturbances.

BOX 54-2 THERAPEUTIC PRINCIPLES

Allergic Eye Disease

• Approached in a stepwise fashion:
Primary: avoidance, cold compresses, artificial tears
Secondary: topical antihistamines, decongestants, mast cell 

stabilizers, nonsteroidal antiinflammatory drugs, multiple 
action agents

Tertiary: Topical corticosteroids, immunotherapy (immuno-
therapy may be considered in the secondary category for 
some cases)

• Novel approaches: cyclosporine, tacrolimus, liposomal drug 
delivery systems, cytokine antagonists, anti-IgE therapy, com-
plementary and alternative medicine

• Ophthalmology consultation is merited for any persistent 
ocular complaint or if the use of strong topical steroids or 
systemic steroids is being considered
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KEY POINTS

• While true drug hypersensitivity is relatively uncommon, 
many children are labeled as being ‘allergic’ to various 
medications, particularly antibiotics. They end up carry-
ing this label into adulthood and are likely to be treated 
with alternative antibiotics, which may be less effective, 
more toxic, more expensive and lead to the develop-
ment and spread of certain types of drug-resistant 
bacteria.

• In children, the drugs most frequently involved in sus-
pected drug hypersensitivity reactions are similar to 
those in the adult population: β-lactam antibiotics, non-
steroidal antiinflammatory drugs, other antibiotics, 
acetaminophen/paracetamol and others.

• The entire spectrum of drug hypersensitivity reactions 
can be seen in children, even the most severe cutaneous 
and organ-specific types.

• Most of the lessons learnt from drug hypersensitivity 
reactions in adults can be and have been extrapolated 
and applied to the pediatric population. However, some 
peculiarities arise in children in terms of prevalence and 
involved classes as well as practical aspects of the drug 
allergy work-up.

• Certain approaches such as simplifying and reducing the 
protocol steps in highly selected pediatric populations 
seem increasingly attractive to groups working in pedi-
atric settings. It remains to be seen whether they will 
stand the test of time and be accepted as a general rule 
in drug allergy work-up in children.

Introduction
Drug hypersensitivity reactions (DHRs) are adverse effects of 
pharmaceutical formulations (including active drugs and excip-
ients) that clinically resemble allergy.1 Iatrogenic by nature, 
drug allergy goes against the ultimate purpose of prescribing a 
drug, which is to alleviate, and not to induce a disease. DHRs 
represent a public health problem whose burden arises from:

• misdiagnosis: both underdiagnosis (due to under-
reporting2,3) and overdiagnosis (due to an over-use of the 
term ‘allergy’, e.g. in the presence of symptoms due to 
co-existing factors such as infections2,4);

• prevalence: affecting more than 7% of the general 
population;2

• misbeliefs: not only is the suspicion of DHRs long lasting, 
with patients carrying the ‘allergy’ label into adulthood, 
but the field of DHRs must be one of the very few in 
medicine where the suspicion of a condition may persist 
even after the diagnosis has been discarded with the best 
available means.5,6

The work of numerous groups dealing with DHR manage-
ment has provided a growing body of evidence leading to guide-
lines and/or consensus documents to support medical decision 
making on several aspects of DHR. These documents vary in 
scope and methodology in that they: (1) are national,7–11 
regional, or international;12–23 (2) concern one specific drug 
class;8,9,15–17,19,21,22,24 (3) focus specifically on evaluation tools/
management;12–14,18,20,24,25 or (4) are more general.7,9,26,27 Recently, 
the International Collaboration in Asthma, Allergy and Immu-
nology (iCAALL)28 contributed to the issue of an International 
Consensus (ICON) on drug allergy,29 a comprehensive refer-
ence aimed at highlighting the key messages that are common 
to the existing guidelines, while critically reviewing and com-
menting on any differences. As for the ICON on pediatric 
asthma,30 unmet needs, research and guideline update recom-
mendations were generated.

Most of the lessons learnt from DHR in adults have been 
extrapolated and applied to the pediatric population. However, 
some peculiarities arise in terms of prevalence and involved 
classes as well as practical aspects of drug allergy work-up. For 
instance, a shorter algorithm of testing has been recently pro-
posed by some groups in highly selected pediatric patients with 
a suspicion of β-lactam (BL) allergy. Nevertheless, there are 
hardly any specific recommendations for the pediatric popula-
tion. Currently, a Task Force on Paediatric Drug Allergy is 
ongoing within the European Academy of Allergy and Clinical 
Immunology (EAACI) drug allergy interest group (DAIG) and 
its core group, the European Network of Drug Allergy (ENDA).

Clinicians and researchers working in the field of DHR are 
aware that there is a risk of iatrogenesis in subjects with histo-
ries that suggest, but do not always confirm, DHR. Proper iden-
tification of a DHR, and all the steps leading to it, upholds the 
principle of ‘primum non nocere’.

Due to space limitation, the entire spectrum of DHRs cannot 
be addressed and, for this, the reader is referred to the previ-
ously mentioned guidelines. This chapter will focus on the most 
clinically relevant reactions: to antibiotics, aspirin (acetylsali-
cylic acid; ASA) and other nonsteroidal antiinflammatory drugs 
(NSAIDs) and vaccines. There is an emphasis on novel 
approaches in drug allergy work-up in children.

Epidemiology
Patients and physicians commonly refer to all adverse drug 
reactions (ADRs) as being ‘allergic’. This causes confusion and 
misconception with regards to drug hypersensitivity. Drugs can 
indeed induce several different types of immunologic reactions 
that, together with nonallergic DHRs, comprise 15% of all 
ADRs.29 Nonallergic DHRs resemble allergy, but have no proven 
immunologic mechanism.

While true DHR is relatively uncommon, many children are 
labeled as being ‘allergic’ to various medications, particularly 
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antibiotics such as penicillins (or more widely, BL). They end 
up carrying this label into adulthood. These patients are more 
likely to be treated with alternative antibiotics, which may be 
less effective, more toxic, more expensive and lead to the devel-
opment and spread of certain types of drug-resistant bacteria.

Estimates of the prevalence of DHR in the pediatric popula-
tion vary widely between studies. Recent cross-sectional surveys 
revealed that the incidence of self-reported DH ranged between 
2.5% and 10.2% of children.31

A systematic review and meta-analysis32 concluded that the 
overall incidence of ADRs in hospitalized children was 9.5%, 
and that for outpatient children it was 1.5%. A large study from 
the USA found that the overall incidence of self-reported anti-
biotic allergy was 15.3%, and that increasing age had a signifi-
cant correlation with antibiotic allergy prevalence.33 Nonetheless, 
these data are based on studies that, in most cases, have addressed 
ADRs in general, ignoring the underlying mechanism. Indeed, 
a study on children in Portugal34 highlighted the fact that 
although ADRs were frequently reported in an outpatient pedi-
atric survey (10.2%), after a complete evaluation very few 
(4.5%) of these reactions could be attributed to DHRs.

It is assumed that in children most skin reactions are attrib-
utable to infectious diseases or interactions between drugs and 
infectious agents rather than to the drugs themselves.35–37

Whether or not children carry a drug hypersensitivity into 
adulthood is not known; there are no follow-up studies address-
ing this aspect of the natural history of DHRs. While there is 
little or no evidence regarding nonallergic DHRs, we do have 
some insight with respect to allergic DHRs: the IgE response (to 
BL) is known to decrease with time (in adults),38 while T cell 
mediated response is long lasting.19,39 Proven DHR seems to be 
less common in children compared with adults. However, the 
validity of a negative drug allergy work-up performed in adults 
who have had a reaction suggesting drug hypersensitivity in 

childhood can be questioned because of the time that has 
elapsed since the occurrence of the reaction. In a study involv-
ing 3,275 patients, Rubio and colleagues40 reported that when 
the first reaction occurred during childhood, the prevalence rate 
of positive tests was similar whether the test was carried out 
during childhood (10.6%) or adulthood (10.6%). It could be 
therefore extrapolated that drug hypersensitivity in childhood 
does not resolve with time, although prescription habits have 
dramatically changed over the last 20 years, with increasing use 
of antibiotics in particular.

In children, the drugs most frequently involved in suspected 
DHRs are similar to those in the adult population: BL antibiot-
ics, NSAIDs, other antibiotics, acetaminophen/paracetamol and 
local anesthetics.40

Clinical Manifestations
Drug hypersensitivity reactions are classified artificially into 
two types, according to the delay in onset of the reaction after 
the last administration of the drug: (1) immediate reaction, 
occurring less than 1 hour after the last drug intake, and (2) 
non-immediate reaction, with variable cutaneous symptoms 
occurring after more than 1 hour and up to several days after 
the last drug intake.

The entire spectrum of DHRs (Table 55-1) can be seen in 
children, even the most severe cutaneous and organ-specific 
types.41,42

Drug Allergy Work-Up
EVALUATION OF THE CLINICAL HISTORY

The suspicion of DHR arises from several factors elicited  
from the clinical history. The following details should be 

Type
Type of Immune 
Response Pathophysiology Clinical Symptoms Typical Chronology of the Reaction

I IgE Mast cell and basophil 
degranulation

Anaphylactic shock
Angioedema
Urticaria
Bronchospasm

Within 1–6 hours after the last intake of the drug

II IgG and complement IgG and complement-
dependent cytotoxicity

Cytopenia 5–15 days after the start of the eliciting drug

III IgM or IgG and 
complement or FcR

Deposition of immune 
complexes

Serum sickness
Urticaria
Vasculitis

7–8 days for serum sickness/urticaria
7–21 days after the start of the eliciting drug for 

vasculitis
IVa Th1 (IFNγ) Monocytic inflammation Eczema 1–21 days after the start of the eliciting drug

IVb Th2 (IL-4 and IL-5) Eosinophilic 
inflammation

Maculopapular exanthem 
(MPE), DRESS

1 to several days after the start of the eliciting 
drug for MPE

2–6 weeks after the start of the eliciting drug for 
DRESS

IVc Cytotoxic T cells 
(perforin, granzyme 
B, FasL)

Keratinocyte death 
mediated by CD4 or 
CD8

Maculopapular 
exanthem, SJS/TEN, 
pustular exanthem

1–2 days after the start of the eliciting drug for 
fixed drug eruption

4–28 days after the start of the eliciting drug for 
SJS/TEN

IVd T cells (IL-8/CXCL8) Neutrophilic 
inflammation

Acute generalized 
exanthematous 
pustulosis

Typically 1–2 days after the start of the eliciting 
drug (but could be longer)

DRESS – Drug reaction with eosinophilia and systemic symptoms; SJS – Stevens-Johnson syndrome; TEN – toxic epidermal necrolysis.
(With permission from Demoly P, Adkinson NF, Brockow K, Castells M, Chiriac AM, Greenberger PA, et al. International Consensus on drug 

allergy. Allergy 2014;69(4):420–37.)

TABLE 
55-1 Classification of Drug Allergies
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1. They only address true allergic reactions, providing evi-
dence for type I and type IV drug allergies.

2. For most drug allergens, standardized and validated test 
concentrations and vehicles have not been elucidated. 
The European Network of Drug Allergy/Drug Allergy 
Interest Group (ENDA/DAIG) network took on the task 
of reviewing the literature for evidence to support  
the recommendation of specific appropriate drug con-
centrations for systemically administered drugs. Their 
conclusions and recommendations have recently been 
published.23

3. Sometimes the drug is not available in an adequately reac-
tive form (generally because it is a metabolic derivative 
that is immunogenic and not the parent drug).

Peculiar Aspects of Skin Tests in Children
The pain of intradermal tests may limit their use in young 
children and, in the absence of therapeutic necessity, a ‘waiting 
approach’ is generally adopted until the patient is older. On the 
other hand, viral infections are thought to be the most common 
cause of maculopapular or urticarial eruptions in children36 and 
this hypothesis is strongly favored after a negative drug allergy 
work-up. With these two considerations in mind, a shorter algo-
rithm of testing, i.e. bypassing skin tests, in highly selected 
pediatric patients has been proposed by some groups. In the 
first prospective study of its kind, Caubet et al36 performed DPT 
in 88 children with benign delayed eruptions (maculopapular 
exanthema or urticaria) to BL antibiotics, irrespective of skin 
test results. The lack of any criteria of severity had been con-
firmed by a trained allergist in the acute phase of the reaction. 
Six out of 88 children (6.8%) had a positive DPT (4 of them 
also had immediate positive intradermal tests but, interestingly, 
none had positive patch tests or delayed-reading intradermal 
tests). The authors found that the group with positive intrader-
mal tests did have a significantly higher rate of positive DPT (P 
< .05), but that none of the 6 patients with a positive DPT 
developed a more severe reaction than the index event. They 
thus concluded that skin tests had a limited value in the diag-
nosis of these benign cutaneous eruptions in children and sug-
gested performing DPT without previous skin testing in these 
selected patients.

DRUG PROVOCATION TESTS

General Aspects of Drug Provocation Tests
The DPT is performed at the end of a stepwise approach in the 
drug allergy work-up. There is general agreement that this pro-
cedure has better sensitivity than all the other available diag-
nostic tools, and that it may considerably improve patient 
management. However, its use as the ‘gold standard’ to establish 
(or exclude) the diagnosis of DHR is not unanimously accepted 
or widespread in the medical community, due to its inherent 
risks. Interestingly, however, a study carried out in three Euro-
pean centers dealing with the patient’s perspective and satisfac-
tion with regard to DPT revealed that most patients accepted 
DPT for diagnostic purposes, irrespective of the final test results. 
Furthermore, 95% of them believed that it was useful and stated 
that they would recommend it to others.43 Similar findings were 
observed across other centers, in adults as well as in children.

Although not well established, the negative predictive value 
(NPV) of DPTs is important for both the patient and the physi-
cian. One of the main limitations of DPT is that a negative test 

addressed: (1) the timing of the reaction (with respect to drug 
administration), (2) the nature of the drugs involved, (3) the 
history of a previous exposure to the same drug or to cross-
reactive drugs, (4) the medical/genetic background, (5) the cir-
cumstances of the occurrence of the reaction and (6) differential 
diagnosis.29 If possible, these details should be compiled in a 
standardized manner.12 Documentation of the presence of 
severity signs (Table 55-2) is mandatory since they will tailor 
the drug allergy work-up and establish contraindications to 
re-exposure.

SKIN TESTS

General Aspects of Skin Tests
Skin tests are the first step in in vivo re-exposure to the drug, 
and are therefore of utmost importance. If positive at validated, 
nonirritant concentrations, they confirm the diagnosis of sen-
sitization to the culprit and/or cross-reactive drugs and avoid 
the need for a drug provocation test (DPT). The tests should 
follow standard operating procedures and should be performed 
by personnel trained in their practice and interpretation. They 
have to be applied according to the suspected pathogenetic 
mechanism of the DHR, with immediate and/or late-reading 
prick tests and intradermal tests according to the initial clinical 
presentation (patch tests can also be used to explore delayed 
DHRs, but late-reading intradermal tests are preferred when-
ever possible, because of their demonstrated higher sensitivity 
for BL in adults).19 The diagnostic value of skin tests is limited 
by several factors:

Visible Severity Signs
Invisible Severity 
Parameters

Immediate 
reactions

Sudden onset of 
multisystem symptoms 
(respiratory, skin and 
mucosal)

High levels of 
serum tryptase*

Reduced blood pressure
Dyspnea
Dysphonia
Sialorrhea

Non-
immediate 
reactions

General Changes in blood 
count†

 Lymphadenopathy  Cytopenia
 Fever > 38.5°C  Eosinophilia
Organ specific Alteration of liver 

function tests†

 Painful skin
 Skin extension > 50% Alteration of kidney 

function†

 Atypical target lesions
 Erosions of mucosa
 Skin blisters, bullae
 Centrofacial edema
 Purpuric infiltrated 

papules, cutaneous 
necrosis

*No clinical utility in the acute setting.
†If a severe delayed DHR is suspected, all patients should have 

complete blood count and liver and kidney function tests.
(With permission from Chiriac AM, Demoly P. Drug allergy diagnosis. 

Immunol Allergy Clin North Am 2014;34:461-71.)

TABLE 
55-2 

Severity/Danger Signs in Drug 
Hypersensitivity Reactions
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test outcome), Caubet et al36 concluded that, in these patients, 
performing a single-dose DPT can be considered safe. The 
group is currently generating data with this practice (single-
dose protocol, followed by 30-minute observation). The authors 
emphasize that this procedure requires careful primary evalua-
tion by an experienced allergist and cannot be performed in 
patients suspected of having a more severe reaction. Such a level 
of certainty about the initial reaction history is only possible if 
the clinician has observed the reaction first hand, or if there is 
clear documentation of the reaction in the medical record. Oth-
erwise, in case of doubt, the group recommends performing a 
complete drug allergy work-up, including skin testing, prior to 
a more progressive DPT.

Other authors have also performed DPT with or without 
skin testing. Chambel et al47 implemented this practice and 
reported a 6-year experience of drug allergy work-up in chil-
dren with clinical histories of either immediate or delayed reac-
tions to BL antibiotics. However, in this study, patients with 
positive skin tests were not challenged, and in about one third 
of the patients (32 out of 114, 28%) who underwent DPT 
directly, an alternative cross-reactive drug was used. Of the 68 
patients not skin tested to BL and submitted to a DPT with the 
culprit antibiotic, almost two thirds (62.5%) could not specify 
the chronology of the initial reaction. In this study, there were 
more DPT reactors in the subgroup with immediate index reac-
tions than in the delayed-type reaction group (36.4% vs 16.9%). 
Conversely, there were more DPT negative patients in the 
delayed group (19.7% vs 9% who had presented immediate 
reactions in their clinical history), although this difference did 
not reach statistical significance in simple univariate analysis.

Regarding these practices (bypassing skin testing, single-
dose DPT), no recommendation has been issued by the national 
or international allergology societies. A growing body of evi-
dence regarding (1) standardization of the various protocols, 
(2) precise identification of the selected pediatric patients that 
could benefit from it, and (3) safety profile must be provided 
before its possible acceptance and adoption as a standard prac-
tice in the diagnosis of BL allergy in children.

(4) DPT Contraindications.  Drug provocation testing should 
never be performed on patients who have experienced severe, 
life-threatening immunocytotoxic reactions, vasculitic syn-
dromes, exfoliative dermatitis, erythema multiforme major/
Stevens-Johnson syndrome, drug-induced hypersensitivity 
reactions (with eosinophilia)/DRESS, toxic epidermal necroly-
sis or organ involvement. In a large retrospective study regard-
ing BL allergy in children, Ponvert et al46 suggested that SSLR, 
erythema multiforme and Stevens-Johnson syndrome in chil-
dren are mainly due to viral infections and that in such patients, 
with a negative allergologic work-up based on late-reading 
intradermal and patch tests, DPT might be considered for 
essential (future necessity) BL. However, this course of action 
must be regarded with the utmost caution, given that support-
ing evidence is lacking and due to the high risk of recurrence 
of such reactions.48

DESENSITIZATION

In order to confirm or rule out DHR, elective testing, i.e. per-
forming a drug allergy work-up in children labeled ‘allergic’ to 
important drugs (BL, NSAIDs, local anesthetics), is always pre-
ferred to testing during situations of acute need. However, in 

does not prove beyond any doubt tolerance for the drug in the 
future, but rather that there is no DHR at the time of the test. 
Studies regarding the NPV of DPTs are, however, encouraging 
and display virtually the same results in both adult and pediat-
ric populations. A high NPV of BL DPT of 94% to 98% was 
found in a large study involving 256 children,44 and most of the 
reactions reported by the patients were mild and non-immediate. 
This information should reassure the patients and their doctors 
about prescription of drugs after negative DPT.

General considerations on DPTs, with regard to indications, 
contraindications, methods, limitations and interpretation, 
have been thoroughly addressed14 and protocols pub-
lished.4,15,16,19,45 Nevertheless, the precise DPT procedure may 
vary considerably from one team to the next. Moreover, in 
pediatric settings, novel approaches arise, awaiting either vali-
dation or refutation by larger studies in the future.

Particular Aspects of Drug Provocation Testing  
in Children
(1) Methodology  of  DPT. Technical aspects vary between 
published studies in terms of initial dose, number of and inter-
val between protocol steps, and duration of DPT. In a child with 
negative testing and in the absence of contraindications, drug 
hypersensitivity should be ruled out or confirmed by adminis-
tering an age- and weight-appropriate cumulative dose of the 
drug to which the patient initially reacted. An observation 
period should then follow, before discharging the child, in order 
to ensure that no life-threatening reaction occurs. Informed 
consent should be obtained (ideally from both parents).

A maximum single dose of the specific drug must be achieved 
and the administration of the defined daily dose is desirable.

(2) Duration of the DPT.  Depending on the type of the drug 
itself, the severity of the DHR under investigation and the 
expected time latency between application and reaction, the 
DPT may take hours, days or, occasionally, weeks before it is 
complete.14

There is controversy among different groups as to whether 
one full therapeutic dose (of the tested drug) is sufficient to 
elicit reactions in non-immediate responders, particularly in 
children. Hence, prolonged36,46 courses have been suggested to 
increase the sensitivity of DPTs. However, this suggestion is still 
subject to debate and must be considered with caution in terms 
of diagnostic improvement, cost and medical implications.

Another matter for discussion concerning non-immediate 
reactions is the duration of the DPT, and also, for some authors, 
the location. Theoretically, DPT should be performed in the 
hospital, under medical supervision. In the study of Ponvert 
et al,46 DPTs were carried out either in a hospital setting (for 
immediate reactors) or at home (for a group of children with a 
clinical history of mild to moderately severe non-immediate 
reactions). The latter group was prescribed the daily therapeutic 
dose for up to 10 days, according to the chronology of the index 
reaction. Eighty-eight reactions were reported for DPT per-
formed at home, accounting for 6.1% of the 1,431 tested 
patients. One urticaria with asthma exacerbation and two severe 
serum sickness-like reactions (SSLR) were elicited by DPT per-
formed at home.

(3) Step Dosing.  Based on their initial results in the prospec-
tive study of 88 children with benign delayed cutaneous  
reactions during BL treatment (challenged irrespective of skin 
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greater diagnostic value in confirming immediate rather than 
delayed-type DHR to BL, with a sensitivity ranging from 86%46 
for the former to 3.77%55 for the latter. Overall, most of the 
cases, whether immediate or non-immediate, are confirmed by 
DPT.46,55

Some groups focussed on the use of specific BL in particular 
pediatric settings, i.e. in patients suffering from cystic fibrosis.56–59

Non-β-lactam Antibiotics
Children suspected of having DHRs for antibiotics other than 
BL are not generally subjected to elective testing. The attitude 
most frequently adopted by physicians is definitive avoidance, 
mainly because these drugs are rarely used as a first-line treat-
ment. Apart from BL, the two antibiotic classes most commonly 
involved in pediatric DHRs are sulfonamides and macro-
lides.37,60 Because they are not systematically studied, the bulk 
of the data derives from case reports, case series or studies in 
specific populations (i.e. HIV-infected subjects for sulfon-
amides). Moreover, the true prevalence of DHRs to these anti-
biotics is difficult to determine due to certain issues interfering 
with the drug allergy work-up:

1. The lack of standardized, nonirritating concentrations for 
skin tests, most of the diagnosis relying therefore upon 
DPTs.

2. The relative use of DPT as a diagnostic procedure, because 
of alternative approaches:
a. for macrolides, the use of an alternative drug, as a 

matter of principle in most cases, without prior con-
firmation of DHRs to the culprit macrolide

b. for sulfonamides, the use of desensitization for thera-
peutic purposes.

SULFONAMIDES

Antibacterial sulfonamides (sulfamethoxazole, sulfadoxine and 
sulfapyridine) – which are derivates of sulfanilamides – are of 
allergenic importance. Patients with an allergy to a sulfanil-
amide might cross-react with other sulfanilamides with a dif-
ferent side chain, but not with sulfonamides in general.61 
Although they can induce a broad spectrum of DHRs (includ-
ing type I and type II allergies, i.e. hemolytic anemia), they are 
known and feared elicitors of severe cutaneous adverse reac-
tions (SCARs) such as DRESS, Stevens-Johnson syndrome and 
toxic epidermal necrolysis. The drug allergy work-up obeys the 
general rules, but with a few peculiarities:

1. Positive skin tests have been described61 but their sensitiv-
ity is low and certain groups support the use of in vitro 
tests (the lymphocyte transformation test) to increase 
sensitivity (with the advantage of using compounds that 
are not available for in vivo testing).

2. In a clinical situation requiring treatment and in the 
absence of contraindications, desensitization has been an 
option for many years (it is extensively used in the HIV-
infected population) and protocols have been 
published.25,62

MACROLIDES

Macrolide antibiotics are considered to be one of the safest 
antibiotic treatments available, with a DHR prevalence of 0.4% 
to 3% of all treatments.45,63 Their chemical structure is 

cases where testing could not be performed before the situation 
that required therapeutic administration, and in the absence of 
contraindication, desensitization is an option. Referral to suc-
cessfully applied existing protocols is recommended because 
there are no generally accepted protocols for drug desensitiza-
tion in immediate DHRs,.20,29 For non-immediate DHRs the 
literature is more controversial and desensitization should be 
restricted to uncomplicated exanthems or fixed drug eruption, 
due to the unpredictability and limited therapeutic options in 
severe DHRs.25

Beta-lactam Antibiotics
Beta-lactam antibiotic DHRs are explored as described above, 
by a thorough clinical history, standardized skin tests, and DPTs 
if necessary.

There is still an ongoing debate on whether to recommend a 
fixed panel of haptens to be included in the diagnostic evalua-
tion of BL allergy due to: (1) different experiences, (2) different 
drug prescription habits and (3) different patterns of sensitiza-
tion (which certainly follow past and present patterns of antibi-
otic use). However, classically, a certain number of reagents are 
considered to be essential for the diagnosis of BL allergy. The 
current recommended reagents used for skin testing7,19 com-
prise, when available, a combination of PPL (the penicillin 
major determinant benzylpenicilloyl conjugated to poly-L-
lysine), MDM (mixture of minor determinants), and/or penicil-
lin G (in cases of unavailability of PPL/MDM or if skin tests to 
PPL/MDM are negative) in addition to the suspected determi-
nants that bring their side-chain structures into the panel (i.e. 
amoxicillin and culprit drugs such as cephalosporins). Of note, 
a few recent reports pointed out the role of selective clavulanic 
acid hypersensitivity in reactions attributed to the combination 
of amoxicillin and clavulanic acid.49 Selective immediate and 
delayed-type DHRs to clavulanic acid were diagnosed based on 
positive skin tests (or DPT) with amoxicillin associated with 
clavulanic acid, whereas skin tests (and DPT) with amoxicillin 
remained negative. Some authors49,50 performed skin tests with 
purified clavulanic acid alone (the drug is unstable in solution, 
requiring the use of excipients and limiting its availability) and 
obtained positive results at concentrations that proved negative 
in exposed controls. In the largest retrospective study to date on 
BL allergy in children (1,431 patients evaluated over a 20-year 
period), Ponvert et al46 observed that up to 37 of the 87 (42.5%) 
children diagnosed as hypersensitive (by means of positive DPT) 
to combined amoxicillin/clavulanic acid were actually selective 
responders to the latter and tolerated amoxicillin. However, in 
another large pediatric European study, tackling immediate 
drug hypersensitivity reactions to penicillins and cephalospo-
rins in 1,170 children,51 no such case was mentioned.

Beta-lactam skin tests have been used for decades and sys-
temic reactions (ranging from generalized cutaneous reactions 
to anaphylactic shock, including a few cases of fatalities) have 
been described, especially in relation to IgE-mediated allergy. 
In a predominantly adult population, the prevalence of such 
reactions was up to 8.8% to 9.4% of the positive skin-tested 
patients (1.2–1.3% of the tests).52,53 The safety of skin tests to 
BL in children appears to be better, with an overall prevalence 
ranging between 0 and 1.2%51,54 of the tested patients and 2.6% 
and 3.8% of the allergic children.46,54

The prevalence of BL DHR varies greatly between large 
series, from 7.92%55 to 58.3%.51 As with adults, skin tests are of 



 55  Drug Allergy 503

alternative drugs. All but two patients had clinical histories of 
NIUA (83.3% with angioedema). When challenged with meloxi-
cam, only two patients (4.9%) reacted. The authors concluded 
that there was better tolerance to these drugs than in the adult 
NSAID hypersensitive population.67 However, it cannot be 
ruled out that, in the natural evolution of NSAID DHR, reac-
tions to these drugs may appear in initially tolerant children. 
Moreover, although their results indicate that paracetamol can 
be a safe alternative in these children, the authors underline that 
this needs to be verified by a DPT, because the estimated reac-
tion to paracetamol varies in other studies and may be as high 
as 40%.65,68,69 This high cross-reactive rate was found in a pedi-
atric study (carrying the pitfall of a smaller sample size with 
only a few DPTs to find safe alternatives), where the tolerability 
rate for nimesulide was 88.8%.65

The clinical phenotype of NERD is less common in children. 
Reactions to COX-1 inhibitors can be life-threatening.70

Vaccines
Vaccines are complex preparations and hold a special place in 
preventive medicine by generating a protective immune 
response against various infectious diseases. Withholding vac-
cination from patients with histories of possible or even con-
firmed DHRs to any component of the culprit vaccine may 
result in significant individual and social consequences because 
of the need for vaccination coverage of the population. Gener-
ally, the risks of vaccinating are outweighed by the risks of not 
vaccinating.8,71 Given these considerations, as well as the growing 
body of evidence about the rarity of true DHRs to vaccines, 
recommendations regarding the re-administration of vaccines 
to a patient with a clinical history are somewhat different and 
more critical than in other areas of DHR.

Allergic-like reactions elicited by vaccines can be attributed 
to the microbial components, the residual components of the 
culture medium or the preservatives, stabilizers and adjuvants 
added to the vaccines.71 Both food (gelatin, egg) and drug (i.e. 
neomycin, gentamicin, polymyxin B and streptomycin) hyper-
sensitivities must be considered when evaluating vaccine DHRs. 
Local reactions are by far the most frequent adverse event after 
immunization, whereas systemic reactions (either immediate or 
non-immediate) occur with an estimated incidence ranging 
between 1 and 3 reactions per million vaccine doses.72,73 Sys-
temic reactions carry the risk of life-threatening anaphylaxis if 
the patient is re-exposed. Drug allergy work-up is therefore 
mandatory before the patient is re-exposed.

Vaccination is subject to immunization schedules but 
‘catch-up’ booster doses can be administered to children 
whose vaccination has been delayed due to a suspicion of DHR. 
If skin testing, especially intradermal testing, to the vaccine 
itself is unreliable (because it may cause false and clinically 
irrelevant positive reactions), measuring levels of IgG antibod-
ies to the immunizing agents in a vaccine suspected of causing 
a serious DHR can be considered as a step in the drug allergy 
work-up in these patients.8,71 Determining whether or not 
they are at protective levels can help to determine whether 
subsequent doses of the vaccine are required. If the patients 
reach the established level associated with protection from 
disease, consideration can be given to withholding additional 
doses, although the induced immunity might be lower than if 
all doses were injected. Follow-up of levels of protection is then 
recommended.

characterized by a large lactone ring, which can vary from 12 
to 16 atoms, with one or more sugar chains attached. Cross-
reactivity among different macrolides has not been extensively 
studied, but when it was tested, a majority of patients with a 
demonstrated DHR to a certain macrolide could tolerate 
another macrolide with a different number of atoms in the 
lactone ring. Moreover, macrolide antibiotics are unlikely to 
cross-react with macrolide immunosuppressants such as 23-C 
tacrolimus and 29-C sirolimus. Published series reveal that, 
after performing DPT, DHRs to macrolides are confirmed in 
only 2.7% to 17% of cases.45,63

Nonsteroidal Antiinflammatory  
Drugs (NSAIDs)
Together with BL, NSAIDs are the most common elicitors of 
DHRs in children, as well as in adults.

Some considerations are worth mentioning with regard to 
the pediatric population:

1. The infrequent use of acetyl salicylic acid (ASA) because 
of concerns about Reye’s syndrome in children.

2. The use of NSAIDs that are known to be generally  
well-tolerated alternatives in adults is regulated by  
prescription restrictions. Nimesulide was removed  
from the market in several countries due to concerns 
about hepatic ADRs, and oxicams and coxibs are only 
approved for children older than 15 years and adults, 
respectively.

Five major clinical entities are recognized in the new nomen-
clature proposed by the EAACI64 although overlaps may exist: 
(1) NSAID-exacerbated respiratory disease (NERD); (2) 
NSAID-exacerbated cutaneous disease (NECD), (3) NSAID-
induced urticaria/angioedema (NIUA); (4) single NSAID-
induced urticaria/angioedema or anaphylaxis (SNIUAA); (5) 
NSAID-induced delayed hypersensitivity reactions (NIDHR). 
These entities underpin two reactive patterns: the cross-reactive 
types (1, 2 and 3), or cross-intolerant (CI), involving nonal-
lergic mechanisms, and the single drug-induced types (4 and 
5), presumably allergic in nature, involving putative IgE and T 
cell mediated mechanisms.

Several studies have confirmed that isolated angioedema is 
the most common manifestation of confirmed NSAID DHRs 
in children, with ibuprofen being the most frequently involved 
drug in the clinical history,55,65 as well as in proven NSAID 
DHRs.

As with adults, the diagnosis is mainly based on clinical 
history and DPT. For nonallergic type 1–3 DHRs, neither skin 
nor laboratory tests are of value. However, for patients experi-
encing type 4 and 5 allergic reactions, skin tests and some in 
vitro tests can be of value, although with limitations.

Some authors perform ASA challenge, in order to confirm 
or discard cross-reactive status, in patients whose clinical history 
is not reliable, i.e. patients who developed a reaction with 1 or 
2 NSAIDs. However, when challenged with ASA, ibuprofen-
sensitive children reacted faster and at a lower total cumulative 
dose, and occasionally with more severe reactions (including 
respiratory symptoms such as rhinoconjunctivitis and also 
asthma) than their index reactions.55

Corzo et al66 studied paracetamol and etoricoxib tolerance 
in 41 children with DHR (proven by means of DPT) to ASA 
and ibuprofen and found that all of them tolerated these 
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(including measurement of protective antibody levels) and the 
physician should determine whether subsequent doses of the 
suspected vaccine, or other vaccines with similar components, 
are required. If needed, the vaccine can still be administered 
following the protocol proposed by the American Academy of 
Pediatrics.8

Multiple Drug Hypersensitivity 
Syndrome
About one third of the patients seen in a drug allergy consulta-
tion report multiple drug allergies.51,74 True multiple drug 
hypersensitivity syndrome (MDH), as opposed to self-reported 
MDH, is rare and has been estimated in the range of 0.3% to 
0.6% in large series of patients presenting with a suspicion  
of DHR.74,75 However its incidence is definitely higher in 
delayed-type reactions, including SCARs.76,77 Interestingly, 
although the prevalence of proven DHR in children is lower 
than in adults, Atanaskovic-Markovich et al51 reported MDH in 
7 of 279 children (2.5%) evaluated for suspected DHR over a 
5-year period. In this series, one patient had a history of SCAR, 
namely SJS.

Conclusions
Drug allergy work-up in children faces the same issues, chal-
lenges and unmet needs as in adults. Certain approaches (e.g. 
simplifying and reducing the protocol steps in highly selected 
pediatric populations) seem increasingly attractive to the 
groups working in pediatric settings. It remains to be seen 
whether they will stand the test of time and be accepted as a 
general rule in drug allergy work-up in children.

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

DIAGNOSIS AND MANAGEMENT OF A PATIENT 
WITH A CLINICAL HISTORY OF LOCAL 
REACTION AFTER VACCINE ADMINISTRATION

Patients developing local reactions after vaccine administration 
do not have a higher rate of systemic reactions upon re-exposure, 
so tests are not usually needed except in patients with a large 
local inflammatory reaction. If there is a suspicion of Arthus 
reaction, measurement of serum vaccine-specific antibodies 
(IgM/IgG) is indicated in order to detect a hyperimmunized 
status.

Patch tests can be useful in patients developing eczema or 
persistent nodules after vaccine administration. They can dem-
onstrate a delayed DHR to preservatives or adjuvants and guide 
the physician to avoid vaccines and other products containing 
these incriminated components. However, a positive patch test 
is not accurate for the purpose of assessing a patient’s ability to 
tolerate a vaccine and is not a contraindication to administering 
the vaccine following a risk-benefit analysis.8 There are no con-
traindications for booster injections in relevant infectious agent 
seronegative subjects, even if they are aluminum or thimerosal 
patch test positive.8,71

GENERAL MANAGEMENT OF PATIENTS WITH A 
HISTORY OF SYSTEMIC REACTION TO 
VACCINES

In children with systemic reactions, skin testing (and/or specific 
IgE) to the vaccine itself but also to the potential single com-
ponents that may have caused the reaction (when commercially 
available) is required. Although the sensitivity and specificity of 
skin tests with the vaccine itself have not been studied, and 
false-positive reactions occur, the result can guide the approach. 
Patients with negative skin tests can receive the full dose of 
vaccine, while in patients with positive skin tests to the vaccine 
itself (or with confirmed allergy to one of its components) the 
ratio between risk and therapeutic benefit should be assessed 
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KEY POINTS

• Natural rubber latex (NRL) is contained in thousands of 
consumer and medical products and is responsible for 
an epidemic of IgE-mediated latex allergy in the past 
three decades. Products made by a dipping method 
(e.g. gloves, condoms) have the highest content of aller-
genic protein that may result in urticaria, angioedema, 
asthma, rhinoconjunctivitis and anaphylaxis. Latex fin-
ished products contain multiple chemicals that may 
induce cell-mediated contact dermatitis, although this is 
uncommon in pediatric practice.

• Latex proteins may have clinical cross-reactivity with 
multiple foods and lead to clinical allergic responses, 
especially to banana, avocado and/or kiwi, in nearly 50% 
of latex-allergic subjects. A small subset of patients with 
fruit and vegetable allergies may develop allergic reac-
tions from cross-reactions to latex but these occur in less 
than 15% of patients.

• Patients with spina bifida are at highest risk of develop-
ing latex allergy. Occupational asthma is a common 
problem seen in adult workers exposed to latex materi-
als that use a cornstarch donning powder, which may 
carry latex protein into the ambient environment.

• Diagnosis is best achieved by performance of a history, 
physical examination and allergy tests using skin test, 
serologic tests and provocation tests, although standard 
reagents are lacking. Serologic tests may produce false-
positive results by a variety of mechanisms while up to 
25% of serologic tests may be falsely negative.

• Avoidance of latex through ‘latex safe precautions’ is 
essential for the treatment of latex allergy.

Introduction
In	the	1980s	a	worldwide	epidemic	of	immunoglobulin	E	(IgE)-
mediated	allergy	to	natural	rubber	latex	(referred	to	as	NRL	or	
latex)	occurred.	A	marked	increase	in	personal	exposure	to	latex	
with	 the	 implementation	 of	 healthcare	 standard	 precautions	
and	manufacturing	changes	in	latex	production	resulted	in	sen-
sitization	 to	 protein	 allergens	 retained	 in	 finished	 products.	
This	 chapter	 reviews	 the	 clinical	 presentation	 of	 latex	 allergy	
(LA),	production	of	latex	products,	patterns	of	latex	use	in	the	
context	of	clinical	symptoms,	allergens,	diagnosis,	clinical	and	
laboratory	 cross-reactivity	 with	 foods	 and	 pollens,	 and	 treat-
ment	options.

Clinical Manifestations –  
Initial Observations
The	 clinical	 circumstances	 in	 patients	 who	 develop	 LA	 are	
highly	variable	and	may	not	be	readily	recognized	by	patients.	

This	requires	clinicians	to	have	a	high	 index	of	suspicion	and	
astute	diagnostic	skills.

In	1927,	a	single	case	of	chronic	urticaria	from	contact	with	
rubber	prosthetics	was	reported	in	the	German	literature.1	It	was	
not	until	1979	that	the	first	clear	case	of	LA	was	reported	in	a	
homemaker.2	The	diagnosis	was	confirmed	by	a	medical	history	
of	intense	pruritus	and	atopic	dermatitis	after	the	use	of	rubber	
gloves,	with	confirmation	by	patch	test	and	prick	test-induced	
hives	from	a	latex	glove.	The	clinical	spectrum	of	LA	was	broad-
ened	by	the	first	report	of	latex	exposure	in	a	healthcare	worker	
causing	urticaria,	rhinitis	and	ocular	symptoms.3

The	introduction	of	standard	precautions	saw	an	exponential	
rise	in	latex	exam	glove	use,	paralleling	a	rise	in	reporting	of	LA	
but	 latex	 is	 now	 being	 replaced	 by	 nitrile	 butadiene	 rubber	
(Figure	 56-1)	 in	 exam	 gloves.	 A	 1987	 prevalence	 study	 con-
firmed	the	presence	of	LA	in	15/512	(2.9%)	hospital	employees	
screened	by	prick	test	to	latex.4	A	subset	of	individuals	(operat-
ing	room	personnel)	had	the	highest	prevalence	at	6.2%.	Atopy	
was	found	to	be	a	strong	contributing	factor	to	LA	development	
with	10/15	(66.7%)	of	subjects	having	environmental	allergies.	
In	1987,	Axelsson	et	al	reported	five	individuals	with	systemic	
reactions	 to	 latex	 gloves;	 only	 one	 was	 a	 healthcare	 worker.5	
Seaton	and	Cherrie	completed	the	medical	literature	spectrum	
of	 latex	allergy	manifestations	a	decade	after	 the	first	modern	
publication,	when	a	case	of	occupational	asthma	caused	by	latex	
gloves	was	confirmed,	and	suggested	that	latex	exposure	came	
from	airborne	allergen.6	Previous	mucosal	reactions	of	conjunc-
tivitis	and	rhinitis	were	believed	to	have	come	from	direct	aller-
gen	 transfer	 by	 hand	 contact.	 This	 report	 moved	 the	 medical	
community	 toward	 an	 understanding	 that	 the	 environment	
could	be	contaminated	by	allergen-carrying	glove	powder.

After	these	earliest	observations,	specific	risk	groups	emerged	
with	common	exposures.	Throughout	the	first	decade	of	report-
ing	this	disorder,	women,	healthcare	workers	and	atopic	 indi-
viduals	 were	 identified	 as	 being	 at	 risk.	 Reports	 identified	
individuals	undergoing	surgical	operations	having	severe	aller-
gic	reactions	during	anesthesia.	Two	children	with	spina	bifida	
suffered	anaphylactic	reactions	when	undergoing	anesthesia	in	
two	 completely	 different	 clinical	 scenarios.	 One	 child	 experi-
enced	 systemic	 symptoms	 within	 15	 minutes	 of	 anesthesia	
induction	and	prior	to	surgical	incision	while	the	other	child’s	
reaction	occurred	at	the	time	of	closure	of	the	surgical	incision.	
These	 reactions	 were	 characterized	 by	 generalized	 flushing,	
expiratory	wheezing,	marked	increase	in	airway	pressure	needed	
to	mechanically	ventilate,	and	severe	hypotension	requiring	epi-
nephrine	for	symptom	reversal.	These	observations	were	con-
firmed	in	the	next	3	years	by	multiple	clinical	observations	of	
allergic	reactions	in	spina	bifida	patients	undergoing	surgery.7–9

SPINA BIFIDA

Children	with	spina	bifida	(SB)	emerged	in	the	early	1990s	as	
the	 group	 at	 highest	 risk	 for	 developing	 LA.10	 Recurrent	
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anaphylaxis.	 Two	 studies	 published	 in	 the	 same	 year	 reached	
opposite	 conclusions	 about	 the	 risk	 of	 LA	 or	 sensitization	 in	
patients	with	spinal	cord	injuries.	Konz	et	al	performed	a	cross-
sectional	study	of	36	SB	patients,	50	patients	with	spinal	cord	
injury,	10	patients	with	cerebrovascular	accidents	and	10	healthy	
control	 patients.17	 While	 72%	 of	 the	 SB	 subjects	 had	 clinical	
histories	and	confirming	tests	compatible	with	LA,	no	positive	
histories	were	identified	in	either	of	the	other	two	groups	with	
neural	disease.	Antilatex	 IgE	was	noted	 in	4%	of	 spinal	 cord-
injured	patients	despite	no	history	of	 latex-induced	reactions.	
Vogel	 et	 al	 reported	 only	 2/67	 spinal	 cord-injured	 patients		
with	 a	 clinical	 history	 of	 latex	 reactions,	 but	 10	 (15%)	 with	
evidence	of	latex	sensitization,	a	historically	higher	rate	than	the	
general	population.18	Regardless,	there	appear	to	be	significant	
differences	between	neurologically	injured	patients	and	patients	
with	SB.

HEALTHCARE WORKERS

The	 clinical	 manifestations	 of	 healthcare	 workers’	 (HCW)	
disease	 are	 quite	 different	 from	 other	 groups.19–23	While	 most	
children	 with	 LA	 do	 not	 have	 irritant	 dermatitis	 or	 contact	
dermatitis,	 the	 majority	 of	 latex-allergic	 healthcare	 workers	
show	 evidence	 of	 dermatitis,	 with	 the	 irritant	 type	 being	 the	
most	 prevalent.	 Hand	 symptoms	 have	 been	 correlated	 closely	
with	latex	sensitization.	In	fact,	HCW	with	more	than	two	hand	
symptoms	are	11	times	more	likely	to	have	positive	skin	prick	
tests.24	 Dermatitis	 often	 heralds	 the	 development	 of	 IgE-
mediated	 symptoms	 of	 urticaria,	 angioedema,	 occupational	
asthma,	rhinoconjunctivitis	and	anaphylaxis,	but	 is	not	a	pre-
requisite	 for	the	development	of	LA.	The	prevalence	of	HCW	
disease	has	 ranged	 from	5%	to	17%	with	>50%	having	 latex-
induced	 asthma.	 Several	 reasons	 for	 LA	 development	 in	 this	
group	 include	 frequent	 use	 of	 latex	 gloves,	 manufacturing	
changes	that	lead	to	higher	allergen	content	of	gloves,	process-
ing	changes	or	manufacturing	changes.	Airborne	antigen	expo-
sure	 has	 been	 found	 to	 be	 a	 significant	 source	 of	 latex	
sensitization	among	HCWs.	The	use	of	powder-free	examina-
tion	gloves	reduces	the	risk	of	sensitization	16-fold.25

SURGERY

Multiple	reports	suggest	that	surgical	intervention	increases	LA	
risk.12,26	 In	 addition,	 children	 with	 cerebral	 palsy,	 esophageal	
atresia,	gastroschisis	and	omphalocoele	may	be	at	higher	risk.	
Since	these	diseases	are	confounded	by	frequent	latex	glove	use	
and	 multiple	 surgeries,	 the	 contribution	 of	 each	 variable	 is	
unclear.

LATEX ALLERGY IN THE GENERAL POPULATION

Multiple	reports	and	clinical	experience	have	shown	that	indi-
viduals	with	no	apparent	risk	factors	of	exposure,	SB,	healthcare	
work	or	surgery	may	develop	LA.	The	symptoms	in	these	indi-
viduals	are	usually	predicted	by	the	route	of	exposure:	rhinitis,	
conjunctivitis	and	asthma	occur	after	inhalation,	while	anaphy-
laxis	occurs	after	abdominal	mucosa	or	intravenous	exposure.	
The	most	dramatic	presentations	were	the	first	cases	of	anaphy-
laxis	 seen	 after	 rectal	 mucosal	 surface	 exposure	 to	 latex	 bal-
loons,	 glove	 or	 condom	 materials.	 In	 the	 1980s,	 air	 contrast	
barium	 enema	 procedures	 used	 a	 catheter	 that	 was	 inflated		
to	 help	 retain	 the	 air	 and	 barium	 in	 the	 colon.27,28	 Rectal	

exposure	to	latex	products	in	their	daily	care,	multiple	surgeries,	
atopic	disposition	and	epigenetic	factors	may	all	contribute	to	
this	 response.	 Patients	 with	 SB	 seem	 exceptionally	 capable	 of	
mounting	 an	 IgE	 response	 to	 latex	 proteins,	 with	 subjects	
undergoing	surgery	in	a	prior	year	having	a	68%	prevalence	of	
NRL	sensitization.	Alarmingly,	one	of	every	eight	patients	with	
SB	in	one	hospital,	prior	to	the	use	of	latex	avoidance	precau-
tions	in	the	operating	room,	developed	systemic	allergic	reac-
tions	during	anesthesia,	representing	a	500-fold	higher	rate	of	
anaphylaxis	 than	 expected	 during	 general	 anesthesia	 and	
surgery.	Two	case	 series	 reported	anaphylaxis	occurring	 40	 to	
220	 minutes	 into	 surgery	 with	 direct	 mucosal	 glove	 contact,	
while	another	series	noted	anaphylaxis	within	30	minutes	of	the	
induction	of	anesthesia.9,10	One	case	series	compared	differences	
between	SB	patients	who	developed	intraoperative	anaphylaxis	
and	those	who	did	not,	while	a	second	case	series	compared	SB	
to	atopic	and	nonatopic	control	groups.	SB	groups	developed	
LA	more	frequently	than	atopic	subjects	(40.5%	vs	11.4%)	and	
at	>	20	times	the	rate	of	healthy	controls	(40.5%	vs	1.9%).	Other	
case	series	without	control	groups	suggest	that	atopy,	>	5	surger-
ies,	 high	 antilatex	 IgE	 (>	3.5	kU/L),	 and	 skin	 test	 reactivity	 to	
foods	(kiwi,	pear	or	tomato)	are	important	factors.11–15

Recently,	 sensitization	 to	 latex	 in	 SB	 patients	 has	 declined	
significantly	 (5%	 vs	 55%)	 with	 the	 introduction	 of	 latex	 safe	
conditions.16	 Therefore,	 latex	 avoidance	 measures	 have	 been	
extremely	 successful	 in	 reducing	 sensitization	 and	 allergy	 in	
patients	with	SB.

LATEX ALLERGY IN PATIENTS WITH UROLOGIC 
OR NEUROLOGIC DEFECTS

In	addition	to	patients	with	SB,	patients	with	cloacal	anomalies,	
chronic	renal	failure	or	bladder	anomalies	are	at	risk	for	latex	

Figure 56-1  The  introduction of standard precautions saw an expo-
nential  rise  in use of  latex examination gloves but not  sterile  surgical 
latex gloves. After 2009, a marked buying change of latex examination 
gloves occurred in the USA with nitrile butadiene rubber (NBR) replac-
ing natural rubber (NR) as the most common source for latex gloves. In 
addition,  powdered  latex  examination  gloves  now  constitute  a  small 
proportion  of  latex  examination  gloves.  (Adapted from Whitfield A. 
Synthomer Investor Day pdf presentation on November 19, 2013 at 
http://www.synthomer.com/fileadmin/content_investor/2013/Investorday 
2013.pdf.)
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two	banana	proteins,	avocado	and	chestnut.	Kiwi	has	significant	
homology	with	Hev	b	5.42–44	While	Hev	b	7	has	structural	simi-
larity	 to	 patatin	 from	 potato,	 the	 clinical	 relevance	 may	 be	
minor.	 Hev	 b	 8,	 a	 profilin,	 may	 cross-react	 with	 other	 plant	
profilins.	 Hev	 b	 2	 is	 a	 pathogen-related	 protein	β-1,3-glucan	
with	cross-reactive	homology.	Hev	b	12	is	a	lipid	transfer	protein	
that	has	been	a	common	protein	type	to	cause	clinical	reactions	
to	vegetables	and	fruit	in	patients	who	are	pollen	reactive.

Latex-fruit	syndrome	was	investigated	from	the	perspective	
of	whether	individuals	with	primary	fruit	allergy	have	concur-
rent	LA.	Of	57	subjects	with	primary	fruit	allergy,	49	(86%)	had	
IgE	reactivity	in	serum	and/or	skin	test.	Only	6	(12.2%)	reported	
prior	 symptoms	 from	 latex	 exposure;	 however,	 fruit	 allergy	
symptoms	preceded	these.45

The	 concern	 of	 hidden	 food	 allergen	 has	 been	 brought	 to	
light	by	multiple	reports	of	transfer	of	allergen	to	food	(a	bagel,	
cheese,	 lettuce	 and	 doughnut)	 by	 handlers	 wearing	 latex	
gloves.46,47

DIABETES AND LATEX ALLERGY

The	 development	 of	 LA	 in	 patients	 with	 type	 1	 diabetes	 was	
unexpected.48	In	1995,	anaphylaxis	was	reported	during	surgery	
and	was	presumed	to	be	from	latex	contamination	of	injectable	
medication	 drawn	 from	 a	 latex	 rubber-topped	 bottle	 during	
anesthesia.	A	series	of	case	reports49–51	and	a	prevalence	study	
investigating	the	risk	of	LA	in	individuals	who	require	insulin	
injection	were	subsequently	reported.	Local	allergic	reactions	at	
the	 site	 of	 insulin	 injection	 occurred	 after	 the	 needle	 used	 to	
draw	 up	 the	 insulin	 was	 inserted	 through	 a	 rubber-stopped	
bottle	containing	latex.	Removal	of	the	latex	top	and	subsequent	
drawing	 up	 of	 the	 insulin	 into	 the	 syringe	 did	 not	 produce	
allergic	 reactions	 in	 any	 of	 these	 cases.	 These	 observations	
suggest	that	the	latex	stopper	does	not	contaminate	the	medica-
tion	 vial,	 but	 does	 contaminate	 the	 needle	 during	 insertion.	
One	 report	 in	 the	 pharmacy	 literature	 found	 that	 multiple	
needle	 punctures	 of	 multidose	 vials	 did	 not	 elute	 allergen	 in	
sufficient	quantity	to	result	in	allergic	reactions.	Serum	samples	
from	 children	 with	 type	 1	 diabetes	 demonstrated	 that	 latex-
specific	IgE	was	detectable	only	in	atopic	diabetic	children,	but	
was	not	more	prevalent	than	in	nondiabetic	atopic	subjects.	In	
this	 study,	7/112	(6%)	of	 subjects	had	IgE	antibody	and	were	
all	derived	from	the	atopic	group	of	42	subjects	(17%).	In	con-
trast,	none	 (0/70)	of	 the	nonatopic	 subjects	had	antilatex	 IgE	
antibody	detected	in	the	serum.52

Latex Production
Produced	 by	 nearly	 2,000	 lactiferous	 plants	 and	 trees,	 the	
polymer	cis-1,4	polyisoprene	has	been	exploited	for	broad	com-
mercial	use	from	the	tree	Hevea brasiliensis	and	recently	from	
other	lactiferous	plants	such	as	guayule	latex.53–57	Charles	Good-
year’s	critical	discovery	of	sulfur	heat	vulcanization,	a	method	
that	effectively	cross-links	the	rubber	polyisoprene	while	reduc-
ing	the	tackiness	and	sensitivity	to	temperature	change	of	latex,	
catapulted	NRL	use	into	one	of	the	most	important	industries	
in	the	world.	Worldwide	latex	consumption	has	increased	dra-
matically,	with	nearly	6	million	tons/year	produced	in	1995	and	
over	21	million	tons/year	utilized,	mainly	due	to	China’s	spec-
tacular	 economic	 growth.	 Latex	 demand	 for	 NRL	 in	 Japan,	
Europe	and	North	America	has	remained	stable.	Whether	a	new	
epidemic	of	LA	will	emerge	in	China	is	unknown.

manometry	with	a	catheter	tipped	with	a	balloon	or	covered	by	
condom	 material	 was	 common.	 Case	 series	 described	 severe	
anaphylaxis,	including	deaths,	associated	with	these	procedures.	
Only	in	retrospect	were	these	cases	identified	as	LA,	with	most	
occurring	 in	 non-healthcare	 workers,	 although	 some	 were	
atopic	 or	 had	 had	 prior	 surgery.	 One	 particular	 catheter	 was	
implicated	 in	 barium	 enema-induced	 anaphylaxis	 (E-Z-Em	
Company)	with	as	many	as	148	episodes	of	anaphylaxis	and	9	
deaths.	 Most	 of	 these	 subjects	 were	 not	 from	 identified	 risk	
groups,	raising	significant	concern	about	the	risk	in	the	general	
population.

Two	large	studies26,29	showed	a	prevalence	of	LA	in	children	
of	0.7%	to	1.1%,	well	below	the	reported	prevalence	in	children	
with	SB	and	healthcare	workers.	These	observations	were	con-
trasted	by	serologic	studies	from	blood	donors,	non-healthcare	
workers,	and	consecutive	emergency	department	patients	that	
demonstrated	antilatex	IgE	presence	in	the	blood	of	4%	to	8%	
of	these	subjects.29–34	Whether	this	represents	a	predictable	rate	
of	false-positive	tests	in	low-prevalence	populations,	or	accurate	
results	 in	 subjects	 at	 risk	 of	 latex-allergic	 reactions	 following	
future	exposures,	is	unclear.

FRUIT ALLERGY AND CONCURRENT  
LATEX ALLERGY

Clinical	observations	raised	the	question	of	pan-allergens	and	
clinical	cross-reactivity	of	fruit	and	latex.	Multiple	clinical	reac-
tions	 to	bananas,	kiwi,	avocado,	mango,	chestnut,	papaya	and	
stone	fruits	such	as	cherries	or	peaches	have	been	published	in	
known	latex-allergic	subjects.34–41	In	addition,	individuals	with	
primary	 food	 allergy	 have	 had	 clinical	 reactions	 to	 latex,	 but	
much	less	frequently	than	might	have	been	expected	from	the	
initial	frequency	of	in	vitro	allergen	cross-reactions.	This	syn-
drome	 has	 been	 termed	 the	 ‘latex-fruit	 syndrome’	 and	 was	
extended	to	the	‘latex-vegetable	syndrome’	when	cross-reactions	
were	 found	 between	 a	 number	 of	 vegetables	 and	 latex	
proteins.

Over	50%	of	individuals	with	LA	may	have	clinical	reactions	
to	fruit	(Table	56-1)	due	to	specific	cross-reacting	allergens.31	A	
common	tertiary	structure	of	Hev	b	6	(hevein)	is	shared	with	

Primary Food Allergies 
Causing Latex Reactions Clinical Cross-Reacting Foods

Bananas
Melons
Peaches

Avocados
Bananas
Chestnuts
Kiwi
Papaya
Potato

FOODS WITH IN VITRO CROSS-REACTIVITY BUT UNCOMMON  
IN VIVO SYMPTOMS IN LATEX ALLERGY

Apple
Bell pepper
Celery
Cherry
Fig
Mango

Passion fruit
Pear
Pineapple
Tomato
Turnip
Wheat

TABLE 
56-1 

Foods that Cross-React with Hevea 
brasiliensis Latex
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Latex Allergens
Field	latex	varies	in	its	protein	content	by	clonal	origin	of	the	
rubber	 plant,	 climatic	 factors,	 soil	 types,	 fertilizers	 and	 yield	
enhancers	 used	 for	 the	 rubber	 cultivation.	 Latex-producing	
trees	are	susceptible	to	invasion	by	a	variety	of	microorganisms,	
especially	 fungi,	 and	 insects	 that	 can	 injure	 and	 kill	 the	 tree.	
NRL	contains	numerous	defense-related	proteins	and	enzymes	
that	are	integral	in	the	protection	of	the	plant,	biosynthesis	of	
polyisoprene	and	coagulation	of	latex,	but	which	cause	allergic	
sensitization	and	clinical	reactions	in	susceptible	hosts.	Proteins	
present	in	freshly	harvested	latex	are	detected	in	finished	latex	
products,	 either	 in	 their	 natural	 configuration	 or	 an	 altered	
configuration,	 which	 may	 lead	 to	 the	 formation	 of	 neo-
antigens.53	Based	on	their	IgE-binding	properties,	the	Allergen	
Nomenclature	 Subcommittee	 of	 the	 International	 Union	 of	
Immunological	 Societies	 (IUIS)	 has	 accepted	 13	 proteins	 as	
latex	allergens	(http://www.allergen.org).

IMMUNOLOGIC PROPERTIES

The	immunologic	properties	of	individual	latex	allergens	have	
been	 evaluated	 by	 immune	 responses	 in	 either	 healthcare	
workers	or	patients	with	SB	since	those	individuals	make	up	the	
majority	of	subjects	found	to	have	clinical	disease.	The	allergens	
that	the	general	population	reacts	to	are	likely	to	parallel	these	
current	observations	(Table	56-2).

Functional Properties of  
Latex Allergens
Latex	proteins	are	involved	in	rubber	biosynthesis	(Hev	b	1,	3,	
6,	7),	plant	defense	(Hev	b	2,	4,	6.01–6.03,	7,	11,	12,	13),	enzyme	
actions	and	structural	formation	(Hev	b	5,	8,	9).	Some	of	these	
proteins	have	multiple	functions	and	elicit	variable	IgE	responses	
in	humans	who	contact	them.44,54

IMMUNE RESPONSES TO RUBBER 
BIOSYNTHESIS PROTEINS

The	four	allergens	most	involved	in	rubber	biosynthesis	include	
Hev	b	1,	Hev	b	3,	Hev	b	6.01–6.03	and	Hev	b	7.	What	is	most	
interesting	is	the	dichotomy	of	reactions	seen	between	health-
care	workers	and	SB	patients	to	this	particular	group	of	aller-
gens.	SB	patients	react	more	frequently	to	Hev	b	1	and	Hev	b	3	
than	other	risk	groups,	possibly	due	to	genetic	differences,	sur-
gical	exposure,	timing	or	route	of	exposure	to	the	allergens.

Hev b 1 (Rubber Elongation Factor or REF)
A	tetramer	with	a	molecular	mass	of	58	kDa	and	tightly	bound	
on	large	rubber	particles	(>	350	nm	in	diameter),	Hev	b	1	is	a	
major	allergen,	inducing	IgE	reactions	in	13%	to	32%	of	latex-
sensitive	healthcare	workers	and	52%	to	100%	of	SB	patients.	
This	very	important	allergen	must	be	present	in	sufficient	quan-
tity	for	diagnosis	in	patients	with	SB.58–60

Hev b 3 (REF Homolog)
This	protein,	with	strong	IgE-binding	reactivity	in	patients	with	
SB	and	LA,	is	associated	with	the	small	rubber	particles	(<	75	nm)	
in	 latex.	Clinical	and	 immunologic	reactivity	of	Hev	b	3	with	
serum	IgE	in	healthcare	workers	is	less	frequent	and	weaker	than	

Rubber	 hydrocarbon	 (cis-1,4	 polyisoprene)	 makes	 up	 the	
majority	 of	 the	 latex	 suspension	 while	 protein,	 carbohydrate,	
lipids,	inorganic	constituents	and	amino	acids	are	a	minor	per-
centage	 of	 the	 mix.	 Despite	 proteins	 being	 a	 minor	 portion		
of	NRL,	the	retention	of	these	proteins	in	finished	products	is	
the	 cause	 of	 IgE-mediated	 reactions	 in	 humans.	 During	 the	
manufacturing	of	 latex	products,	over	200	different	chemicals	
have	been	utilized	and	fall	into	broad	categories	of	accelerators	
of	 cross-linking,	 antioxidants,	 antiozonates,	 biocides,	 colo-
rants,	 epoxies	 and	 plasticizers.	 It	 is	 the	 accelerator	 class	 of	
chemicals,	 including	 thiurams,	 thiazoles	 and	 carbamates,		
that	 most	 frequently	 causes	 type	 IV	 cell-mediated	 contact		
dermatitis	 of	 the	 skin	 from	 latex.	 Synthetic	 rubber	 materials	
and	 alternative	 medical	 glove	 materials	 may	 retain	 these		
same	 chemicals,	 resulting	 in	 contact	 dermatitis.	 Gloves	 made	
of	 polyvinyl	 chloride,	 styrene	 butadiene	 rubber	 or	 Tactylon®	
(styrene	 ethylene	 butylene	 styrene)	 may	 not	 contain	 these	
accelerators.

LATEX COLLECTION

NRL	flows	through	a	circulation	system	of	the	tree	and	is	col-
lected	when	bark	is	shaved	off	just	short	of	the	cambium	layer.	
Latex	is	treated	with	a	stabilizer	such	as	sodium	sulfite,	formal-
dehyde,	ammonia	(0.05–0.2%)	or	ammonia	with	a	1	:	1	mixture	
of	 zinc	 oxide	 and	 tetramethylthiuram	 disulfide	 (TMTD).	 A	
number	of	chemicals	can	be	used	to	enhance	the	yield	of	latex.	
Such	chemicals	(e.g.	2-chloroethylphosphonic	acid	or	ethepon)	
may	 enhance	 the	 quantity	 and	 type	 of	 allergenic	 proteins.	
Demand	to	produce	more	medical-grade	latex	with	the	advent	
of	standard	precautions	in	the	1980s	resulted	in	more	frequent	
tapping	 of	 trees	 and	 reduced	 storage	 time	 of	 latex.	 As	 many	
allergenic	proteins	are	defense	proteins,	 their	production	may	
have	been	enhanced.

LATEX PRODUCT MANUFACTURING

Approximately	 88%	 or	 more	 of	 the	 world’s	 harvested	 latex	 is	
acid	coagulated,	prepared	as	dry	raw	rubber	in	sheets	or	crumbs	
of	 technically	 specified	 rubber	 and	 dried	 at	 60°C	 or	 higher	
temperature.	 Allergic	 IgE	 reactions	 have	 been	 rarely	 reported	
from	this	type	of	rubber	but	contact	reactions	may	be	seen.

The	other	10%	to	12%	of	NRL	is	produced	in	a	latex	con-
centrate	by	centrifugation	or	creaming	to	make	products	such	
as	gloves	and	condoms	 from	a	dipping	method.	Most	 latex	 is	
concentrated	to	60%	isoprene,	stabilized	in	either	a	high	con-
centration	 of	 ammonia	 (0.7%)	 or	 low	 ammonia	 (0.2%)	 with	
TMTD	 and	 zinc	 oxide	 and	 stored	 in	 tanks	 for	 at	 least	 2	 to	 3	
weeks	and	often	longer	before	being	shipped	to	manufacturers.	
After	shipping,	the	latex	is	prepared	by	the	manufacturer,	with	
proprietary	methods,	for	dipping	of	forms	(e.g.	gloves)	coated	
with	a	surface	coagulant	into	latex	slurry.	The	latex	adheres	to	
the	form,	is	wet	leached,	heat	vulcanized	and	dried,	and	various	
methods	are	used	to	prevent	the	latex	products	from	sticking	to	
each	other.	In	the	past,	the	most	common	agent	used	to	prevent	
sticking	 was	 highly	 cross-linked	 cornstarch	 powder	 or	 talc.	
Given	its	ability	to	act	as	a	carrier	of	latex	allergen,	cornstarch	
powder	has	fallen	out	of	favor.	Talc	was	found	to	induce	granu-
lomatous	 inflammation	 and	 decrease	 wound	 healing	 and	 has	
mostly	been	abandoned	in	medical-grade	gloves.	Halogenation	
or	surface	coating	with	a	synthetic	polymer	has	been	useful	in	
replacing	donning	powder.

http://www.allergen.org
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proteins)	are	encoded	by	the	host	plant	but	are	induced	only	in	
pathologic	situations	(e.g.	tapping	of	a	latex	tree).	There	are	14	
identified	 families	 of	 PR	 proteins	 with	 defense	 functions	 and	
many	are	associated	with	food	allergy	cross-reactions	in	pollen-
induced	 food	 allergy	 and	 the	 latex-fruit	 syndrome.	 Thus	 it	 is	
important	to	understand	the	type	of	defense	proteins	that	are	
allergens	 in	NRL	in	order	to	predict	which	fruit	and	environ-
mental	allergens	will	cause	clinical	cross-reactivity.

Hev b 2
This	 basic	β-1,3-glucanase	 exhibits	 significant	 IgE	 binding	 in	
latex-sensitized	SB	and	healthcare	workers.63	IgE	reactivity	may	
range	 from	 20%	 to	 61%	 of	 patients	 with	 clinical	 symptoms	
from	latex	allergen	content.	Foods	such	as	banana,	potato	and	
tomato	may	contain	β-1,3-glucanase	activity,	but	it	is	not	clear	
if	this	is	truly	the	protein	resulting	in	cross-reactions.65,66

Hev b 4
This	 microhelix	 component	 of	 latex	 is	 an	 acidic	 protein	
(50–57	kDa)	and	65%	of	healthcare	workers	are	found	to	have	
IgE	against	this	component.	However,	only	14%	of	these	patients	
showed	 peripheral	 blood	 mononuclear	 cell	 (PBMC)	 stimula-
tion	to	Hev	b	4.

Hev b 6 (Prohevein)
Hev	b	6.01,	one	of	 the	most	abundant	 latex	proteins,	has	two	
distinct	 domains:	 a	 4.7	kDa	 C-terminal	 domain	 (Hev	 b	 6.02)	
and	an	N-terminal	14	kDa	peptide	(Hev	b	6.03).41–44	Prohevein	
has	strong	reactivity	with	IgE	from	healthcare	workers	and	SB	
patients	with	LA.	The	43	amino	acid-long	N-domain	exhibits	
IgE	 binding	 with	 a	 significantly	 higher	 number	 of	 latex-
sensitized	patients	when	compared	to	the	144	amino	acid-long	
C-domain	of	Hev	b	6.	Skin	test	reactions	correlate	well	with	the	
in	vitro	IgE	to	latex	allergens.	Epitope	mapping	of	the	prohevein	
molecule	revealed	more	IgE-binding	regions	near	the	N-terminal	
end	of	the	protein.

in	SB	patients.	The	amino	acid	sequence	homology	is	47%	when	
compared	to	Hev	b	1.	Preincubated	latex-allergic	sera	with	Hev	
b	1	show	>	80%	enzyme	linked	immunosorbent	assay	(ELISA)	
inhibition	 to	 solid	 phase	 Hev	 b	 3,	 indicating	 the	 presence	 of	
similar	conformational	allergens	in	these	proteins.59–61

Hev b 7 (Patatin-Like Protein)
An	important	potato	storage	protein	allergen	(Sol	 t	1),	Hev	b	
7,	 a	 46	kDa	 protein	 with	 patatin	 storage	 protein	 homology,	
inhibits	rubber	biosynthesis	but	also	has	defense	hydrolase	and	
esterase	activity	 that	 inhibits	 the	growth	of	 invertebrate	pests.	
IgE-binding	reactivity	occurs	in	23%	of	healthcare	workers	with	
LA	but	Hev	b	7	has	not	been	demonstrated	to	be	a	major	aller-
gen	for	patients	with	SB.62

Hev b 6.01–6.03
Hev	b	6.01–6.03	has	latex	coagulation	activity	but	will	be	pre-
sented	under	defense-related	proteins.

IMMUNE RESPONSES TO PLANT  
DEFENSE-RELATED PROTEINS

The	 Hevea	 latex	 allergens	 that	 have	 defense-related	 functions	
include	Hev	b	2,	4,	6.01–6.03,	7	(see	above),	11,	12	and	13.	Most	
latex-allergic	patients	recognize	one	or	more	of	these	allergens	
and	their	potential	cross-reactions	with	fruit	proteins	account	
for	 the	 serious	 allergic	 reactions	 after	 ingestion	 of	 a	 food		
with	such	proteins.	In	addition,	hevamine,	a	common	protein	
that	 is	not	officially	accepted	as	an	allergen,	 is	also	a	defense-
related	 protein	 that	 some	 individuals	 develop	 IgE	 antibody	
against.37,38,41–43,62–64

Higher	plants	have	a	defense	system	of	proteins	that	is	com-
pared	 frequently	 to	 the	 immune	 system	 of	 animals,	 but	 in	
reality	 is	 significantly	 different.	 Static	 defense	 proteins	 (e.g.	
storage	 proteins)	 may	 exert	 antifungal	 activity	 (e.g.	 lectins)		
or	 antimicrobial	 activity.	 Pathogenesis-related	 proteins	 (PR	

Allergens Allergen Name Molecular Weight kDa Function Significance as Allergens

Hev b 1 Elongation factor 14.6 Rubber biosynthesis Major
Tetramer 58

Hev b 2 1,3-glucanase 34/36 Defense protein Major
Hev b 3 Elongation factor 23 Rubber biosynthesis Major
Hev b 4 Microhelix complex 50–57 Defense protein Major

Dimer 100–115

Hev b 5 16 Enzyme Major
Hev b 6.01 Prohevein 20 Defense protein Major
Hev b 6.02 Hevein 4.7 Defense protein Major
Hev b 6.03 C-terminal hevein 14 Defense protein Major
Hev b 7 Patatin homolog 42.9 Defense protein

Inhibit rubber biosynthesis
Minor

Hev b 8 Latex profiling 14 Structural protein Minor
Hev b 9 Latex enolase 51 Enzyme Minor
Hev b 10 Mn superoxide dismutase 26 Enzyme Minor
Hev b 11 Class 1 chitinase 33 Defense protein Minor
Hev b 12 Lipid transfer protein 9.3 Defense protein Major
Hev b 13 Latex esterase 42 Enzyme Major

TABLE 
56-2 Hevea brasiliensis Latex Allergens
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Hev b 11 (Endochitinase)
The	class	1	chitinase	shares	homology	with	N-terminal	hevein	
domain	 (resulting	 in	 cross-reactivity	 and	 the	 latex-fruit	 syn-
drome)	and	also	shares	epitopes	with	chitinases	from	avocado,	
chestnut	and	banana.	They	appear	to	be	minor	contributors	to	
disease.38,40,41

Hev b 12 (Lipid Transfer Protein)
Lipid	transfer	proteins	with	antifungal	and	antibacterial	activity	
are	named	for	their	ability	to	transfer	phospholipids	from	lipo-
somes	to	mitochondria,	and	are	widely	distributed	in	the	plant	
kingdom.64,67	This	class	of	proteins	is	the	most	important	aller-
gen	in	the	Prunoideae	fruits	such	as	peach,	cherry,	apricot	and	
plum,	 which	 may	 help	 explain	 the	 cross-reactivity	 seen	 with	
stone	fruits	in	latex-allergic	healthcare	workers.

Hev b 13 (Latex Esterase)
The	biologic	role	of	this	protein	is	not	as	well	defined,	but	it	is	
one	of	the	major	allergens	found	in	natural	and	finished	latex	
products	 to	 which	 healthcare	 workers	 react.	 This	 important	
allergen	correlates	well	with	 the	allergenic	content	of	finished	
latex	gloves	and	has	been	proposed	to	be	one	of	four	allergens	
used	in	a	standard	to	measure	immunologic	allergenic	content	
of	manufactured	products.68

IMMUNE RESPONSES TO COMMON ENZYMES 
AND STRUCTURAL PROTEINS

Hev b 5
A	proline-rich	protein	with	a	46%	amino	acid	sequence	homol-
ogy	to	an	18.9	kDa	acidic	protein	from	kiwi,	Hev	b	5	has	been	
cloned	and	expressed	with	a	molecular	mass	of	16	kDa.68,69	It	is	
presumed	 to	 be	 partially	 responsible	 for	 clinical	 reactions	 to	
kiwi	in	LA	patients.	This	protein	is	a	major	allergen	with	strong	
IgE-binding	reactivity	in	both	healthcare	workers	(92%)	and	SB	
(56%)	patients.

Hev b 8 (Profilin)
Profilin,	an	actin	binding	protein,	is	involved	in	the	formation	
of	the	actin	network	of	plant	exoskeleton.	Purified	latex	profilin,	
when	 used	 in	 skin	 prick	 testing,	 showed	 positive	 reactions	 in	
100%	(24/24)	of	SB	patients	and	6/17	healthcare	workers	with	
LA,	but	its	role	in	the	clinical	induction	of	symptoms	is	unclear,	
due	to	carbohydrate	binding	in	vitro.70–73

Hev b 9 (Enolase)
A	high	degree	of	cross-reactivity	can	be	expected	because	of	the	
homology	of	enolases	present	in	different	organisms.	However,	
unpublished	work	from	our	laboratory	on	sera	from	26	health-
care	 workers	 with	 LA	 failed	 to	 demonstrate	 any	 IgE	 binding	
with	the	recombinant	latex	Hev	b	9	and	fungal	enolases.

Hev b 10 (Manganese Superoxide Dismutase)
This	 highly	 conserved	 enzyme	 (MnSOD)	 has	 been	 reported	
from	a	number	of	 fungi	and	bacteria,	as	well	as	 from	human	
beings,	but	its	role	in	cross-reactive	allergenicity	is	unclear.37,38,41,64

Diagnosis of Latex Allergy
The	 diagnosis	 of	 LA	 in	 a	 patient	 requires	 a	 medical	 provider		
to	 take	 a	 complete	 medical	 history,	 perform	 a	 physical	

examination	and	then	supplement	the	clinical	conclusions	with	
appropriate	testing.	An	algorithm	that	outlines	one	method	of	
approaching	the	diagnosis	is	shown	in	Figure	56-2.	Epicutane-
ous	 skin	 testing	 or	 serologic	 testing	 for	 antilatex	 IgE	 in	 the	
absence	of	a	clinical	history	and	physical	exam	is	inadequate	for	
an	accurate	diagnosis	of	LA,	since	each	of	those	tests	has	vari-
able	sensitivity,	specificity,	positive	predictive	values	and	nega-
tive	predictive	values.	Testing	for	LA	has	been	hindered	in	the	
USA	 by	 lack	 of	 a	 standard	 reagent	 clearance	 through	 the	 US	
Food	and	Drug	Administration	(FDA).

SKIN TESTING

Skin	testing	has	been	the	most	sensitive	and	predictive	test	for	
confirming	a	diagnosis.11,74–77	Achieving	 the	highest	 sensitivity	
has	required	the	use	of	more	than	one	source	material	for	latex	
(e.g.	natural	latex	nonammoniated	and	a	latex	glove	extract).11,75	
In	 one	 series	 using	 two	 source	 materials,	 the	 sensitivity	 was	
100%,	specificity	99%,	and	a	negative	test	had	100%	predictive	
value	 in	 concluding	 that	 a	 patient	 was	 not	 allergic	 to	 latex.11	
Failure	of	 a	 skin	 test	 reagent	 to	be	approved	 in	 the	USA	may	
relate	 to	 the	 frequency	 of	 adverse	 reactions	 to	 epicutaneous	
testing	 with	 latex	 allergen.11,74,78	 Early	 information	 demon-
strated	that	skin	testing	resulted	in	a	high	rate	of	systemic	reac-
tions	 not	 seen	 with	 other	 allergens	 approved	 for	 skin	 testing.	
This	high	rate	of	reaction	was	confirmed	in	a	comparative	ret-
rospective	 study	 from	 the	 Mayo	 Clinic	 where	 the	 rate	 of	 sys-
temic	reactions	to	latex	was	228/100,000	latex	skin	tests,	while	
the	 rate	 of	 reactions	 of	 this	 nature	 to	 other	 allergens	 was	
72/100,000	 penicillin	 skin	 tests	 and	 23/100,000	 aeroallergen	
tests.78	This	represents	a	10-fold	elevated	risk	of	systemic	reac-
tions	 to	 latex	skin	 testing	 in	comparison	 to	aeroallergen	 tests.	
Even	the	multicenter	skin	test	study	with	cloned	latex	resulted	
in	16%	of	subjects	having	systemic,	albeit	mild,	reactions	to	skin	
testing.74	 Comparisons	 of	 latex	 extracts	 made	 using	 different	
techniques	indicated	that	the	protein	content	obtained	from	a	
latex	 glove	 can	 vary	 widely,	 depending	 on	 the	 extraction	
method.75	 In	addition,	 the	 stability	of	 the	different	 latex	anti-
gens	is	variable.	The	antigen	content	of	gloves	can	vary	several	
100-fold,	therefore	nonstandardized	extracts	may	contain	vastly	
different	amounts	of	latex	protein.	Some	of	the	risk	associated	
with	 latex	 skin	 tests	 can	 be	 attributed	 to	 uncharacterized	
extracts.	Although	 the	 algorithm	 in	 Figure	 56-2	 recommends	
skin	testing,	it	may	be	safest	to	perform	such	tests	with	a	com-
mercial	latex	standardized	reagent	such	as	the	Stallergenes	S.A.	
(Marseilles,	France)	used	in	Europe.

IN VITRO TESTING FOR LATEX ALLERGY

Detection	 of	 antilatex	 IgE	 in	 serum	 of	 patients	 has	 been	 the	
most	 widely	 accepted	 testing	 method	 in	 the	 USA.76,78–83	 Tests	
include	research	laboratory	prepared	enzyme	linked	immuno-
sorbent	 assays	 (ELISA)	 or	 commercial	 tests	 from	 Pharmacia,	
UniCAP	FEIA	(Pharmacia,	Peapack,	NJ),	AlaSTAT	(Diagnostic	
Products	Corporation,	Los	Angeles,	CA)	and	Hycor	HYTECH	
(Hycor	Biomedical,	Inc.,	Garden	Grove,	CA)	systems.

Comparative	performance	of	 the	three	commercially	avail-
able	 serologic	 assays	 for	 latex-specific	 IgE	 was	 studied	 in	 117	
clinically	allergic	individuals	and	195	clinically	nonallergic	con-
trols.	When	compared	to	skin	test,	both	the	Pharmacia	CAP	and	
AlaSTAT	had	similar	sensitivities	of	76%	and	73%	respectively	
with	97%	specificity.	Unfortunately,	25%	of	the	latex-sensitized	
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IN VIVO PROVOCATION TESTING

In	 addition	 to	 using	 serologic	 testing	 or	 skin	 prick	 testing	 in	
diagnosing	LA,	it	is	sometimes	necessary	to	understand	whether	
a	 specific	 allergen	 or	 latex	 product	 reported	 by	 the	 clinical	
history	is	truly	responsible	for	the	symptoms,	or	to	clarify	dis-
cordant	serum	and	skin	test	results.	Provocation	tests	for	diag-
nosing	LA	have	included	‘glove	use	tests’,	utilizing	standardized	
gloves	as	described	in	the	multicenter	latex	skin	test	study.81	In	
addition,	 multiple	 investigations	 have	 used	 a	 ‘latex	 glove	
wearing’	 test	 with	 or	 without	 a	 coupled	 inhalation	 test.	 The	
critical	 value	 of	 the	 provocation	 test	 is	 making	 certain	 that	
objective	 measurable	 or	 observable	 reactions	 are	 measured.89	
These	may	include	such	things	as	urticaria,	angioedema	or	pul-
monary	function	changes.

Some	 investigators	 have	 used	 inhalation	 provocation	 chal-
lenges	alone	or	mucous	membrane	allergen	contact.	These	have	
been	progressive,	graded	challenges	and	are	currently	only	stan-
dardized	in	research	settings.	Assuring	standard	allergen	content	
in	 the	 provocation	 may	 be	 helped	 by	 the	 LEAP©	 assay	 or	
equivalent.90

cases	 had	 false-negative	 results.	 HyTECH	 had	 a	 significantly	
lower	specificity	of	73%,	which	indicates	that	27%	of	the	posi-
tive	results	are	erroneous.79	Thus,	screening	studies	for	LA	in	a	
population	 with	 a	 low	 prevalence	 of	 disease	 may	 result	 in	 a	
significant	number	of	false-positive	reactions.	In	addition,	25%	
of	 patients	 with	 disease	 may	 have	 a	 false-negative	 test.	 These	
characteristics	 make	 these	 tests	 undesirable	 for	 screening	
without	a	follow-up	definitive	test.	Analysis	of	the	three	avail-
able	methods	performed	using	an	unselected	at-risk	group	of	
patients	determined	that	the	FDA-cleared	Pharmacia	CAP	sen-
sitivity	was	 lower	than	reported,	and	that	 this	method	should	
only	be	used	for	confirmation	of	LA,	not	screening.84

Other	 in	 vitro	 methods	 of	 diagnosing	 LA	 have	 included	
basophil	 histamine	 release,	 CD63	 activation	 of	 basophils	 and	
lymphocyte	 proliferation	 methods.85–87	 These	 assays	 are	 more	
specific	but	lack	sensitivity.	Their	most	useful	activity	has	been	
to	identify	specific	IgE	epitopes	and	T	cell	epitopes.	These	tests	
have	not	become	useful	clinical	tools	although	genetic	altering	
of	strongly	allergenic	epitopes	may	be	useful	in	down-regulating	
and	 inducing	 tolerance	 by	 immunotherapy	 in	 latex-allergic	
subjects.88

Figure 56-2  This algorithm outlines the common decision analysis for the diagnosis of latex allergy. Countries that lack an FDA cleared skin test 
reagent, such as the USA, are significantly hindered from making a diagnosis, especially with a 25% rate of false-negative serologic assays. Patients 
with histories and physical examinations  inconsistent with  latex allergy should not undergo  testing. This  is due  to  the high  rate of  false-positive 
serologic assays in populations with a low prevalence of disease. 

Country with no cleared or
standardized skin test reagent

Country with cleared
standard skin test reagent

Latex skin prick test

Latex serologic assay

‘Use’ test with latex glove

No confirmation of
latex allergy

Latex serologic assay Latex allergy confirmed

Algorithm for Diagnosed Immediate Hypersensitivity in Latex Allergy

* Latex skin tests and latex ‘use’ tests, especially with unstandardized latex, may result in anaphylaxis

       Adjunct tests
• Pulmonary function
• Bronchial provocation

Latex skin test – serial
dilutions of latex glove extract*

Latex ‘use’ test

No confirmation of latex allergy
(False negative=25%)

• Medical history
• Physical examination

Asymptomatic STOP!
No testing indicated

• Urticaria
• Angioedema
• Rhinoconjunctivitis
• Asthma
• Anaphylaxis
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from	latex	gloves	which	continued	to	sensitize	and	cause	aller-
gic	 reactions,	 not	 only	 in	 patients	 but	 also	 in	 healthcare	
workers.93–97	 This	 has	 led	 to	 a	 change	 in	 manufacturing	 and	
possibly	in	the	prevalence	of	LA	in	healthcare	workers	through	
powder-free	 glove	 use,	 reduced	 airborne	 latex	 exposure	 and	
reduction	in	product	allergen	content.

The	 care	 of	 the	 patient	 with	 LA	 requires	 that	 individuals	
avoid	personal	contact	of	the	skin	and	mucous	membranes	with	
latex	materials.	In	addition,	they	should	only	enter	areas	where	
airborne	 latex	 allergen	 is	 controlled	 by	 use	 of	 nonpowdered	
latex	 products.	 If	 the	 individuals	 are	 healthcare	 workers,	 they	
should	use	nonlatex	gloves	and	only	work	in	areas	where	either	
powder-free	 latex	gloves	are	used	routinely	or	nonlatex	gloves	
are	used.

Rarely,	immunotherapy	is	a	consideration	for	the	cure	of	LA.	
However,	 the	 side-effects	 of	 such	 therapy,	 length	 of	 time	 to	
achieve	tolerance	and	lack	of	a	standardized	reagent	make	this	
therapy	relatively	futile.98,99	The	promise	of	modified	allergens	
to	 make	 immunotherapy	 safer	 and	 more	 effective	 is	 on	 the	
horizon.88

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling. 
com.

Prevention and Treatment of the 
Patient with Latex Allergy
Prevention	of	LA	has	focussed	on	avoidance	strategies	for	chil-
dren	who	have	SB,	individuals	who	require	multiple	surgeries,	
and	workers	in	health	care	and	other	occupations	that	require	
contact	 with	 natural	 rubber	 latex	 gloves.91–97	 The	 prototype	
patient	for	prevention	of	LA	is	the	infant	born	with	SB.	Avoid-
ance	 measures	 include	 complete	 abstinence	 from	 use	 of	 latex	
materials	 in	 the	care	of	 these	patients	 from	birth.	This	means	
preventing	contact	with	 latex	gloves,	catheters,	dressings,	 tape	
or	other	medical	devices	that	contain	latex	in	the	hospital	and	
home	setting.	Given	the	level	of	disability	and	the	vast	number	
of	surgeries	in	these	subjects,	an	opinion	article	to	vastly	change	
care	and	prevent	LA	was	published	in	1996.	Over	40,000	devices	
and	materials	contained	natural	rubber	latex	as	a	component,	
therefore	stopping	all	use	of	latex-containing	materials	became	
impractical.	Avoiding	the	use	of	latex	materials	that	were	made	
by	 a	 dipping	 process	 with	 short	 vulcanization	 times	 and	 low	
heat	was	 the	most	 likely	 strategy	 to	prevent	allergic	 reactions.	
Indeed,	 the	 concept	 of	‘latex-safe’	 environments	 vs	‘latex-free’	
environments	 turned	 out	 to	 be	 safe,	 practical	 and	 ideal	 for	
patients	with	LA.

Further	observations	in	Canada,	Europe	and	the	USA	noted	
that	airborne	latex	was	created	by	cornstarch	donning	powder	
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KEY POINTS

• The majority of insect sting reactions in children are mild 
and frequently only dermal (hives, angioedema).

• Children who have only dermal reactions have a very 
benign prognosis and generally do not retain their aller-
gic sensitivity.

• Children with more severe reactions have a 30% to 40% 
risk of recurrent anaphylaxis.

• Venom immunotherapy (VIT) provides more than 95% 
protection against subsequent re-sting reactions in chil-
dren, and if there are reactions, they are milder.

• For most individuals, 3 to 5 years of therapy appears 
adequate despite the persistence of specific IgE.

• VIT is associated with an improvement in quality of life 
in contrast to use of an epinephrine autoinjector ( EAI).

• In children, the prescription of an EAI should carefully 
take into account the risks of the disease versus the risks 
of having an EAI (diminished quality of life) versus the 
benefits (preparedness for treating a potentially life-
threatening event).

Introduction
Allergic	reactions	to	insect	stings	are	common.	An	allergic	reac-
tion	can	occur	at	any	age,	often	after	a	number	of	uneventful	
stings.	It	is	estimated	to	affect	at	least	0.3%	to	3%	of	the	popula-
tion.1	The	severity	of	the	reaction	ranges	from	a	local	reaction	
to	anaphylaxis.	Children	tend	to	suffer	 from	less	serious	reac-
tions,	a	large	local	reaction	being	the	most	common	presenta-
tion	 in	 this	age	group.	The	 incidence	of	 insect	anaphylaxis	 in	
children	is	estimated	to	constitute	0.3%	to	1.0%	of	all	cases	of	
childhood	anaphylaxis,	in	contrast	to	adults	where	anaphylaxis	
to	 insect	 stings	makes	up	3%	to	34%	of	all	 adult	anaphylaxis	
cases.	 Stinging	 insect	 allergy	 is	 responsible	 for	 considerable	
anxiety	that	is	detrimental	to	lifestyle.

This	chapter	reviews	the	general	concepts	relating	to	insect	
sting	allergy	and,	in	particular,	addresses	those	aspects	that	are	
more	relevant	to	children.

The Insects
Biting	insects	are	different	to	stinging	insects.	The	former	pri-
marily	cause	reactions	due	to	the	saliva	they	inject	when	feeding,	
while	stinging	insects	inject	venom	with	the	stinging	apparatus	
at	the	back	of	their	abdomen.	Salivary	gland	secretions	have	no	
relation	to	venom	allergens.	While	the	venom	of	a	sting	typically	
causes	an	intense,	burning	pain,	the	saliva	of	a	biting	insect	is	

a	chemical	cocktail	of	substances	designed	to	make	blood	flow	
quickly	 and	 painlessly	 to	 avoid	 being	 squished.	 Unlike	 insect	
stings,	insect	bites	rarely	cause	anaphylaxis.

BITING INSECTS

The	most	common	biting	insects	are	mosquitoes,	flies,	midges,	
gnats,	fleas,	ticks	and	bedbugs.

Itching	 and	 a	 wheal	 may	 develop	 immediately	 and	 mostly	
disappear	after	about	2	hours,	but	they	are	often	followed	by	a	
small	 itchy	 lump	 (papule)	 that	 develops	 up	 to	 24	 hours	 later	
and	 may	 last	 for	 several	 days	 before	 fading	 away.	 Large	 local	
reactions	 from	 mosquito	 bites	 are	 more	 common	 in	 young	
children.2	Over	time,	and	with	repeated	exposure,	the	reactions	
become	 less	 intense	and	are	 less	 frequent	problems	 in	adoles-
cents	and	adults.	Anaphylaxis	has	been	described	after	the	bites	
of	mosquitoes,3,4	deer	flies,5	bed	bugs	and	black	flies.

Mosquito	bites	may	be	associated	with	IgE	and	perhaps	IgG	
antibodies.	 Elevated	 titers	 correlate	 with	 the	 intensity	 of	 the	
local	 reactions	 and	 appear	 to	 be	 the	 immunologic	 mediators	
responsible	for	the	reactions.2

Skeeter	syndrome	describes	a	localized	(allergic)	reaction	to	
mosquito	bites	masquerading	as	cellulitis	and	accompanied	by	
lethargy,	 fever	and	general	malaise.2	Skeeter	syndrome	usually	
progresses	over	the	course	of	hours	while	cellulitis	typically	will	
evolve	over	the	course	of	several	days.	Diagnosis	can	therefore	
be	made	clinically	by	 the	course	of	 the	symptoms	and	can	be	
confirmed	by	measuring	 IgE	and	 IgG	antibodies	 to	mosquito	
saliva	antigens.

A	mild	reaction	to	an	insect	bite	will	probably	resolve	itself	
within	a	day	or	 two	without	any	need	for	 treatment.	 In	some	
cases,	the	use	of	a	topical	steroid	may	assist	in	reducing	inflam-
mation	 and	 an	 antipruritic	 may	 relieve	 itchiness.	 There	 is	 a	
scarcity	of	quantitative	scientific	studies	into	the	various	treat-
ments	for	insect	bite	reactions.

STINGING INSECTS

Insects	that	sting	are	members	of	the	order	Hymenoptera	of	the	
class	Insecta.	It	 is	almost	exclusively	the	social	Aculeata	of	the	
families	Apidae,	Vespidae	and	Formicidae	that	cause	significant	
allergic	reactions	in	human	beings.	Aculeata	from	other	families	
can	cause	painful	stings	to	people,	but	repeated	stings	from	the	
same	species	are	so	unlikely	that	allergy	to	them	is	practically	
unheard	of.	There	are	three	major	subgroups:	Vespidae,	which	
include	 the	 yellow	 jacket,	 hornet	 and	 wasp;	 Apidae,	 which	
include	 the	 honeybee	 and	 bumblebee;	 and	 the	 Formicidae	
(Figure	 57-1).	 An	 overview	 of	 the	 Hymenoptera	 is	 given	 in	
Figure	57-2.

The	 Aculeata	 share	 in	 common	 a	 stinging	 apparatus	 that	
originates	in	the	abdomen	of	the	female	insect	and	actually	is	
a	modified	ovipositor;	 therefore	only	female	 insects	can	sting.	
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Figure 57-1  The common stinging insects. Shown clockwise from the 
top right portion of the figure are a yellow jacket, honeybee, bumble-
bee, Polistes wasp and two hornets. (From Reisman RE. Insect stings. N 
Engl J Med 1994;331:523–7. Copyright 1994 Massachusetts Medical 
Society. All rights reserved.)

Figure 57-2  Overview of taxonomy of common Hymenoptera (stinging insects). 

Hymenoptera

Bees WaspsAnts

Sphecidae
(mud daubers)

Halictidae
(sweat bees)

Apinae

Apidae Andrenidae
(mining bees)

Anthophorinae
(digger bees)

Apis
(honeybees)

Bombus
(bumblebees)

Xylocopa
(carpenter

bees)
Vespula

(yellow jackets)
Dolichovespula
(yellow jackets-
includes aerial
yellow jackets

[‘yellow hornets’]
and ‘bald-faced

hornets’)

Vespa
(true hornets −

includes
European
hornets)

Vespinae
(yellow jackets
and hornets)

Polistinae
(paper wasps)

Mutillidae
(velvet ants)

Vespidae Crabronidae
(cicada killers,
mud daubers)

Order

Family

Subfamily

Genus

The	 sting	 consists	 of	 a	 sac	 containing	 venom	 attached	 to	 a	
barbed	 stinger.	 The	 honeybee’s	 stinger	 has	 multiple	 barbs,	
which	usually	cause	the	stinging	apparatus	to	detach	from	the	
insect,	 leading	to	 its	death.	In	contrast,	 the	stingers	of	vespids	
have	few	and	finer	barbs	than	the	Apidae,	and	do	not	commonly	
autotomize,	so	vespids	can	inflict	multiple	stings	(Figure	57-3).

Vespidae
The	Vespidae	are	divided	into	the	subfamilies	Vespinae	(yellow	
jackets	and	hornets)	and	Polistinae	(wasps).	The	Vespinae	are	

split	into	three	genera:	Vespula	(yellow	jackets),	Dolichovespula	
and	Vespa	(hornets).	The	common	names	in	general	usage	can	
be	 misleading:	 in	 Europe	 the	 term	‘wasps’	 refers	 generally	 to		
any	 of	 the	 social	 wasps	 rather	 than	 just	 to	 Polistes	 species		
(Table	57-1).

In	most	parts	of	the	USA	and	Europe,	yellow	jackets	are	the	
principal	cause	of	allergic	reactions,	whereas	Polistes	are	more	
commonly	implicated	in	the	Gulf	Coast	areas	of	the	USA	and	
along	 the	 Mediterranean	 coast	 of	 Europe.	 In	Australia	 yellow	
jackets	 were	 only	 introduced	 around	 20	 years	 ago,	 but	 are	
already	found	in	every	state.6

The	 Vespula	 (yellow	 jackets)	 preferably	 build	 their	 nests	
underground,	 but	 can	 also	 be	 found	 under	 the	 roof	 and	 in	
window	 shutters.	 They	 live	 mostly	 in	 proximity	 to	 humans.	
Their	 nests	 are	 often	 encountered	 by	 children	 playing	 in	 the	
garden,	or	are	disturbed	by	 lawn	mowing,	gardening	or	other	
outdoor	 activities.	Yellow	 jackets	 are	 scavengers	 and	 are	 often	
encountered	at	outdoor	events	when	food	and	drinks	abound.	
Most	stings	occur	in	summer.7,8

Genus Europe USA

Vespula Wasp Yellow jacket
Dolichovespula Wasp Hornet, white-faced hornet, 

aerial yellow jacket
Vespa Hornet European hornet
Polistes Paper wasp Wasp

TABLE 

57-1 
Popular Names for Vespids in Europe and 
the USA
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Formicids

The	family	Formicidae	has	a	subfamily	Myrmicinae,	which	sub-
sequently	can	be	divided	in	two	genera:	Myrmecia	(jack	jumper	
ants	 [JJA]	 and	 bull	 ants)	 and	 Solenopsis	 (imported	 fire	 ants	
[IFA]).	 Myrmecia	 are	 solitary	 roamers,	 do	 not	 appear	 in	 ant	
trails,	and	attack	when	aggravated.	JJA	cause	the	highest	rate	of	
anaphylaxis	in	the	world	from	a	single	insect	sting/bite.11

The	main	two	members	of	the	Solenopsis	genus	are	the	red	
fire	ant	(S. invicta)	and	the	black	fire	ant	(S. richteri).	Fire	ants	
build	characteristic	nests,	which	can	grow	to	40	cm	in	height,	
and	often	migrate	in	trails.

Red	fire	ants	are	found	in	the	southeastern	and	south	central	
USA,	especially	along	the	Gulf	Coast.	They	have	now	spread	to	
California.	In	Australia	they	are	only	found	in	Brisbane.

Stings	occur	most	frequently	in	summer,	most	commonly	in	
children	 and	 typically	 on	 the	 lower	 extremities.	 The	 fire	 ant	
attaches	itself	to	a	person	by	biting	with	its	powerful	mandibles	
to	hold	onto	the	skin.	It	then	pivots	around	its	head	and	stings	
at	multiple	sites	in	a	circular	pattern	with	the	stinger	located	at	
the	tip	of	its	abdomen.	Within	24	hours	a	sterile	pustule	devel-
ops,	which	is	diagnostic	of	the	fire	ant’s	sting.	Allergic	reactions	
to	 fire	 ant	 stings	 are	 becoming	 increasingly	 common	 in	 the	
southern	USA.12,13

Insect Venoms
Venoms	contain	vasoactive	amines	(e.g.	histamine,	dopamine,	
norepinephrine),	 acetylcholine	 and	 kinins,	 which	 account	 for	
the	 burning,	 pain	 and	 itching	 normally	 experienced	 from	 a	
sting.	 They	 increase	 permeability,	 allowing	 the	 spread	 of	 the	
venom	 through	 the	 body	 of	 the	 victim.	 The	 different	 venom	
components	known	to	date	are	listed	in	Table	57-2.14

The	major	allergenic	components	of	Hymenoptera	venoms	
are	 phospholipase	 A	 in	 honeybee	 venom	 and	 antigen	 5	 in	
vespids.

Figure 57-3  The honeybee stinger on the left has multiple barbs. The 
yellow jacket stinger on the right is smooth. 

Vespa	 include	 the	 European	 hornet	 (V. crabro)	 which	 also	
exists	in	significant	numbers	in	eastern	North	America,	and	the	
Asian	hornet	(V. orientalis).	Hornets	nest	 in	shrubs,	 trees	and	
birds’	nest-boxes.	Near	their	nests,	hornets	are	very	aggressive.	
However,	they	are	attracted	much	less	to	meat	and	sweet	food-
stuffs	than	the	Vespula.	Therefore	hornet	stings	are	rare.

The	common	paper	wasps	(Polistes)	build	honeycomb	nests	
in	shrubs	or	under	the	eaves	of	houses.	Their	nests	are	generally	
limited	to	a	single	layer	of	open	cells	(or	comb)	with	minimal	
outer	covering.	They	are	important	predators,	preying	on	agri-
cultural	 and	 horticultural	 pests.	 Important	 Polistes	 species	 in	
Europe	are	P. dominula	and	P. gallicus,	whereas	in	North	America	
other	 species	 such	 as	 P. annularis, P. apachus, P. exclamans, 
P. fuscatus	 and	 P. metricus	 are	 dominant.	 In	 the	 last	 decades,	
P. dominula	has	increasingly	spread	across	the	North	American	
continent	and	central	and	northern	parts	of	Europe.	The	color-
ing	 of	 wasps	 varies	 greatly:	 they	 can	 be	 brown,	 black,	 red		
or	 striped.	 The	 European	 species,	 the	 Mediterranean	 wasp		
(P. dominula),	 is	 difficult	 to	 distinguish	 from	 a	 yellow	 jacket	
because	 it	 has	 the	 same	 bright	 yellow	 and	 black	 stripes.	 Out-
wardly	they	are	distinguishable	by	differences	at	the	junction	of	
thorax	and	abdomen:	the	waist	becomes	thicker	more	rapidly	
in	the	Vespinae	compared	to	the	Polistinae	and	they	have	char-
acteristic	dangling	legs	when	in	flight	(Figure	57-4).	Polistes	are	
more	prevalent	early	 in	 the	 summer	 season.	 In	 some	areas	of	
the	USA,	such	as	Texas,	they	are	the	most	frequent	cause	of	sting	
reactions.

Apidae
The	Apidae	are	divided	 into	 the	genera	Apis	 (honeybees)	and	
Bombus	 (bumblebees).	Honeybees	and	bumblebees	are	docile	
and	sting	only	when	provoked.	The	most	significant	species	in	
causing	allergic	reactions	is	the	domesticated	A. mellifera,	cul-
tured	all	over	the	world	for	honey	production	and	to	pollinate	
fruit	trees.

Africanized	 honeybees,	 or	‘killer	 bees’,	 have	 received	 much	
publicity.9	They	are	a	cross	between	the	European	A. mellifera 
mellifera	and	the	African	A. mellifera adansoni.	They	were	intro-
duced	into	Brazil	from	Africa	in	1956	for	the	purpose	of	more	
productive	pollination	and	have	gradually	spread	north	into	the	
USA.	The	venom	components	of	the	Africanized	honeybees	and	
the	domesticated	European	honeybees	are	similar.	African	hon-
eybees	 are	 much	 more	 aggressive.	 Massive	 stinging	 incidents	
have	occurred,	leading	to	death	from	venom	toxicity.

Members	of	the	genus	Bombus,	the	bumblebees,	also	live	in	
colonies.	 The	 nests	 are	 usually	 in	 the	 earth.	 Most	 bumblebee	
species	are	bigger	than	honeybees,	more	heavily	built	and	more	
hairy.	Bumblebees	are	not	aggressive;	children	can	incur	stings	
when	walking	on	grass.	Systemic	reactions	occur	in	particular	
in	owners	of	greenhouses	where	bumblebees	are	kept	for	pol-
lination	of	plants	(e.g.	tomatoes).10

Figure 57-4  Polistes compared to Vespula: thicker waist and dangling 
legs  when  in  flight.  (From: http://crawford.tardigrade.net/bugs/
BugofMonth16.html.)

Polistes

Vespula

http://crawford.tardigrade.net/bugs/BugofMonth16.html
http://crawford.tardigrade.net/bugs/BugofMonth16.html
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Allergen Name/Function MW (kDa) % DW
Potential 
N-Glycosylation

Eukaryotic 
Expression

BEES (Apis mellifera, A. cerana, A. dorsata)

Api m 1, Api c 1, Api d 1 Phospholipase A2 17 12 1 +
Api m 2 Hyaluronidase 45 2 3 +
Api m 3 Acid phosphatase 49 1–2 2 +
Api m 4 Melittin 3 50 0 −
Api m 5 Allergen C/DPP IV 100 < 1 6 +
Api m 6 Protease inhibitor 8 1–2 0 +
Api m 7 Protease 39 ? 3 +
Api m 8 Carboxylesterase 70 ? 4 +
Api m 9 Carboxypeptidase 60 ? 4 +
Api m 10 CRP/icarapin 55 < 1 2 +
Api m 11.0101 MRJP 8 65 ? 6 +
Api m 11.0201 MRJP 9 60 ? 3 +
Api m 12 Vitellogenin 200 ? 1 +

BUMBLEBEE (Bombus pennsylvanicus, B. terrestris)
Bom p 1, Bom t 1 Phospholipase A2 16 1 −
Bom p 4, Bom t 4 Protease 27 0, 1 −

YELLOW JACKETS (Vespula vulgaris, V. flavopilosa, V. germanica, V. maculifrons, V. pensylvanica, V. squamosa, V. vidua)
Ves v 1, Ves m 1, Ves s 1 Phospholipase A1 35 6–14 0, 0,2 +
Ves v 2.0101, Ves m 2 Hyaluronidase 45 1–3 4 +
Ves v 2.0201 Hyaluronidase* 45 ? 2 +
Ves v 3 DPP IV 100 ? 6 +
Ves v 5, Ves f 5, Ves g 5, Ves m 5, Ves p 5, Ves s 5, Ves  

vi 5
Antigen 5 25 5–10 0 +

Ves v 6 Vitellogenin 200 ? 4 +

WHITE-FACED HORNET, YELLOW HORNET (Dolichovespula maculata, D. arenaria)
Dol m 1 Phospholipase A1 34 2 −
Dol m 2 Hyaluronidase 42 2 −
Dol m 5, Dol a 5 Antigen 5 23 0 +

HORNETS (Vespa crabro, V. magnifica, V. mandarinia)
Vesp c 1, Vesp m 1 Phospholipase A1 34 0 −
Vesp ma 2 Hyaluronidase 35 4
Vesp c 5, Vesp ma 5, Vesp m 5 Antigen 5 23 0 −

EUROPEAN PAPER WASPS (Polistes dominula, P. gallicus)
Pol d 1, Pol g 1 Phospholipase A1 34 1 −
Pol d 4 Protease 33 6 −
Pol d 5, Pol g 5 Antigen 5 23 0 −

AMERICAN PAPER WASPS (Polistes annularis, P. exclamans, P. fuscatus, P. metricus)
Pol a 1, Pol e 1 Phospholipase A1 34 0 −
Pol a 2 Hyaluronidase 38 2 −
Pol e 4 Protease ?
Pol a 5, Pol e 5, Pol f 5, Pol m 5 Antigen 5 23 0 +

FIRE ANTS (Solenopsis invicta, S. geminata, S. richteri, S. saevissima)
Sol i 1 Phospholipase A1 35 < 1 3 −
Sol i 2, Sol g 2, Sol r 2, Sol s 2 14 0 +
Sol i 3, Sol g 3, Sol r 3, Sol s 3 Antigen 5 26 2 +
Sol i 4, Sol g 4 12 0 −

CRR – Carbohydrate-rich protein, DPP IV – dipeptidyl peptidase IV, DW – dry weight, MRJP – major royal jelly protein.
*Inactive iso form.

TABLE 

57-2 
Overview of the Presently Known Hymenoptera Venom Allergens, Including the Percentage Dry Weight (% 
DW) and Glycosylation Sites14
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The	 venom	 of	 fire	 ants	 differs	 markedly	 from	 the	 other	
venoms	 by	 consisting	 approximately	 of	 95%	 water-insoluble	
alkaloids.	The	alkaloids	produce	a	sterile	pustule.	The	protein	
content	is	only	5%,	with	a	higher	content	in	summer.15

Commercial	Hymenoptera	venom	products	are	available	in	
many	 countries	 as	 lyophilized	 protein	 extracts	 of	 honeybee,	
yellow	jacket	and	Polistes	wasp	venoms.

CROSS-REACTIVITY

A	common	problem	of	in	vivo	and	in	vitro	diagnosis	of	insect	
venom	allergy	using	venom	extracts	 is	 that	patients	may	have	
double	 positive	 test	 results	 for	 honeybee	 venom	 (HBV)	 and	
yellow	jacket	venom	(YJV).14	This	double	positivity	may	reflect	
true	double	sensitization	to	HBV	and	YJV,	or	may	be	based	on	
IgE	cross-reactivity.

Cross-reactivity	may	be	based	on	IgE	reactivity	to	homolo-
gous	 single	 venom	 allergens	 present	 in	 venoms	 of	 different	
families	 or	 on	 IgE	 reactivity	 to	 cross-reactive	 carbohydrate	
determinants	(CCD).15	Causative	for	the	latter	are	IgE	antibod-
ies	that	are	directed	against	an	alpha	1,3-linked	fucose	residue	
of	 the	 N-glycan	 core	 established	 by	 insects	 and	 plants.	 Most	
HBV	and	YJV	allergens	are	glycoproteins	with	one	or	more	such	
carbohydrate	 structures	 (Table	 57-2).	 CCD-specific	 IgE	 anti-
bodies	have	been	reported	to	be	responsible	for	more	than	50%	
of	 double	 sensitizations	 to	 HBV	 and	 YJV.16	 The	 clinical	 rele-
vance	 of	 CCD-reactive	 IgE	 antibodies	 in	 the	 case	 of	 insect	
venom	 allergy	 appears	 to	 be	 low	 or	 nonexistent.14,17,18	 Polistes	
species	seem	to	lack	the	alpha	1,3-linked	fucose	residue	that	is	
responsible	for	IgE	reactivity	to	CCDs.19

Recombinant	allergens	lack	CCDs,	allowing	for	a	more	precise	
distinction	between	true	double	sensitization	and	cross-reactivity	
between	different	venoms.20	By	using	CCD-free,	correctly	folded	
Ves	v	2.0101	and	Ves	v	2.0201,	it	could	also	be	demonstrated	that	
hyaluronidases	–	contrary	to	previous	assumptions	–	do	not	play	
a	significant	role	as	major	allergens	of	YJV.16

Vespid	venoms	have	been	extensively	analyzed.	Venom	aller-
gens	of	diverse	Vespidae	species	such	as	the	white-faced	hornet	
(Dolichovespula maculata)	or	 the	European	hornet	(V. crabro)	
are	 fairly	 similar	 to	 those	 of	 the	 yellow	 jacket,21	 allowing	 V. 
crabro	allergic	patients	to	be	treated	with	yellow	jacket	venom.22

The	 IgE	 cross-reactivity	 between	 European	 and	 American	
Polistes	species	 is	described	as	 low	because	they	belong	to	dif-
ferent	 subgenera.	 In	contrast,	 cross-reactivity	between	Polisti-
nae	and	Vespinae	(Vespula,	Dolichovespula	and	Vespa)	venoms	
and	purified	venom	proteins23	is	frequently	observed,	especially	
for	Vespula	and	both	American	and	European	Polistes	venoms.24	
Polistes	VIT	is	not	necessary.	The	converse	is	also	true:	half	of	
the	people	who	have	had	Polistes	 sting	reactions	have	positive	
skin	tests	 to	yellow	jacket	or	hornet	venom	and	require	treat-
ment	with	Polistes	venom	only.

Within	 the	 Apidae	 there	 is	 cross-reactivity	 in	 that	 people	
initially	sensitized	to	honeybee	venom	then	react	to	bumblebee	
venom	due	to	cross-reactive	allergens.	Honeybee	venom	should	
be	 effective	 immunotherapy.	 Bumblebees	 have	 particular	
importance	for	pollination	industry	workers;	it	has	turned	out	
that	 some	 of	 these	 patients	 need	 to	 be	 treated	 with	 specific	
bumblebee	venom.10,25

Little	is	known	of	immunologic	cross-reactivity	between	fire	
ant	and	vespid	venom.

Sol	i	1	shares	sequences	with	the	venom	phospholipases	of	
Vespula maculifrons.26

Epidemiology/Etiology
Demographic	studies	suggest	that	the	incidence	of	insect	sting	
allergy	in	the	general	population	ranges	between	0.4%	and	3%.1	
The	 majority	 of	 reactions	 that	 do	 occur	 are	 in	 younger	 indi-
viduals,	 although	 the	 fatality	 rate	 is	 greater	 in	adults.9–12	Data	
on	fatal	reactions	are	scarce.	It	is	estimated	that	40	to	50	deaths	
per	year	occur	in	the	USA	as	the	result	of	insect	sting	anaphy-
laxis27	and	in	France	16	to	38.28	Most	of	these	individuals	have	
had	no	warning	or	 indication	of	their	allergies	and	had	toler-
ated	earlier	stings	with	no	difficulty.	Fatal	reactions	are	particu-
larly	associated	with	mastocytosis.29

DEVELOPMENT OF INSECT STING ALLERGY

Hymenoptera	stings	are	frequently	encountered	in	the	popula-
tion.	The	younger	the	child,	the	more	often	they	are	(re)stung;	
in	contrast,	prevalence	of	systemic	reactions	to	field	stings	was	
significantly	lower	in	preschool	(3.4%)	and	school-age	children	
(4.3%)	compared	with	adolescents	(15.6%).20

No	 immunologic	 criterion,	 such	 as	 skin	 test	 reactivity	 or	
titers	of	serum	venom-specific	IgE	or	IgG,	distinguishes	or	iden-
tifies	sting	reactors	from	nonreactors.30

The	 chance	 of	 developing	 an	 allergy	 increases	 with	 sting	
frequency.1	In	general,	no	time	relationship	exists	between	the	
last	uneventful	sting	and	the	subsequent	sting	that	leads	to	an	
allergic	reaction31	although	multiple	stings	or	repeated	stings	in	
close	temporal	proximity	(only	weeks	apart)	have	been	associ-
ated	with	a	greater	risk	of	developing	an	allergic	reaction.32	A	
confusing	 observation	 is	 the	 occurrence	 of	 initial	 insect	 sting	
anaphylaxis	after	the	first	known	insect	sting,	primarily	in	chil-
dren,	raising	the	issue	of	the	cause	of	sensitization	or	the	patho-
genesis	of	this	initial	reaction.26,33

Classification of Reactions
NORMAL REACTION

The	usual	reaction	to	an	insect	sting	consists	of	localized	pain,	
slight	swelling,	and	erythema	at	the	site	of	the	sting.	This	reac-
tion	 usually	 subsides	 within	 several	 hours.	 Little	 treatment	 is	
needed	other	than	analgesics	and	cold	compresses.

LARGE LOCAL REACTIONS

More	 extensive	 local	 reactions	 are	 common.	 Large	 local	 reac-
tions	are	defined	as	reactions	extending	from	the	sting	site	over	
a	large	area,	often	peaking	at	24	to	48	hours	and	taking	5	to	10	
days	 to	resolve.	For	example,	 the	swelling	 from	a	sting	on	the	
finger	may	extend	to	the	wrist	or	elbow.	Fatigue	and	nausea	may	
develop	in	addition.	For	a	general	clinician	it	might	be	difficult	
to	distinguish	 large	 local	 reactions	 from	cellulitis,	 resulting	 in	
misdiagnosis	and	unnecessary	antibiotic	treatment.

The	cause	of	these	large	local	reactions	has	not	been	estab-
lished,	 but	 it	 is	 thought	 to	 be	 an	 IgE-mediated	 late-phase	
reaction.34

TOXIC REACTIONS

Large	numbers	of	simultaneous	stings	(50–100)	may	result	 in		
a	 toxic	 reaction	 due	 to	 the	 vasoactive	 properties	 of	 the		
venom.	Symptoms	can	have	the	same	clinical	characteristics	as	
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a	 systemic	 reaction,	 whereas	 >	40%	 had	 a	 large	 local	
reaction.30

Specific	IgE	for	venom,	either	measured	by	skin	test	or	sero-
logically,	without	a	history	of	an	allergic	reaction	therefore	does	
not	indicate	a	risk	for	venom	anaphylaxis.

NATURAL HISTORY OF LARGE  
LOCAL REACTIONS

In	the	past,	there	was	a	common	misconception	that	large	local	
reactions	after	insect	stings,	particularly	those	that	increased	in	
size	 with	 each	 sting,	 might	 precede	 an	 anaphylactic	 reaction.	
Clinical	 observations	 in	 more	 recent	 years	 indicate	 that	 these	
large	local	reactions	tend	to	be	repetitive.

In	 children,	 the	 risk	 of	 anaphylaxis	 is	 between	 2%	 and	
7%.45,48	This	risk	has	remained	unchanged	over	a	period	of	10	
to	 20	 years,	 and	 where	 systemic	 reactions	 occurred	 they	 were	
mild	to	moderate;	none	was	severe.

People	 who	 have	 had	 large	 local	 reactions	 do	 not	 require	
venom	skin	tests	and	they	generally	are	not	candidates	for	VIT,	
although	VIT	might	be	helpful	in	reducing	size	and	duration	of	
the	large	local	reaction	as	demonstrated	in	a	placebo-controlled	
study.49	In	an	earlier	study	the	occurrence	of	subsequent	large	
local	reactions	was	not	affected	by	VIT.34

NATURAL HISTORY OF INSECT STING 
ANAPHYLAXIS

The	 majority	 of	 children	 outgrow	 their	 allergy,	 as	 has	 been	
documented	 in	 a	 long-term	 study	 of	 children	 who	 were	 not	
treated	with	VIT.43

Several	factors	increase	the	risk	for	a	repeated	systemic	reac-
tion.	The	first	is	age:	the	risk	for	recurrence	is	higher	in	adults	
than	in	children.42,43,50	In	adults	the	risk	varies	between	23.5%	
and	73%.31,51–55	The	second	is	the	culprit	insect:	those	who	are	
allergic	 to	 honeybee	 venom	 have	 a	 higher	 risk	 compared	 to	
those	 with	 a	 vespid	 allergy.52,54	A	 third	 risk	 factor	 is	 the	 time	
interval	between	the	stings:	there	appears	to	be	a	gradual	decline	
in	the	chance	of	a	systemic	reaction	over	time,	from	almost	50%	
after	 a	 recent	 reaction	 to	 25%	 some	 7	 to	 10	 years	 later.26,31	
However,	 the	 risk	 never	 seems	 to	 disappear	 in	 some	 patients	
having	severe	reactions	to	stings,	even	after	decades	without	an	
intervening	sting.55	Also,	in	untreated	children,	the	frequency	of	
systemic	allergic	 reactions	declines	only	 slowly	over	a	20-year	
period.43	Even	in	the	same	patient	the	outcome	of	the	next	sting	
may	be	somewhat	unpredictable	in	that	systemic	reactions	may	
occur	on	some	occasions	and	not	on	others.56	In	a	sting	chal-
lenge	 study	 where	 no	 reaction	 occurred	 at	 the	 first	 sting,	 a	
repeated	 sting	 caused	 a	 systemic	 reaction	 in	 20%	 of	 the	
patients.55	It	is	hypothesized	that	this	variability	may	be	due	as	
much	to	variation	of	the	allergen	during	the	season,15	variation	
in	the	insect	species57	or	the	delivery	of	the	allergen58,59	as	to	the	
variations	in	the	patient’s	physiology	or	immune	status.

THE SEVERITY OF THE REACTION IS OF 
PARTICULAR PROGNOSTIC VALUE

Children	 who	 have	 dermal	 reactions	 (urticaria,	 angioedema)	
only,	without	other	allergic	symptoms,	are	a	specific	subgroup.	
These	children	have	a	particularly	low	reaction	rate	to	re-stings,	
varying	from	13%43	to	18%,42,50	and	when	a	reaction	does	occur	
it	 tends	 to	 be	 of	 similar	 intensity.	 In	 adults	 with	 dermal	

anaphylaxis,	 including	 nausea,	 vomiting,	 diarrhea,	 headache,	
vertigo,	 syncope,	 convulsions	 and	 fever.	 Hemolysis,	 cardiac	
complications,	renal	failure	and	rhabdomyolysis	have	also	been	
described.35,36

As	 insect	 venom	 is	 highly	 sensitizing,	 most	 patients	 will	
develop	specific	IgE,	making	the	differentiation	from	an	allergic	
reaction	difficult.

UNUSUAL REACTIONS

There	have	been	rare	reports	of	vasculitis,	nephrosis,	neuritis,	
encephalitis	and	serum	sickness	occurring	 in	a	 temporal	rela-
tionship	to	 insect	stings.37	The	symptoms	usually	start	several	
days	 to	 several	 weeks	 after	 the	 sting	 and	 may	 last	 for	 a	 long	
period.	 Serum	 sickness,	 characterized	 by	 urticaria,	 joint	 pain	
and	fever,	may	occur	approximately	7	to	10	days	after	an	insect	
sting.22

Some	patients	develop	cold-induced	urticaria	days	to	weeks	
after	 Hymenoptera	 stings,	 not	 necessarily	 accompanied	 by	 an	
allergic	reaction	to	the	sting.38

Systemic Reactions
A	 systemic	 allergic	 reaction	 consists	 of	 signs	 and	 symptoms	
distant	from	the	site	of	the	sting,	and	may	range	from	mild	to	
life-threatening	 in	 one	 or	 more	 anatomic	 systems.	 Symptoms	
usually	start	within	10	to	15	minutes;	the	more	severe	the	reac-
tion,	the	earlier	it	begins.39	On	occasion,	reactions	can	occur	as	
long	as	72	hours	later.

The	clinical	features	of	anaphylaxis	from	an	insect	sting	are	
the	same	as	 those	of	anaphylaxis	 from	any	other	cause.	Diag-
nosis	of	the	acute	reaction	can	be	quite	difficult	if	hypotension	
or	 cardiac	 manifestations	 occur	 with	 no	 other	 signs	 or	
symptoms.39

Studies	 from	 children	 with	 venom	 allergy	 usually	 report		
a	milder	clinical	presentation	(predominantly	isolated	cutane-
ous	 symptoms)	 than	 in	 adults.40–42	 In	 a	 study43	 including	
more	 than	 500	 children,	 more	 than	 60%	 suffered	 only	 from	
mild	cutaneous	reactions.	In	a	more	recent	study,	however,	half	
of	 the	 children	 suffered	 from	 respiratory	 or	 cardiovascular	
symptoms.44

Natural History
To	assess	appropriate	intervention,	it	is	necessary	to	understand	
the	natural	history	of	any	disease	process.	This	 is	particularly	
true	 of	 insect	 sting	 allergy.	 Observations	 of	 individuals	 who	
have	 been	 stung	 without	 suffering	 a	 reaction,	 as	 well	 as	 from	
individuals	 who	 had	 allergic	 reactions	 from	 insect	 stings	 and	
who	did	not	receive	VIT,	have	provided	insight	into	the	natural	
history	of	this	allergy	and	suggest	that	 insect	sting	allergy	is	a	
self-limiting	process	for	many	people,	especially	children.43

IgE SENSITIZATION

Insect	venom	is	a	strong	IgE	inducer.	In	the	general	population,	
27.1%	 to	 40.7%	 have	 detectable	 specific	 IgE	 (sIgE)	 to	 Hyme-
noptera	 venoms.45	 In	 30%	 to	 50%	 of	 these	 individuals	
these	 tests	 become	 negative	 after	 2	 to	 5	 years.46	 In	 a	 study	
evaluating	the	risk	to	normal	adults	with	positive	venom	skin	
tests,	there	was	a	17%	incidence	of	systemic	reactions	to	subse-
quent	stings.47	In	a	recent	study	of	asymptomatic	patients	sen-
sitized	to	venom	who	were	sting	challenged,	only	5%	experienced	
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Intradermal	 skin	 tests	 are	 performed	 starting	 with	 venom	
doses	usually	around	0.001	µg/mL	and	testing	up	to	a	concen-
tration	of	1	µg/mL.65	Greater	venom	concentrations	may	cause	
irritant	reactions	that	are	not	immunologically	specific.	Simul-
taneous	 testing	of	all	 concentrations	of	 two	venoms	(bee	and	
wasp)	is	safe.66	The	skin	test	should	be	performed	with	a	fixed	
amount	of	allergen	(0.02	or	0.03	mL)	and	also	include	a	nega-
tive	diluent	(human	albumin-saline)	control	and	a	positive	his-
tamine	 control.	 A	 wheal	 at	 least	 half	 the	 size	 of	 the	 positive	
control	is	considered	positive	(histamine	equivalent	wheal	size	
of	3	mm),	while	others	consider	a	wheal	size	3	mm	greater	than	
the	negative	control	as	positive.

Skin	tests	are	clearly	positive	in	the	majority	of	patients	with	
a	convincing	history	but	might	be	falsely	negative	if	patients	are	
tested	 too	 soon	 after	 a	 systemic	 reaction	 (attributable	 to	 a	
refractory	period	of	‘anergy’),67	in	patients	with	mastocytosis68	
or	due	to	lack	of	particular	allergens	that	are	lost	or	degraded	
during	 processing.58	 Generally,	 guidelines	 recommend	 sIgE	
determination	and	skin	testing	no	earlier	than	2	weeks	after	the	
sting	because	sIgE	levels	could	be	decreased	or	even	undetect-
able.69	However,	there	is	only	weak	evidence	in	the	literature	for	
this	recommendation.

IN VITRO MEASUREMENT OF  
VENOM-SPECIFIC IgE

Venom	 sIgE	 can	 be	 measured	 in	 the	 serum	 by	 in	 vitro	 tests,	
performed	 by	 many	 commercial	 laboratories	 with	 variable	
assays	and	variable	outcomes.	Therefore,	especially	in	the	USA,	
skin	tests	remain	the	preferred	test	for	the	diagnosis	of	venom	
allergy,	and	are	considered	to	be	more	sensitive	than	the	in	vitro	
test.41,70	 ImmunoCAP	 is	 recognized	 as	 a	 reliable	 commercial	
assay	and	is	generally	used	in	Europe.

False-negative	 results	 might	 be	 partly	 due	 to	 the	 same		
problems	as	in	a	skin	test	with	loss	or	degradation	of	particular	
allergens	 during	 the	 processing.58	 Of	 patients	 with	 a	 well-
documented	 history	 of	 yellow	 jacket	 sting	 anaphylaxis		
but	negative	IgE	test	results	 to	YJV	extract,	84%	subsequently	
were	 diagnosed	 using	 recombinant	 Ves	 v	 5	 as	 allergen.	 This	
discrepancy	 could	 be	 resolved	 by	 spiking	 the	 venom	 extract	
with	rVes	v	5.71

reactions	 not	 treated	 with	 VIT	 the	 risk	 varies	 from	 9.1%	 to	
33.3%	 in	wasp	venom	allergic	patients	and	up	 to	40%	 in	bee	
venom	allergic	patients.54,60–62	In	children	with	more	severe	reac-
tions	(moderate	to	severe)	the	risk	is	about	40%,31,43	again	with	
generally	milder	or	similar	symptoms	to	those	that	had	occurred	
previously.	Overall,	 these	data	 suggest	 that	 children	who	only	
have	dermal	reactions	have	a	very	benign	prognosis	and	gener-
ally	do	not	retain	their	allergic	sensitivity.

In	 contrast	 to	 winged	 Hymenoptera	 venom	 allergy,	 the	
natural	history	of	 imported	fire	ant	venom	allergy	 is	not	well	
known.	The	prevalence	of	allergic	sensitization	to	imported	fire	
ant	(IFA)	has	been	studied	in183	children	living	in	an	imported	
fire	ant	endemic	area.63	Serum	IFA-specific	IgE	was	detected	in	
7.1%	of	children	aged	 less	 than	1	year,	57.1%	of	those	aged	2	
to	5	years	and	64.4%	of	those	aged	6	to	10	years.	Despite	this	
high	sensitization	rate,	the	number	of	anaphylactic	reactions	to	
imported	fire	ant	stings	was	 low.	These	 limited	data	suggest	a	
benign	prognosis	for	children	who	have	had	large	local	or	gen-
eralized	cutaneous	reactions	only	from	IFA	stings,	analogous	to	
experience	with	winged	Hymenoptera.64

In	 an	 observational	 study39	 of	 657	 patients,	 of	 which	 73%	
suffered	 from	 yellow	 jacket	 allergy,	 four	 significant	 indicators	
and	risk	factors	were	identified:	elevation	of	basal	serum	trypt-
ase	(BST),	the	absence	of	urticaria	or	angioedema	during	ana-
phylaxis,	 a	 time	 interval	 of	 less	 than	 5	 minutes	 from	 sting	 to	
onset	of	 symptoms,	 and	 senior	 age.	The	absence	of	urticaria/
angioedema	was	significantly	related	to	BST	elevation,	sugges-
tive	for	mastocytosis.	In	children	with	preexisting	insect	venom	
hypersensitivity,	minor	increases	in	BST	levels	(>	5	µg/L)	within	
the	 normal	 range	 are	 associated	 with	 a	 higher	 risk	 of	 severe	
systemic	reactions.44

Diagnosis and Detection of  
Venom-Specific IgE
The	 diagnosis	 of	 potential	 allergy	 to	 Hymenoptera	 venom	
requires	both	a	history	of	a	 sting	event	 that	 resulted	 in	a	 sys-
temic	allergic	reaction	and	the	presence	of	venom-specific	IgE	
sensitization,	assessed	either	by	skin	testing	or	 in	vitro	testing	
(e.g.	IgE	immunoassay).	Both	of	these	components	are	neces-
sary	to	document	the	diagnosis	of	 insect	sting	allergy	and	the	
possibility	of	administering	VIT.

HISTORY

As	 insect	 stings	 always	 cause	 pain,	 the	 history	 in	 this	 regard	
seems	 reliable.	 A	 comprehensive	 history	 should	 review	 the	
patient’s	 past	 stings	 and	 risk	 for	 future	 stings	 and	 determine	
whether	 the	 patient’s	 reaction	 was	 local	 or	 systemic.	 Relevant	
questions	are	listed	in	Box	57-1.

VENOM SKIN TESTS

For	diagnostic	(as	well	as	 for	 therapeutic)	purposes,	generally	
refined	 venom	 preparations	 are	 used	 because	 whole	 body	
extracts	contain	little	or	no	venom.51,56	The	exception	is	fire	ant,	
where	 skin	 tests	 with	 extracts	 prepared	 from	 whole	 bodies	
appear	to	be	reliable.11,12

Skin	 tests	 can	 be	 performed	 either	 as	 prick	 or	 intra-
dermal	 tests.	 A	 disadvantage	 of	 the	 skin	 prick	 test	 is	 its	 low	
sensitivity.30

BOX 57-1 RELEVANT QUESTIONS IN 
ELICITING A HISTORY OF INSECT 
VENOM REACTIONS

• When did the sting event occur?
• How many stings were sustained?
• Where was the patient when stung? (e.g. On the terrace, in 

a wood, on vacation in the south, etc.)
• Could the patient identify the insect? (Notoriously unreliable 

part of the history)
• Where on the body did the sting occur? (As an example, a 

sting on the face could cause extensive facial angioedema as 
part of a local reaction, but the same symptoms from a sting 
on the leg would indicate a systemic response)

• Which symptoms occurred? (Ask about all symptoms, not only 
the major symptoms)

• Was the patient taking any medication that might have aggra-
vated the reaction? (e.g. β-blockers, ACE inhibitors)

• Were there any previous or subsequent stings? If so, what 
symptoms developed?

• Is there regular exposure to Hymenoptera insects? (e.g. Bee-
keeper, or occupational activities)
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Prevention of Acute Reactions
The	optimal	approach	 in	 the	prevention	of	any	 IgE-mediated	
disease	 is	 avoidance	 of	 the	 antigen.	 Although	 insect	 venom	
allergic	 patients	 are	 able	 to	 reduce	 the	 frequency	 of	 their	
stings,36,78,79	 this	 is	 difficult	 in	 practice	 (e.g.	 yellow	 jackets	 live	
in	 close	 proximity	 to	 humans	 and	 have	 unpredictable	 and		
pugnacious	behavior).	Avoidance	advice	is	not	evidence	based	
(Box	57-2).

EPINEPHRINE AUTOINJECTOR

Individuals	at	risk	are	advised	to	carry	epinephrine,	available	in	
preloaded	syringes	for	self-administration.

Current	practice	regarding	prescribing	of	EAIs	varies	widely	
before,	as	well	 as	during	and/or	after	 stopping	VIT,69,80,81	with	
some	 practitioners	 prescribing	 them	 lifelong	 and	 also	 during	
and/or	 after	 stopping	 VIT.	 Findings	 from	 studies	 evaluating	
effects	on	quality	of	life	suggest	the	adoption	of	a	more	selective	
approach	to	prescribing	an	EAI.

In	a	randomized	study	evaluating	VIT	versus	EAI	in	adults,	
patients	randomized	to	treatment	solely	carrying	an	EAI	dete-
riorated	in	health-related	quality	of	life,79	and	carrying	an	EAI	
was	associated	with	a	significant	burden.82	After	1	year	of	car-
rying	an	EAI,	almost	80%	of	the	patients	preferred	to	start	VIT.	
The	same	results	were	found	in	dermal	reactors,83	a	subgroup	
of	patients	who	are	often	prescribed	an	EAI	without	being	given	
the	 option	 of	 starting	VIT.69,80	 It	 is	 not	 known	 if	 the	 reduced	
quality	of	 life	relates	to	the	prescription	of	an	EAI	or	actually	
having	to	carry	one.

The	 effects	 of	 the	 different	 treatment	 options	 on	 health-
related	quality	of	 life	have	not	been	studied	so	far	 in	children	
with	an	insect	venom	allergy.	In	children	with	a	food	allergy	it	
has	 been	 shown	 that	 carrying	 an	 EAI	 can	 have	 a	 detrimental	
effect	on	quality	of	 life,	 independent	of	other	 factors	 that	can	
also	impact	quality	of	life	such	as	whether	they	have	previously	
suffered	anaphylaxis.84	These	studies	emphasize	that	physicians	
prescribing	an	EAI	should	carefully	take	into	account	the	risks	
of	 the	 disease	 versus	 the	 risks	 of	 having	 an	 EAI	 (diminished	
quality	 of	 life)	 versus	 benefits	 (preparedness	 for	 treating	 a	
potentially	life-threatening	event).

VENOM IMMUNOTHERAPY

Therapy	with	venom	is	remarkably	effective,	preventing	subse-
quent	allergic	reactions	in	the	great	majority	of	treated	patients	
and,	 in	 many	 instances,	 providing	 a	 permanent	 ‘cure’.	 Whole	
venom	preparations	should	be	used	because	whole	body	extracts	
contain	little	or	no	venom.51,56	However,	immunotherapy	with	
whole	body	fire	ant	extract	appears	to	be	quite	effective.85–87	In	

OTHER DIAGNOSTIC TESTS

Tryptase

A	 baseline	 serum	 tryptase	 should	 be	 measured	 to	 screen	 for		
an	 underlying	 mast	 cell	 disorder,	 particularly	 if	 urticaria/
angioedema	was	absent.68	Reports	about	the	relevance	of	mast	
cell	disorders	in	insect	venom	allergic	children	are	lacking.	BST	
levels	 are	 found	 to	 be	 significantly	 higher	 in	 younger	 infants	
compared	 with	 older	 ones,	 with	 a	 gradual	 decrease	 to	 levels	
similar	to	those	in	adults.72

Tryptase	can	also	be	measured	in	connection	with	signs	and	
symptoms	 of	 anaphylaxis:	 an	 increase	 from	 baseline	 serum	
tryptase	 is	highly	suggestive	of	 IgE-mediated	mast	cell	activa-
tion.	Concentrations	of	serum	tryptase	peak	at	60	to	90	minutes	
after	 anaphylaxis	 and	 decrease	 to	 baseline	 levels	 over	 subse-
quent	hours.	Total	tryptase	levels	>	11.4	in	serum	are	consistent	
with	 systemic	 anaphylaxis.73	 The	 tryptase	 measured	 immedi-
ately	after	the	anaphylactic	reaction	should	preferably	be	com-
pared	 with	 a	 baseline	 tryptase	 sample	 collected	 several	 days	
after	all	signs	and	symptoms	have	been	resolved.

Other	mast	cell	metabolites	that	can	be	used	either	to	screen	
for	mastocytosis	or	to	determine	anaphylaxis	are	urinary	hista-
mine	metabolites.74,75

STING CHALLENGE TESTS

A	live	sting	challenge	has	been	assumed	to	be	the	gold	standard,	
especially	 to	 evaluate	 the	 efficacy	 of	 venom	 immunotherapy.	
Live	sting	challenges	are	mainly	performed	in	research	settings.	
Routine	use	of	a	live	sting	challenge	as	a	diagnostic	procedure	
for	 selection	 of	 patients	 for	 immunotherapy	 has	 drawbacks,	
partly	ethical76	but	also	due	to	its	 limited	significance	because	
of	the	lack	of	reproducibility	of	one	sting.55,77

Therapy
LARGE LOCAL REACTION

The	treatment	of	large	local	reactions	is	symptomatic.	There	are	
no	 studies	 comparing	 different	 treatments.	 Cold	 compresses	
can	 be	 used	 to	 soothe.	Antihistamines	 can	 be	 used	 to	 reduce	
pruritus.	Nonsteroidal	antiinflammatory	drugs	can	reduce	pain	
and	 additional	 flu-like	 symptoms	 of	 nausea	 and	 fever.	 Oral	
corticosteroids	 can	 be	 used,	 preferably	 as	 quickly	 as	 possible	
after	the	sting,	to	reduce	significant	swelling.	They	can	also	be	
used	to	prevent	large	local	reactions	in	individuals	with	predict-
able	local	reactions.

ACUTE REACTION

The	medical	treatment	for	acute	anaphylaxis	is	the	same	as	that	
for	anaphylaxis	from	any	cause	and	is	detailed	in	Chapter	58.

As	venom	is	deposited	very	quickly	after	the	sting,	prompt	
removal	of	the	stinger	is	not	able	to	prevent	an	allergic	reaction.	
An	 insect	 stinger	 that	 remains	 in	 the	 skin	 should	 be	 gently	
flicked	off	to	avoid	squeezing	the	sac,	which	might	inject	more	
venom.

Prior	to	discharge	from	the	acute	care	setting,	patients	should	
receive	a	prescription	for	an	EAI,	with	instructions	about	how	
and	when	to	use	it,	and	a	referral	to	an	allergist	to	determine	if	
they	 are	 really	 at	 risk	 and	 need	 to	 carry	 an	 EAI	 and	 whether	
they	are	candidates	for	VIT.

BOX 57-2 OPTIONAL PRECAUTIONS TO AVOID 
SUBSEQUENT STINGS

• Wear slacks, long-sleeved shirts and shoes when outside, 
especially when involved in activities that might increase 
insect exposure such as gardening.

• Cosmetics, perfumes and hair sprays might attract insects.
• Light-colored clothing is less likely to attract insects.
• Take care outside around food and garbage, which especially 

attracts yellow jackets.
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treatment	(e.g.	receiving	injections	in	addition	to	frequent	visits	
to	the	doctor)	will	be	for	children.

Venom Selection
There	 is	general	agreement	 that	a	positive	skin	 test	cannot	be	
used	as	the	sole	criterion	to	start	VIT,	because	at	least	25%	of	
the	population	has	specific	IgE	to	one	or	more	venoms	without	
a	 history	 of	 anaphylaxis.69,80,81	 Unnecessary	 use	 of	 additional	
venoms	 should	 be	 prevented.	 The	 administration	 of	 a	 single	
venom	is	much	better	tolerated	than	the	administration	of	three	
or	 four	 venoms,	 especially	 in	 children,	 and	 VIT	 is	 a	 costly	
treatment.

Knowledge	 of	 cross-reactions	 is	 necessary	 to	 select	 the	
correct	venom	(see	Cross-reactivity).

Dosing Schedule
Treatment	 is	 initiated	 in	small	doses;	 the	starting	dose	can	be	
based	on	the	intensity	of	the	skin	test	reaction	and/or	the	nature	
of	the	allergic	symptoms.	Incremental	doses	are	given	until	the	
maintenance	dose	is	reached,	traditionally	100	µg.	In	the	USA	
mixed	vespid	venom	preparations	are	available	for	therapy	con-
taining	the	two	hornet	venoms	and	yellow	jacket	venom	with	a	
top	dose	of	300	µg.

There	 is	agreement	about	 the	efficacy	of	100	µg,	originally	
selected	based	on	the	estimated	venom	protein	content	of	2	to	
4	stings.	However,	the	amount	of	venom	of	the	different	species	
is	different.	The	amount	of	honeybee	venom	is	in	the	range	of	
50	µg;	the	amount	of	vespids	is	less	consistent,	ranging	from	2	
to	20	µg.91	Patients	who	are	not	adequately	protected	might	be	
protected	with	higher	doses.92

A	 number	 of	 dosing	 regimens	 are	 used	 with	 different	
numbers	of	injections	during	weekly	build-up	phases	and	com-
monly	reaching	a	maintenance	dose	 in	4	 to	6	weeks.	VIT	can	
also	be	given	according	to	a	rush	desensitization	program	with	
multiple	doses	administered,	often	in	a	hospital	setting,	over	a	
period	of	2	or	3	days	to	1	week.	For	some	examples	of	schedules	
see	Table	57-4.

jack	 jumper	 ant	 allergy,	 venom	 is	 used	 and	 is	 as	 effective	 as	
honeybee	therapy.88

Major	remaining	issues	relate	to	the	refining	of	the	selection	
process	for	people	requiring	VIT,	choosing	the	right	venom	and	
refining	criteria	for	duration	of	treatment.

Indications
Potential	candidates	for	VIT	are	people	who	have	had	an	allergic	
reaction	to	an	insect	sting	and	have	a	positive	venom	skin	test	
or	elevated	levels	of	serum	venom-specific	IgE	(Table	57-3).	As	
noted,	studies	of	the	natural	history	of	insect	sting	allergy	have	
shown	that	only	approximately	60%	or	less	of	these	individuals	
will	have	a	subsequent	reaction	when	re-stung;31,51	 in	children	
the	rate	is	even	lower.

Children	 with	 only	 dermal	 (hives,	 angioedema)	 reactions	
have	a	very	benign	prognosis	and	they	do	not	require	 immu-
notherapy.31,43,50	The	risk	to	both	adults	and	children,	including	
very	young	children,	who	have	had	severe	allergic	reactions	 is	
increased.

Anaphylactic	 reactions	 following	 insect	 stings	 can	 have	 a	
great	impact	on	the	quality	of	life	of	insect	sting	allergic	patients,	
both	adults	and	children.79,89	Health-related	quality	of	life	is	an	
important	therapeutic	target	in	the	treatment	of	allergic	patients,	
as	re-sting	rates	are	generally	 low22,43	and	mortality	 is	surpris-
ingly	low,	especially	in	children.	In	a	recent	review	evaluating	the	
cost-effectiveness	of	VIT,	Hockenhull	et	al90	concluded	that	VIT	
is	only	cost-effective	if	it	is	able	to	improve	health-related	quality	
of	life	(HRQL),	or	in	the	case	of	a	high	re-sting	rate.

VIT	has	been	shown	to	 improve	HRQL	in	contrast	 to	EAI	
prescription	 only.79	 In	 a	 randomized	 study	 evaluating	 VIT	
versus	 EAI	 in	 adults,	VIT	 –	 with	 information	 about	 the	 risks	
and	benefits	of	the	treatment	–	was	preferred	by	most	patients	
and	shown	to	improve	health-related	quality	of	life82	in	patients	
with	 moderate-to-severe	 reactions	 as	 well	 as	 those	 with	 only	
dermal	reactions,83	even	if	patients	are	not	re-stung.	The	effect	
of	VIT	on	health-related	quality	of	life	has	not	been	studied	so	
far	 in	 children.	 It	 is	 not	 known	 what	 the	 burden	 of	 this	

Previous Reaction Skin Test or RAST Risk of a Systemic Reaction Advice

No reaction Children and 
adults

Unknown 1–3%1 None
Positive 5%30 to 17%47 None

Large local Children Not relevant (negative or positive) 2%43 None
Adults Not relevant (negative or positive) 5–10%13 None

Systemic reaction 
– dermal

Children Positive 1–13%43 No VIT, no EAI*
Adults Positive 9.1–33% (YJ)60–62 40% (bee)54 EAI* and VIT†83

Systemic reaction 
– grade II–IV

Children < 5 yr Positive >20%/?43 EAI* and VIT – controversial 
due to age

Children > 5 yr Positive > 32%43 EAI* and VIT
Adults (> 15 yr) Positive 25–70%31,52–55 EAI* and VIT

Negative ? Further diagnostics:
• repeat skin test
• sIgE
• consider other insects
• consider mastocytosis
• consider other diagnosis
• consider sting challenge

*The decision to provide an EAI will depend on the practice patterns in each country.
†Quality of life is an important target.
RAST – radioallergosorbent test.

TABLE 

57-3 
Indications for Venom Immunotherapy in Patients with Positive Venom Skin Tests or Serologically  
Positive sIgE
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Traditional Cluster
Modified 
Rush Rush

Day
1 0.1 0.01 0.1 0.1†

0.1 0.3 0.3
1 0.6 0.6

1.0
3.0
6.0

15.0
2 30.0

50.0‡

75.0
3 100.0

Week
1 0.3 1.0

3.0
6.0

2 0.6 2.0
4.0

10.0 100

15.0 Repeat every 
4 wks

3 1.0 6.0
10.0

30.0

4 3.0 10.0
20.0

40.0

5 6.0 30.0
30.0

50.0‡

6 15.0 50.0
50.0

65.0

7 30.0 100.0 80.0
8 50.0‡ 100.0
9 65.0

10 80.0 100.0
11 100.0 Repeat every 

4–6 wks
Repeat 

every 
4 wks

12
13 100.0

Repeat every 
4 wks

*Starting dose may vary depending on patient’s skin test sensitivity. 
Subsequent doses are modified by local or systemic reactions. 
Doses expressed in micrograms.

†Sequential venom doses administered on the same day at 20- to 
30-minute intervals.

‡50 µg may be used as the top dose.

TABLE 

57-4 
Representative Examples of Venom 
Immunotherapy Dosing Schedules*

Once	the	top	maintenance	dose	is	reached,	it	can	be	admin-
istered	every	4	to	6	weeks.

Preventive	 medication	 with	 antihistamines	 can	 be	 used	
during	VIT,	especially	during	the	initial	phase.	It	has	been	dem-
onstrated	 to	 significantly	 reduce	 large	 local	 and	 generalized	
cutaneous	reactions	in	double-blind	placebo-controlled	trials.93	
This	pretreatment	affects	the	expression	of	histamine	receptor	
and	cytokine	production	of	allergen-specific	cells.	It	might	also	
increase	the	efficacy	of	VIT,94	although	this	could	not	be	proven	
in	the	prospective	study,93	probably	due	to	type	II	error.

Side-Effects

Reported	 immunotherapy	 reaction	 rates	 with	 both	 rapid	 and	
slower	 schedules	 vary	 but	 are	 not	 significantly	 different.	 The	
critical	issue	is	to	reach	the	top	maintenance	dose.

Local	 swelling	 may	 occur,	 as	 may	 generalized	 fatigue	 and	
aching.	Several	approaches	are	available	to	minimize	these	reac-
tions	(Box	57-3).

Systemic	 reactions	 to	 VIT	 are	 unusual	 and	 much	 less	
common	than	those	induced	by	pollen	immunotherapy.	Hon-
eybee	venom	as	compared	to	vespid	venoms	is	associated	with	
a	 higher	 incidence	 of	 systemic	 reactions	 during	 the	 build-up	
phase.	Adverse	reactions	are	no	more	common	in	the	ultra	rush	
regimen	as	compared	to	the	modified	rush	regimen.96

There	 have	 been	 no	 identified	 adverse	 reactions	 caused	 by	
long-term	VIT.	 Injections	appear	 to	be	safe	during	pregnancy	
with	no	effect	on	the	pregnancy	or	the	fetus.

Results
VIT	is	highly	effective	in	preventing	subsequent	anaphylaxis	in	
children	 at	 risk,	 with	 comparable	 efficacy	 as	 in	 adults.	 In	 a	
follow-up	study	of	children,	84.4%	of	those	with	anaphylaxis	to	
honeybee	and	94.1%	 to	Vespula	venom	were	 completely	pro-
tected.36	In	a	study	by	Golden	et	al	in	512	patients	the	efficacy	
was	 95%	 in	 more	 than	 dermal	 reactors,	 and	 100%	 in	 dermal	
reactors;	the	culprit	insects	were	not	mentioned.43

Graft	et	al97	reported	that	during	a	3-	to	6-year	period,	200	
re-stings	in	49	VIT-treated	children	resulted	in	only	four	mild	
systemic	 reactions	 (98%	 efficacy).	 Another	 study	 of	 children	
receiving	bee	VIT	reported	five	reactors	in	55	children	after	field	
re-stings.98

A	recent	study	by	Ruëff	et	al	included	more	than	1,500	adults	
receiving	a	sting	challenge	1	year	after	start	of	VIT,	with	a	pro-
tection	rate	of	84%	for	bee	VIT	and	96%	for	yellow	jacket	VIT.99	

BOX 57-3 APPROACHES IN THE CASE OF 
SIDE-EFFECTS

LARGE LOCAL REACTION

• The venom dose can be split into two injections, limiting the 
amount delivered at one site.

• Administration of an antihistamine 30–60 minutes before the 
venom injection.

• Addition of a small amount of epinephrine to the venom may 
minimize immediate local swelling.

• In the case of extensive delayed-onset swelling, corticoste-
roids are usually effective, either locally applied or by the 
addition of a small amount of steroid to the venom.

• In the case of fatigue, successful treatment is usually accom-
plished with the administration of aspirin approximately 30 
minutes before the injection and every 4 hours thereafter for 
1–2 days, if needed.

SYSTEMIC REACTION

• Dose reduction to 20% with subsequent slow increase.
• Pretreatment with antihistamine 30–60 minutes before the 

venom injection.
• A few patients require the maintenance dose every 2–3 weeks 

to avoid a systemic reaction.
• If individuals are receiving multiple venoms, it might be advis-

able to administer single venoms on separate days.
• Concomitant administration of β-adrenergic blocking drugs 

can increase the severity of anaphylaxis. ACE inhibitors also 
have been suggested as potentially exacerbating the severity 
of allergic reactions.95

• Check (again) for mastocytosis.



	 57  Insect Sting Allergy 523

This	difference	in	honeybee	versus	yellow	jacket	VIT	has	been	
known	 for	 decades.	 Recent	 studies	 demonstrated	 that	 more	
than	50%	of	HBV-allergic	patients	display	IgE	reactivity	to	low-
abundance	proteins	such	as	Api	m	3,	Api	m	5	and	Api	m	10.14,59	
Two	of	these	allergens,	Api	m	3	and	Api	m	10,	are	present	in	the	
crude	venom	abstract	but	absent	or	under-represented	in	thera-
peutic	 venom	 preparations.58	 Based	 on	 these	 findings,	 it	 is	
tempting	to	speculate	that	the	relative	lack	of	these	two	allergens	
in	therapeutic	venom	preparations	may	account	for	the	reduced	
efficacy	of	VIT	in	bee	venom-allergic	patients,	a	hypothesis	that	
is	currently	under	investigation.

Treatment Duration
The	 question	 of	 duration	 of	 treatment	 or	 when	 it	 is	 safe	 to	
discontinue	VIT	has	been	a	persistent	issue.	The	re-sting	reac-
tion	rate	after	cessation	of	VIT	is	low,	generally	in	the	range	of	
5%	to	15%.	The	risk	of	a	recurrent	systemic	reaction	to	a	sting	
after	stopping	venom	immunotherapy	decreases	the	longer	VIT	
has	lasted.100

It	appears	that	3	to	5	years	of	VIT	is	adequate	for	the	large	
majority	of	 individuals	who	have	had	 mild-to-moderate	 ana-
phylactic	 reactions,	 despite	 the	 persistence	 of	 a	 positive	 skin	
test.60–64	One	year	of	VIT	does	not	provide	sufficient	protection	
for	nearly	25%	of	patients.28	After	3	years	of	VIT,	83%	to	100%	
of	patients	are	protected	against	recurrent	systemic	reactions	in	

the	first	1	to	3	years	after	stopping,	and	most	of	these	reactions	
were	only	mild.47,101–107	Studies	evaluating	more	than	5	years	of	
treatment	show	slightly	higher	rates	of	protection.101,107

There	 are	 several	 risk	 factors	 that	 are	 associated	 with		
lower	efficacy	or	increased	recurrence	of	systemic	reactions	(see	
Box	57-4).

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

BOX 57-4 RISK FACTORS FOR INCREASED 
INEFFICACY OF VIT TREATMENT

Mastocytosis29,68

Severe anaphylactic symptoms, such as loss of consciousness, 
caused by insect sting;31,101,105 might also be due to 
mastocytosis

Systemic reactions to venom immunotherapy;47 might also be 
due to mastocytosis

Honeybee venom allergy (compared with vespid venom 
allergy)101

Presence of significant medical problems, such as cardiovascular 
disease

High sting frequency47,101
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Introduction
The areas covered in this chapter on anaphylaxis in infants, 
children and teenagers include: epidemiology, patients at 
increased risk, mechanisms, triggers, diagnosis, treatment of the 
acute anaphylactic episode, and long-term management.

Anaphylaxis is defined as a serious generalized allergic or 
hypersensitivity reaction that is rapid in onset and might cause 
death. It typically occurs minutes to a few hours after exposure 
to the trigger and involves two or more body organ systems 
(Box 58-1). The presence of hypotension or shock is not 
required in order to make the diagnosis. The term ‘anaphylac-
toid’ is no longer recommended for use.1–4

EPIDEMIOLOGY

The rate of occurrence of anaphylaxis is increasing, yet under-
diagnosis and under-coding remain a problem. In the general 
population, the incidence doubled from 21 per 100,000 person 
years in the 1980s to 49.8 per 100,000 person years in the 1990s, 
and the highest rate (70 per 100,000 person years) was reported 
in patients 0.8 to 19 years of age.6,7

The hospitalization rate for anaphylaxis in patients under 20 
years old increased more than 4-fold between 1990 and 2006, 
with peaks in the very young (0–4 years) and in teenagers. The 

incidence of emergency department (ED) visits and hospitaliza-
tions for anaphylaxis increased by 8.8% per year between 1993/4 
and 2004/5, with a steep increase in hospitalizations for food-
triggered anaphylaxis in children less than 5 years of age. The 
hospitalization rate for food-induced anaphylaxis more than 
doubled between 2000 and 2009, from 0.60 to 1.26 per 1,000 
total hospitalizations, with corresponding increases in associ-
ated healthcare costs.6–10

In addition to the increase in ED visits and hospitalizations, 
critical care unit admissions are also increasing; however, in 
hospitalized patients, the case fatality rate is low.11

Most anaphylaxis fatalities occur in community settings.12–14 
Indeed, most anaphylaxis episodes occur in such settings, where 
they predominate in boys and in atopic patients. Foods are by 
far the most common trigger, followed by insect stings and 
drugs.15–20

PATIENTS AT INCREASED RISK OF SEVERE 
ANAPHYLAXIS

Severity of concomitant atopic diseases is a predictor of life-
threatening anaphylactic episodes. Persistent asthma, especially 
if not optimally controlled, is an important risk factor for  
fatal anaphylaxis. Urticaria pigmentosa with extensive (>90%) 
involvement of the skin or blistering increases the risk of ana-
phylaxis in infants and children. Concurrent use of antihyper-
tensive medications such as beta-adrenergic blockers and 
angiotensin-converting enzyme (ACE) inhibitors potentially 
makes anaphylaxis more severe.2,21–26 Additionally, infants, teen-
agers and pregnant teens can be uniquely vulnerable in anaphy-
lactic episodes because of issues with under-recognition and 
under-treatment.2,27,28

Co-factors that can amplify anaphylaxis include exercise, 
ethanol, NSAIDs (nonsteroidal antiinflammatory drugs), colds 
or other acute infections, fever, perimenstrual status and emo-
tional stress. Some amplification mechanisms are better under-
stood than others; for example, exercise, ethanol and NSAIDs 
increase food allergen bioavailability from the gastrointestinal 
tract, and acute viral infections decrease the mast cell activation 
threshold.2,29–31

PATHOLOGIC MECHANISMS IN ANAPHYLAXIS

In the pediatric population, anaphylaxis typically involves IgE 
specific to food, venom or other allergen, high-affinity IgE 
receptors (FcεR1 receptors), mast cells and basophils and release 
of mediators of inflammation. These include preformed hista-
mine and tryptase, and newly generated mediators such as 
platelet-activating factor, leukotrienes, prostaglandins, cyto-
kines and chemokines2,3 (Figure 58-1).

KEY POINTS

• Most episodes of anaphylaxis occur in the community, 
not in healthcare settings. Food is by far the most 
common trigger. Concomitant asthma increases the risk 
of severe or fatal anaphylaxis.

• Diagnosis of anaphylaxis is based on recognition of 
symptoms and signs that occur suddenly (minutes to a 
few hours) after exposure to a known or likely trigger.

• Prompt treatment of anaphylaxis is essential: call for 
assistance, inject epinephrine IM in the mid-outer thigh, 
and place the patient supine or in a position of comfort. 
Provide oxygen, IV fluids, and other interventions as 
needed.

• Patients at risk of anaphylaxis should carry one or more 
epinephrine auto-injectors and a written, personalized, 
anaphylaxis emergency action plan, and wear medical 
ID.

• Anaphylaxis triggers should be confirmed and vigilantly 
avoided. Immunotherapy effectively prevents venom 
anaphylaxis. Regular follow-up and anaphylaxis educa-
tion are important aspects of long-term management.
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Figure 58-1  Summary of the pathogenesis of anaphylaxis. Details about mechanisms, triggers, key cells and mediators are found in the text. Two 
or more target organ systems are typically involved in anaphylaxis. (Adapted from references 1,3.)
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Anaphylaxis is highly likely when any one of the following three cri-
teria is fulfilled:

1. Acute onset of an illness (minutes to several hours) with 
involvement of the skin, mucosal tissue, or both (e.g. general-
ized hives, pruritus or flushing, swollen lips-tongue-uvula)
AND AT LEAST ONE OF THE FOLLOWING:
• Respiratory compromise (e.g. dyspnea, wheeze-

bronchospasm, stridor, hypoxemia)*
• Reduced BP† or associated symptoms of end-organ dysfunc-

tion (e.g. hypotonia [collapse], syncope, incontinence)
2. Two or more of the following that occur rapidly after exposure 

to a likely allergen for that patient (minutes to several 
hours):
• Involvement of the skin-mucosal tissue (e.g. generalized 

hives, itch-flush, swollen lips-tongue-uvula)

• Respiratory compromise (e.g. dyspnea, wheeze-
bronchospasm, stridor, hypoxemia)*

• Reduced BP† or associated symptoms (e.g. hypotonia [col-
lapse], syncope, incontinence)

• Gastrointestinal symptoms (e.g. crampy abdominal pain, 
persistent vomiting)

3. Reduced BP† after exposure to a known allergen for that 
patient (minutes to several hours):
• Infants and children: low systolic BP† (age-specific) or greater 

than 30% decrease in systolic BP†

• Adults: systolic BP† or less than 90 mm Hg or greater than 
30% decrease from that person’s baseline

BOX 58-1 CLINICAL CRITERIA FOR DIAGNOSIS OF ANAPHYLAXIS

BP – Blood pressure.

†Low systolic blood pressure for children is defined as less than 70 mm Hg from 1 month to 1 year, less than (70 mm Hg + [2 × age]) from 1 to 
10 years, and less than 90 mm Hg from 11 to 17 years.

*Another example is reduced peak expiratory flow.

References: 2,4,5.
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meats containing the carbohydrate allergen galactose-α-1,3,-
galactose), contaminants such as storage mites in flour, and 
food parasites such as the live nematode Anisakis simplex in fish. 
Rarely, anaphylaxis is triggered by skin contact from food as 
such, vomited food, or inhalation of odors or cooking vapors, 
e.g. from fish.1,2,35–37,41–49

Other anaphylaxis triggers include venom from stinging 
insects such as bees, yellow jackets, wasps, hornets and ants, and 
less commonly, saliva from biting insects such as mosquitoes, 
caterpillars and ticks.15–20,50–56

Medication triggers include penicillins, cephalosporins and 
other antibiotics, NSAIDs such as ibuprofen, and antineoplastic 
agents. Contaminants in medications, including traces of food, 
can also trigger anaphylaxis. Peri-operative anaphylaxis can be 
triggered by antibiotics or by neuromuscular blockers/muscle 
relaxants such as suxamethonium, but any inhaled, injected or 
topically applied agent can be implicated, including antiseptics 
such as chlorhexidine.15–20,57–65

Natural rubber latex in medical equipment and supplies can 
trigger anaphylaxis in healthcare settings, and latex found in 
some infant pacifiers, bottle nipples, teethers, toys, balloons, 
sports equipment including balls and racquet handles, and 
condoms can trigger it in community settings.2,66

Other potential triggers include biologic agents such as the 
monoclonal antibodies infliximab and omalizumab, allergen 
skin tests (especially intradermal tests), allergen challenge tests, 
and allergen immunotherapy by any route.67–69

Vaccines that protect against infectious diseases seldom 
trigger anaphylaxis. If they do, the culprit is usually an excipient 
(such as gelatin, yeast, dextran, polysorbate-80), egg (influenza 
and yellow fever vaccines), neomycin or polymyxin B, not the 
microbial content.34,70

In exercise-induced anaphylaxis, common co-triggers/ 
co-factors include foods (wheat, shrimp, celery), NSAIDs, 
ethanol, and concurrent exposure to cold water or cold air, 
which can also trigger anaphylaxis independently of exercise.30

Idiopathic anaphylaxis is uncommon in infants, children 
and teenagers15–20,71 (see also Idiopathic Anaphylaxis, pages 534 
and 535, and Box 58-6).

Diagnosis
In the pediatric population, diagnosis of anaphylaxis depends 
almost entirely on the history and physical findings.

CLINICAL DIAGNOSIS

Diagnosis of anaphylaxis is based on recognition of the sudden 
onset of characteristic symptoms and signs within minutes to 
hours after exposure to a known or likely trigger or activity 
(Figure 58-2). Clinical criteria for diagnosis have been devel-
oped and validated as an instrument for rapid assessment of 
patients who present with a possible diagnosis of anaphylaxis 
in EDs and other medical settings, or those who present to their 
primary care physician after the acute event, and for use in 
epidemiologic studies (Box 58-1). These criteria have high sen-
sitivity for identification of anaphylaxis, good specificity and a 
high negative predictive value.4,5,73

Anaphylaxis is under-reported in the pediatric population,7 
especially in infants.27,74 First episodes might not be recognized 
as such, especially if symptoms are mild and/or transient. Skin 
involvement (itching, flushing, generalized urticaria and/or 

Recruitment of other inflammatory pathways has been 
reported. These include activation of the complement cascade 
leading to formation of C3a, activation of the coagulation 
pathway, and activation of the kallikrein-kinin system pathway 
with kinin formation. Direct activation of mast cells by physical 
factors such as exercise, exposure to cold water or cold air, or 
ingestion of medications such as opioids can also trigger 
anaphylaxis.1–3,32,33

IgG-mediated anaphylaxis is reported after administration 
of high molecular weight dextran or monoclonal antibodies 
such as infliximab.1–3,32,34

Triggers
In the pediatric population, food is by far the most common 
trigger of anaphylaxis. Milk, egg, peanut, tree nuts such as 
cashew, crustacean shellfish such as shrimp, and finned fish are 
the predominant food triggers in many geographic areas, while 
sesame, wheat and peach predominate in others. The relative 
importance of food triggers also differs with age; for example, 
in infants, milk, egg and peanut are the common concerns12–20,35–40 
(Box 58-2).

Potential food triggers include hidden, substituted,  
cross-reacting or cross-contacting foods, additives such as 
spices and colorants, novel food allergens (for example, red 

BOX 58-2 ANAPHYLAXIS TRIGGERS

ALLERGEN TRIGGERS (IgE-DEPENDENT IMMUNOLOGIC 
MECHANISMS)

Foods, e.g. milk, egg, peanut, tree nut, finned fish, crustacean 
shellfish, soy, and wheat

Food additives, e.g. spices, colorants, vegetable gums, and 
contaminants

Stinging insects: Hymenoptera species, e.g. bees, yellow 
jackets, wasps, hornets and ants

Medications, e.g. penicillins, cephalosporins and other antibiot-
ics, ibuprofen and other NSAIDs, and chemotherapeutic 
agents

Biologic agents, e.g. monoclonal antibodies, and allergens 
(challenge tests, allergen-specific immunotherapy)

Natural rubber latex
Inhalants (rare), e.g. horse dander, and grass pollen
Uncommon triggers*
Novel allergens

DIRECT MAST CELL ACTIVATORS

Physical factors
Exercise†

Cold water or cold air
Heat
Sunlight/ultraviolet radiation

Medications, e.g. opioids

IDIOPATHIC ANAPHYLAXIS‡

Adapted from references 1,2.

‡Idiopathic anaphylaxis  is uncommon in children. The possibility of 
a novel trigger or a mast cell activation syndrome should be ruled 
out.

†With  or  without  co-triggers/co-factors  such  as  foods,  ethanol, 
NSAIDs, cold water or cold air.

*In the pediatric population, uncommon triggers include vaccines to 
prevent infectious disease.

NSAIDs – Nonsteroidal antiinflammatory drugs.



 58  Anaphylaxis: Assessment and Management  527

Figure 58-2  *of a foreign body. Algorithm for confirming the clinical 
diagnosis of anaphylaxis. Details about the supreme importance of the 
history, the role of serum tryptase levels and other laboratory tests, and 
the differential diagnosis are found in the text and in Box 58-3. (Adapted 
from references 1–3,36,72.)
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angioedema) is helpful in making the diagnosis; however, it is 
absent or unrecognized in 10% to 20% of anaphylactic episodes 
and can be missed if itching is absent, if a partial skin examina-
tion is performed or if an H1 antihistamine has been given. 
Patients with dysphonia, dyspnea or shock might not be able to 
describe their symptoms. Anaphylaxis might not be recognized 
as such in an asthmatic with acute respiratory symptoms if 
concomitant symptoms such as itching, vomiting or dizziness 
are not reported. Lack of recognition or delayed recognition of 
anaphylaxis due to patient or caregiver depression or substance 
abuse might also be relevant.15–20,27

In infants, a high index of suspicion is needed in order to 
diagnose anaphylaxis. They cannot describe their symptoms, 
and some of their signs can be difficult to interpret because they 
also occur in healthy babies (Table 58-1). A typical presentation 
includes skin signs such as generalized urticaria, gastrointestinal 
signs such as persistent vomiting, and/or respiratory symptoms 
and signs. Hypotension is often undocumented, for example  
in settings where infant-size blood pressure cuffs are 
unavailable.27,74–76

DIFFERENTIAL DIAGNOSIS

The differential diagnosis of anaphylaxis in infants includes 
age-unique entities27,74 (Box 58-3). The differential diagnosis 
of anaphylaxis in children and teens includes common  
entities such as acute generalized hives associated with viral 
infection, acute asthma, syncope (faint), anxiety or panic  
attack, and aspiration of a foreign body. It also includes less 

common entities such as excess histamine syndromes (e.g. mast 
cell activation syndromes, ruptured or leaking hydatid cyst); 
restaurant (post-prandial) syndromes (e.g. food poisoning, 
scombroid poisoning); and nonorganic diseases (e.g. vocal cord 
dysfunction, Munchausen syndrome or Munchausen syndrome 
by proxy). Flush syndromes are rare in the pediatric population 
except for nonallergic red man syndrome triggered by vanco-
mycin. Seizures and stroke and other forms of shock (septic, 
hypovolemic or cardiogenic) should also be considered in the 
differential diagnosis.1–3,15–20

LABORATORY TESTS TO SUPPORT THE 
CLINICAL DIAGNOSIS

In the pediatric population, laboratory tests (Figure 58-2) are 
seldom helpful in confirming the clinical diagnosis of anaphy-
laxis. The most widely used test, measurement of serum or 
plasma total tryptase levels,72 takes several hours to perform and 
is not available on an emergency basis. Even in blood samples 
obtained promptly (between 15 minutes and 3 hours) after 
symptom onset, tryptase levels are seldom elevated in children 
and in food-induced anaphylaxis. Lack of availability of trypt-
ase measurements is not a barrier to prompt clinical diagnosis 
of anaphylaxis. A tryptase level in the normal reference range 
cannot be used to refute the clinical diagnosis of anaphylaxis. 
Initial treatment of anaphylaxis should never be delayed in 
order to obtain a blood sample for tryptase measurement.1–4,72,77–79

In young infants, interpretation of tryptase levels presents 
additional complexities, because baseline tryptase levels are 
elevated due to an increased mast cell burden in the developing 
immune system. At age 3 months, median baseline tryptase 
levels are reported as 14.2 ± 10.2 µg/L in atopic infants and 6.1 
± 3.54 µg/L in healthy infants. Levels gradually decline, and by 
age 9 to 12 months, they reach those found in older infants and 
young children.80,81

Plasma histamine levels and 24-hour urine levels of hista-
mine and its metabolite, N-methylhistamine, are measured in 
some clinical laboratories. Other mast cell mediators such as 
platelet-activating factor are measured only in research 
laboratories.72,77–79

Treatment of the Acute  
Anaphylactic Episode
The essentials of prompt initial anaphylaxis treatment are out-
lined in Box 58-4. It is important to have a printed protocol that 
is posted and rehearsed regularly, to have the essential medica-
tions, supplies and equipment for emergency treatment readily 
available, and to pre-designate staff responsibilities. Remove 
any suspected relevant trigger. Rapidly assess the patient’s 
airway, breathing, circulation, skin and body weight (mass). 
Simultaneously, call to request help from a resuscitation team 
in a healthcare setting or from emergency medical services 
(EMS) in a community setting, inject epinephrine promptly, 
and place the patient supine or semi-reclining in a position of 
comfort.1–4,82,83,91–93

EPINEPHRINE (ADRENALINE)

Epinephrine has life-saving α1-adrenergic vasoconstrictor 
effects that prevent and relieve airway obstruction, hypotension 
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Anaphylaxis Symptoms that Infants 
Cannot Describe

Anaphylaxis Signs that May be Difficult to 
Interpret/Unhelpful in Infants, and Why Anaphylaxis Signs in Infants

GENERAL

Feeling of warmth, weakness, anxiety, 
apprehension, impending doom

Behavioral changes such as persistent crying, 
fussing, clinging, irritability, fright

SKIN/MUCOUS MEMBRANES
Itching of lips, tongue, palate, uvula, 

ears, throat, nose, eyes, etc.; mouth 
tingling or metallic taste

Flushing (may also occur with fever, 
hyperthermia or crying spells)

Sudden onset of generalized hives (potentially 
difficult to discern in infants with acute atopic 
dermatitis; scratching and excoriations will be 
absent in young infants); also, angioedema 
(face, tongue, oropharynx)

RESPIRATORY
Throat tightness; chest tightness; 

shortness of breath
Hoarseness, dysphonia (common after a crying 

spell); drooling/increased secretions 
(common in teething infants)

Sudden onset of coughing, stridor, wheezing, 
dyspnea, apnea, cyanosis

GASTROINTESTINAL
Dysphagia, nausea, abdominal pain/

cramping
Drooling, spitting up/regurgitation (common 

after feeds), loose stools (normal in infants, 
especially if breastfed); colicky abdominal 
pain

Sudden onset of persistent vomiting

CARDIOVASCULAR
Feeling faint or dizzy (pre-syncope), 

confusion, blurred vision, difficulty in 
hearing

Hypotension (need appropriate size blood 
pressure cuff; low systolic blood pressure for 
infants is defined as less than 70 mm Hg from 
1 month to 1 year, and less than (70 mm Hg + 
[2 × age]) in years in the first and second years 
of life; tachycardia, defined as greater than 
120–130 beats per minute from 3 months to 2 
years, inclusive; loss of bowel and bladder 
control (ubiquitous in infants)

Weak pulse, arrhythmia, diaphoresis/sweating, 
collapse/unconsciousness

CENTRAL NERVOUS SYSTEM
Headache Behavioral changes (see above), drowsiness, 

somnolence (common in infants after 
feeding)

Sudden onset of lethargy, hypotonia, 
unresponsiveness or seizures

Adapted from reference 27.

TABLE 
58-1 Symptoms and Signs of Anaphylaxis in Infants

and shock, and life-saving β2-adrenergic effects, including bron-
chodilation and suppression of mediator release from mast cells 
and basophils1–4,82–84,94–98 (Box 58-4, Table 58-2).

Epinephrine should be promptly injected intramuscularly  
in the mid-outer thigh (vastus lateralis muscle) to achieve  
peak plasma and tissue concentrations rapidly. The epinephrine 
dose is 0.01 mg/kg IM for first aid treatment (maximum 
0.15 mg in an infant; maximum 0.3 mg in a child; maximum 
0.5 mg in a teenager). It needs to be injected before anaphylaxis 
progresses to severe respiratory or cardiac symptoms. If  
indicated, it can be repeated several times at 5–15 minute  
intervals. Failure to inject it promptly increases the risk of 
hypoxic-ischemic encephalopathy and death. There is no abso-
lute contraindication to epinephrine treatment1–4,12–14,82–84,93,94 
(Box 58-4).

The severity of an anaphylactic episode can differ from one 
patient to another, and in the same patient from one episode to 
another. At the onset, it is impossible to predict whether the 
patient will respond promptly to treatment, die within minutes 
or recover spontaneously due to endogenous secretion of epi-
nephrine, angiotensin II and endothelin I.2

Rates of epinephrine injection in anaphylaxis are improv-
ing in some pediatric emergency departments. In one study  

that included prospective data collection, 79% of all pediatric 
patients with anaphylaxis (and 100% of those with severe  
anaphylaxis) received epinephrine injections as initial 
treatment.95

Fewer than 20% of pediatric patients with food-induced 
anaphylaxis treated with epinephrine receive a second dose, 
either because of failure to respond to the initial dose or because 
of biphasic anaphylaxis, defined as recurrence of symptoms 
hours after resolution of the initial symptoms, despite no 
further exposure to the trigger.96

In a retrospective review of ED patients with anaphylaxis, 
most of whom were children, 17% of those who received one 
epinephrine injection required one or more additional injec-
tions; however, the need for subsequent injections did not cor-
relate with obesity or overweight status. In some patients, the 
heights and weights used for body mass index calculations were 
estimated, not measured during the ED visit.97

Epinephrine seldom causes serious adverse events in the 
pediatric population. In patients of all ages, IM epinephrine  
is 10 times safer than an IV bolus dose of epinephrine. IV  
injection can be associated with delayed epinephrine adminis-
tration due to difficult venous access, and with overdose due, 
for example, to overly rapid infusion or use of a 1 : 1,000 



 58  Anaphylaxis: Assessment and Management  529

BOX 58-3 DIFFERENTIAL DIAGNOSIS OF 
ANAPHYLAXIS IN INFANTS

SKIN

Acute episode of urticaria, urticaria pigmentosa/mast cell activation 
syndrome, hereditary angioedema

RESPIRATORY (UPPER OR LOWER RESPIRATORY TRACT)

Acute onset of symptoms due to obstruction, which can be con-
genital (e.g. laryngeal web, vascular ring, malacias) or acquired  
(e.g. aspiration of foreign body*, croup, bronchiolitis, asthma); 
asphyxiation/suffocation, breath-holding

GASTROINTESTINAL TRACT

Acute onset of symptoms due to obstruction, which can be con-
genital (e.g. pyloric stenosis, malrotation) or acquired (e.g. intus-
susception), food protein-induced enterocolitis syndrome with an 
acute presentation

CARDIOVASCULAR SYSTEM

Apparent life-threatening event/sudden infant death syndrome; 
different forms of shock: septic, hypovolemic, cardiogenic, distribu-
tive (other than anaphylaxis)

CENTRAL NERVOUS SYSTEM

Seizure, postictal state, stroke, trauma, child abuse, increased intra-
cranial pressure

OTHER, INCLUDING

Metabolic disorders
Infectious diseases: pertussis, gastroenteritis, meningitis
Ingestion of: drug overdose, poison or toxin (e.g. food, chemi-

cal, plant)
Munchausen syndrome by proxy (Meadow’s syndrome)

*Peanuts and tree nuts are commonly associated with both foreign 
body inhalation and anaphylaxis.

Adapted from reference 27.

epinephrine solution that has not been appropriately diluted 
10-fold or 100-fold.98 Unless cardiopulmonary arrest is immi-
nent or has occurred, IV epinephrine should be given by physi-
cians skilled in vasopressor administration through an infusion 
pump with dose titration based on the clinical information 
obtained by continuous electronic monitoring of blood pres-
sure and cardiac rate and function. Reasons for failure to inject 
epinephrine promptly and reasons for occasional apparent 
failure of response to epinephrine injections are listed in Box 
58-5.1–4,82–84,93–98

OTHER LIFE-SAVING MEASURES

Supplemental oxygen should be administered by face mask at a 
flow rate of 8–10 L/minute to patients receiving repeated doses 
of epinephrine, and those with moderate or severe respiratory 
symptoms or concomitant asthma.1–4

Isotonic (0.9%) saline is preferred for IV fluid resuscitation 
in anaphylaxis1–4,36,50 (Box 58-4). A Cochrane review of random-
ized controlled trials (RCT) of IV fluid resuscitation in more 
than 20,000 critically ill patients (including infants and chil-
dren) with distributive shock found that administration of col-
loids such as hetastarch or albumin conferred no survival 
advantage over crystalloids such as 0.9% saline.114

For patients with cardiopulmonary arrest, in addition to 
rescue breathing at a rate of 15–20 breaths/minute, CPR guide-
lines now emphasize chest compressions at a rate of at least 100/
minute and a depth of 4 cm in infants and 5 cm in children. In 
teens, they should be performed at a rate of 100–120/minute 
and a depth of 5–6 cm. Interruptions should be minimized85 
(Box 58-4).

BOX 58-4 TREATMENT OF AN ACUTE ANAPHYLACTIC EPISODE

Adapted from references 1–4,82–98.

¶These second-line medications do not replace epinephrine.

‖If continuous monitoring is not available, monitor vital signs every 1–5 minutes.

§Titrate the rate of volume expansion to the cardiac rate and blood pressure; monitor for volume overload; in many pediatric emergency depart-
ments, hand-held ultrasound units are now used to monitor for and prevent volume verload.

‡Patients with anaphylaxis refractory to intramuscular injection of epinephrine and fluid resuscitation should preferably be transferred to the care 
of an emergency medicine team with the training, experience and equipment to provide skilled management of the airway and ventilation, 
and to provide optimal shock management by administering vasopressors safely through an infusion pump, with frequent dose titrations based 
on continuous electronic monitoring of cardiac rate and function and blood pressure, and monitoring of oxygenation using pulse oximetry.

†The epinephrine solution for intramuscular injection is 1 mg/mL (1 : 1,000).
*Simultaneous steps: call for help, inject epinephrine and position the patient.

Have a printed, posted emergency protocol for recognition and 
treatment of anaphylaxis, and rehearse it regularly

Rapidly assess airway, breathing, circulation, skin and weight 
(body mass)

Call for help: emergency medical services (e.g. 9-1-1) in commu-
nity settings, or resuscitation team in healthcare settings*

Inject epinephrine (adrenaline) intramuscularly in the mid-outer 
thigh in a dose of 0.01 mg/kg (up to a maximum dose of 
0.15 mg in an infant, 0.3 mg in a child, or 0.5 mg in a teenager); 
if there is minimal or no response, it can be repeated several 
times at 5–15 minute intervals*†‡

Place the patient supine (or in a position of comfort if dyspneic 
or vomiting) and elevate the lower extremities*; the patient 
should not suddenly sit up or stand and should not walk or run

When indicated:
Administer high-flow oxygen (8–10 L/minute) by face mask

Give nebulized albuterol (salbutamol), 1.25–2.5 mg every 20 
minutes or continuously to relieve bronchospasm that persists 
despite epinephrine injection

Give IV fluids (child: 0.9% [isotonic] saline, up to 10–20 mL/kg in 
the first 5–10 minutes§; teen: 0.9% [isotonic] saline, 1–2 liters 
rapidly (5–10 mL/kg in the first 5 minutes)§

Start cardiopulmonary resuscitation
Start continuous electronic monitoring of cardiac rate and func-

tion, blood pressure, respiratory rate, and monitor oxygen satu-
ration (by pulse oximetry)‖

Consider second-line medications¶:
methylprednisolone IV, 1–2 mg/kg/day (single dose)

H1 antihistamines such as cetirizine by mouth, 0.25 mg/kg to a 
maximum of 10 mg, or diphenhydramine IV, 1 mg/kg (to a 
maximum of 50 mg) to relieve itch/hives persisting despite 
epinephrine injection
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Medications Epinephrine* β2-Adrenergic Agonist H1 Antihistamine† Glucocorticoid

Pharmacologic 
effects

At α1-receptor
↑ vasoconstriction
↑ peripheral vascular resistance
↑ blood pressure
↓ mucosal edema, e.g. in larynx
At β1 receptor
↑ heart rate
↑ force of cardiac contraction
At β2 receptor
↓ release of mediators
↑ bronchodilation

At β2 receptor
↑ bronchodilation

At H1 receptor
↓ itch (skin, mucous 

membranes)
↓ hives and flushing

At glucocorticoid 
receptor

Given to prevent or 
diminish the late-
phase response and 
biphasic, multiphasic 
or protracted 
symptoms associated 
with ongoing 
mediator release

Potential adverse 
effects when 
given in standard 
doses

Transient anxiety, pallor, 
restlessness, tremor, 
palpitations, headache, 
dizziness

Tremor, tachycardia, 
dizziness, jitteriness

First-generation H1 
antihistamines sedate, 
impair cognitive 
function, and cause 
other adverse effects

Adverse effects are 
unlikely after 1  
or 2 doses

Current 
recommendations

Treatment of first choice In addition to 
epinephrine, an 
inhaled 
bronchodilator, e.g. 
albuterol (salbutamol) 
can be given for 
bronchospasm

Not life-saving; in 
addition to 
epinephrine can be 
given for relief of 
itching and hives, if 
needed; not for initial 
or sole treatment

Not life-saving; in 
addition to 
epinephrine, can be 
given for the reasons 
stated above; not for 
initial or sole 
treatment

Adapted from references 1–4,82–84,86–90.
*Epinephrine by IM injection in the mid-outer thigh is the initial treatment of choice in healthcare settings and in community settings.
†Cetirizine 0.25 mg/kg to a maximum of 10 mg by mouth; for intravenous use, diphenhydramine 1 mg/kg, maximum 50 mg.

TABLE 
58-2 Medications for Anaphylaxis Treatment: Why Epinephrine is the Initial Medication of Choice

SECOND-LINE MEDICATIONS

H1 antihistamines, H2 antihistamines, glucocorticoids and β2-
adrenergic agonists are second-line medications in anaphylaxis 
and should not be substituted for epinephrine in initial treat-
ment or given as the only treatment because they do not prevent 
or relieve life-threatening laryngeal edema, hypotension or 
shock1–4,36,86–90 (Box 58-4, Table 58-2).

In a Cochrane systematic review, no high-quality evidence 
from RCTs was found to support the use of H1 antihistamines in 
the treatment of anaphylaxis. H1 antihistamines relieve itching, 
urticaria, flushing and angioedema, but do not relieve life-
threatening respiratory or cardiovascular symptoms. Onset of 
action of an oral liquid formulation of cetirizine takes 30 minutes 
for relief of itch and 40 minutes for relief of hives. Impairing, 
nonsedating H1 antihistamines can interfere with recognition of 
anaphylaxis symptoms86–88 (Box 58-4, Table 58-2).

In another systematic review, no high-quality evidence from 
RCTs was found to support H2 antihistamine use in anaphylaxis. If 
given in addition to H1 antihistamines, they provide slightly 
increased relief of hives and flushing, but they do not relieve itching 
or life-threatening respiratory or cardiovascular symptoms.89

In other Cochrane systematic reviews, no high-quality evi-
dence from RCTs has been found to support glucocorticoid use 
in anaphylaxis treatment.90 These medications do not relieve 
acute symptoms and signs. Based on limited evidence, they are 
given to prevent biphasic anaphylaxis symptoms, which are 
reported to occur in 6% of pediatric patients with anaphy-
laxis.115 As their onset of action through transcription of genes 
encoding pro-inflammatory proteins is relatively slow (hours, 
not minutes), corticosteroids are good candidates for investiga-
tion in RCTs116 (Box 58-4, Table 58-2).

An inhaled β2-adrenergic agonist such as albuterol (salbuta-
mol) can be given to patients with wheezing that persists after 
epinephrine injection1–4 (Box 58-4, Table 58-2).

REFRACTORY ANAPHYLAXIS

Patients with anaphylaxis refractory to epinephrine, supplemen-
tal oxygen and IV fluids should, if possible, be transferred to the 
care of a specialist team for ventilatory and inotropic support 
and continuous electronic monitoring of blood pressure, cardiac 
rate and function, and respiratory rate and oxygenation (by 
using pulse oximetry). Where continuous electronic monitoring 
and pulse oximetry are not available, vital signs should be mea-
sured at frequent regular intervals (every 1–5 minutes).1–4 Based 
on case reports in adults, methylene blue infusion is life-saving 
in anaphylaxis refractory to conventional treatment; however, 
there are no pediatric studies.117

OBSERVATION AND MONITORING

Duration of observation and monitoring in healthcare settings 
should be individualized; for example, patients with moderate 
or severe respiratory or cardiovascular symptoms require moni-
toring for at least 6 to 8 hours. Recommendations for safe 
observation periods are supported by the finding that mediators 
measured at intervals during anaphylaxis peak at different 
times, and some mediators such as histamine, tryptase, IL-6 and 
IL-10 correlate with delayed deterioration.77 At discharge, 
patients should be equipped with an anaphylaxis emergency 
action plan listing common symptoms, given (or prescribed) 
an EAI, with information about when, why and how to use it, 
and instructed to seek follow-up care1–4 (Box 58-4).

Long-term Management of 
Anaphylaxis
Anaphylaxis can lead to impaired quality of life, psychosocial 
burdens, disrupted activities and anxiety, as assessed by using 
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validated instruments. The impact is highly variable, ranging 
from death, disability due to hypoxic-ischemic encephalopathy, 
severe impact that sometimes necessitates referral to a psycholo-
gist or a psychiatrist, minimal impact, or no impact at all if ana-
phylaxis is unrecognized or undiagnosed, or if the possibility of 
recurrence is denied or ignored1,12–14,118–120 (Figure 58-3).

Multiple complexities in anaphylaxis contribute to anxiety. 
These might include difficulty or lack of confidence in avoiding 
allergen triggers,121–123 different allergen thresholds for develop-
ment of reactions124 and variation in a patient’s personal allergen 
threshold due to exercise, intercurrent infection, perimenstrual 
status, emotional stress and other co-factors.29-31 Patients and 
caregivers also report anxiety about carrying and using EAIs.125

Personalized long-term anaphylaxis management aims to 
achieve a state of minimal impact, in which patients and care-
givers are aware of the risk of recurrences but confident that if 
preventive measures fail, they are prepared to recognize and 
manage an anaphylactic episode.1

Long-term risk reduction measures include emergency pre-
paredness to treat anaphylaxis in community settings, follow-up 
with a physician, preferably an allergy/immunology specialist, 
as well as contact with parent/patient support groups.99–113,126 
Additional important measures include investigations to 
confirm the triggers,36,50,127–132 prevention of recurrences 
through avoidance and, where relevant, immune modula-
tion,36,50,51,125,133–143 and optimal management of asthma and 
other co-morbidities1–3 (Box 58-6, Figure 58-4).

EMERGENCY PREPAREDNESS TO TREAT 
ANAPHYLAXIS IN COMMUNITY SETTINGS

Anaphylactic episodes can occur despite vigilant efforts to avoid 
known confirmed triggers.121–123

Self-Injectable Epinephrine
Those at risk for anaphylaxis in the community and/or their 
caregivers, should be taught how to recognize anaphylaxis and 
inject epinephrine correctly and safely using an EAI (Table 58-2, 
Box 58-5). Only two pre-measured fixed doses of epinephrine, 
0.15 mg and 0.3 mg, in autoinjector formulations are available 
in the USA and Canada. The 0.15 mg dose is high for infants 
weighing10 kg or less and for some young children. The 0.3 mg 
dose might be low for some overweight or obese children and 
adolescents. Written instructions should be provided along with 
a website link demonstrating the correct EAI technique. EAIs 
are not available in many countries. Patients at risk of anaphy-
laxis who travel abroad should therefore carry more than two 
EAIs.1–4,99

Currently available alternatives to EAIs are not recommended. 
These include use (by a non-healthcare professional) of a 1 mL 
syringe to draw up and measure an epinephrine dose from an 
ampule (problems: delay in drawing up the epinephrine and 
inaccurate dosing) and use of an unsealed syringe prefilled with 
the epinephrine dose (problem: loss of dose within 3 or 4  
months due to air exposure and rapid epinephrine solution 
degradation).83,100,101

Deaths from anaphylaxis typically occur in community set-
tings,12–14 yet some physicians fail to prescribe EAIs for their 
patients at risk of anaphylaxis recurrences in the community. 
Moreover, many patients do not carry their EAIs consistently or 
use them when anaphylaxis occurs, even for severe symptoms 
including throat tightness, difficulty breathing, wheezing and 
loss of consciousness.102,103 Many mothers cannot ‘fire’ an EAI 

Adapted from references 2,4,36,82–84,91–113.

†Median times to respiratory or cardiac arrest are 5 minutes in iatro-
genic anaphylaxis,  15 minutes  in  stinging  insect  venom anaphy-
laxis, and 30 minutes in food anaphylaxis; however, regardless of 
the trigger, respiratory or cardiac arrest can occur within 1 minute 
in anaphylaxis.

*Subsequent anaphylaxis episodes can be more severe, less severe 
or similar in severity.

BOX 58-5 EPINEPHRINE IN ANAPHYLAXIS: 
POINTS TO PONDER

WHY HEALTHCARE PROFESSIONALS FAIL TO INJECT 
EPINEPHRINE PROMPTLY

Lack of recognition of anaphylaxis symptoms/failure to diagnose 
anaphylaxis

Episode appears mild, or there is a history of previous mild 
episode(s)*

Inappropriate concern about transient mild pharmacologic 
effects of epinephrine, e.g. tremor

Lack of awareness that serious adverse effects are nearly always 
attributable to epinephrine overdose or to IV administration, 
especially IV bolus, rapid IV infusion or IV infusion of a 1 : 1,000 
epinephrine solution instead of an appropriately diluted solu-
tion (1 : 10,000 or 1 : 100,000 concentrations)

WHY PATIENTS AND CAREGIVERS FAIL TO INJECT 
EPINEPHRINE PROMPTLY

Lack of recognition of anaphylaxis symptoms/failure to diagnose 
anaphylaxis

Episode appears mild, or there is a history of previous mild 
episode(s)*

H1 antihistamine or asthma puffer is used initially instead, reliev-
ing early warning signs such as itch and cough, respectively

Prescription for epinephrine autoinjectors (EAIs) not provided 
by physician

Prescription for EAIs provided but not filled at pharmacy (e.g. 
if not affordable)

Patients do not carry EAIs consistently (due to size and bulk, or 
‘don’t think they’ll need it’)

Patients and caregivers are afraid to use EAIs (fear of making 
an error when giving the injection, or a bad outcome)

Patients and caregivers are concerned about injury from EAIs
Competence in using EAIs is associated with regular allergy 

clinic visits; it decreases as time elapses from first EAI instruc-
tion; regular re-training is needed

Difficulty in understanding how to use EAIs (15% of mothers 
with no EAI experience could not fire an EAI immediately after 
a one-on-one demonstration)

Errors in EAI use can occur despite education, possibly related 
to the design of some EAIs

WHY PATIENTS OCCASIONALLY FAIL TO RESPOND TO 
EPINEPHRINE INJECTION

Delayed recognition of anaphylaxis symptoms; delayed 
diagnosis

Error in diagnosis: problem being treated (e.g. foreign body 
inhalation) is not anaphylaxis

Rapid progression of anaphylaxis†

Epinephrine†:
injected too late, dose too low on mg/kg basis, dose too low 

because epinephrine solution has degraded (e.g. past the 
expiration date, stored in a hot place, etc.)

injection route or site not optimal; dose took too long to be 
absorbed

patient suddenly sits up or walks or runs, leading to the empty 
ventricle syndrome

concurrent use of certain medications, e.g. β-adrenergic 
blockers
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Figure 58-3  The impact of anaphylaxis on infants, children, teens and their caregivers and families ranges from the ultimate impact, death, to no 
impact at all. Long-term risk reduction measures include emergency preparedness to treat anaphylaxis recurrences in community settings, confirma-
tion of the triggers and prevention of recurrences through avoidance and, where relevant, immune modulation. Other measures, including optimal 
management of co-morbidities  such as asthma and contact with parent/patient  support groups, are also  important  in minimizing  the  impact of 
anaphylaxis on pediatric patients, their caregivers and families. (Adapted from references 1,118–120.)
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BOX 58-6 STRATEGIES TO PREVENT 
ANAPHYLAXIS IN COMMUNITY 
SETTINGS

AVOID SPECIFIC ALLERGEN TRIGGERS*

Foods, including hidden or cross-reacting foods and food addi-
tives, e.g. spices, colorants, vegetable gums, contaminants

Insect stings and bites
Drugs
Biologic agents
Natural rubber latex
Novel allergens†

AVOID DIRECT MAST CELL TRIGGERS, IF RELEVANT

Exercise: do not avoid exertion, but avoid co-triggers and  
co-factors‡

Cold air, cold water
Heat
Sunlight/ultraviolet radiation
Medications, e.g. opioids

IMMUNE MODULATION, IF RELEVANT

Foods: natural desensitization to milk and egg often occurs and 
can be facilitated; see text for details

OIT and SLIT to milk, egg and peanut: research settings only 
(see text for details)

Insect venoms: subcutaneous allergen immunotherapy
Medications, e.g. penicillins and other antibiotics: 

desensitization

PHARMACOLOGIC PROPHYLAXIS, IF RELEVANT

Idiopathic anaphylaxis: favorable natural history. Prophylaxis 
with a glucocorticoid, e.g. prednisone, an H1 antihistamine, 
e.g. cetirizine, and, if indicated, omalizumab can be given

Adapted from references 35–37,50–63,70,133–143.

‡Avoid relevant co-triggers such as  foods, cold air and cold water, 
and avoid relevant co-factors such as NSAIDs.

†Save the allergen, e.g. food or insect for identification, and save the 
patient’s serum for allergen-specific IgE measurements.

*Suggested by the history and confirmed by skin tests and allergen-
specific IgE levels.

NSAIDs – Nonsteroidal antiinflammatory drugs; OIT – oral immu-
notherapy; RCT – randomized controlled trials; SLIT – sublingual 
immunotherapy. Figure 58-4  Summary  of  the  approach  to  long-term  management. 

Optimal management of co-morbidities such as asthma decreases the 
risk  of  severe  or  fatal  anaphylaxis.  Avoidance  measures  are  allergen 
specific.  Immune modulation  is  currently used  to prevent anaphylaxis 
recurrences from insect stings and from some medications. Emergency 
preparedness  measures,  including  epinephrine  autoinjectors,  written, 
personalized, anaphylaxis emergency action plans and medical  ID are 
critically  important.  ID  –  Medical  identification  (e.g.  bracelet,  wallet 
card). (Adapted from references 1–3,126,144.)

Long-Term Risk Reduction (Community Settings)

Assess/treat co-morbidities
• Asthma
• Mast cell activation disorder
• Cardiovascular disease
• Other
Assess need for co-medications
• β-blockers, ACE inhibitors
• Other

Allergen avoidance information
• www.foodallergy.org
• www.latexallergyresources.org
• www.aaaai.org
• www.acaai.org

Immunomodulation
• Allergen specific
–Immunotherapy with insect venom
–Desensitization to medication,
  e.g. β-lactam antibiotics, other
• Allergen nonspecific
–Idiopathic anaphylaxis:
  consider prophylaxis

Emergency preparedness
• Epinephrine autoinjector
• Anaphylaxis emergency action plan
  (www.aaaai.org)
• Medical ID



 58  Anaphylaxis: Assessment and Management  533

Skin prick tests are performed to assess sensitization to 
foods, stinging insect venoms, medications, natural rubber latex  
and other allergens. Fresh foods, for example fresh fruits  
and vegetables, can be tested using the prick-prick technique. 
Intradermal tests are contraindicated in the work-up for food-
induced anaphylaxis;35–37,127–129 however, they are useful in the 
work-up for venom-induced anaphylaxis50 and drug-induced 
anaphylaxis.57–62

trainer correctly when tested immediately after one-on-one 
instruction.104 Many parents fear using EAIs due to the possibil-
ity of hurting or injuring their child, or a bad outcome.105,121 
Thousands of unintentional injections and injuries to digits and 
other body parts have been reported with pen-type EAIs.106 
Training to use EAIs increases accuracy and speed; however, 
these skills are lost within a few months.107,108 For all these 
reasons, anaphylaxis recognition and EAI technique should be 
reviewed at frequent regular intervals102–108,121 (Box 58-5).

A novel, user-friendly EAI introduced in the USA and 
Canada in 2013 was designed with input from children, teens, 
and adult caregivers. It is compact, robust and intuitive to use 
correctly. It has audio and visual prompt systems that tell the 
user what to do and signal when injection is complete. It also 
protects from unintentional injections before and after use 
because the safety guard and needle guard are on the same end 
of the device; additionally, the needle is fully retractable.109,110

Pediatric allergists were surveyed about when they typically 
began to transfer responsibilities for anaphylaxis recognition 
and EAI use from adult caregivers to children and teenagers at 
increased risk of anaphylaxis in community settings. They 
expected that by age 12 to 14 years, their patients should begin 
to share these responsibilities. They started to train early and 
individualized the time of transfer based on patient factors such 
as presence of asthma and absence of cognitive dysfunction. 
However, caregivers of at-risk children and teenagers expected 
to begin transfer of responsibilities considerably earlier, when 
children are age 6 to 11 years.111,112

Anaphylaxis Emergency Action Plan
Epinephrine autoinjectors should be prescribed in the context 
of a written, personalized, anaphylaxis emergency action plan; 
for examples, see www.aaaai.org, www.acaai.org or www 
.anaphylaxis.ca. Such plans typically list common symptoms 
and signs of anaphylaxis, and list the steps for initial anaphylaxis 
treatment: call 9-1-1 or EMS, inject epinephrine promptly from 
an EAI and avoid sitting up, standing, walking or running. Plans 
should include reminders that H1 antihistamines and asthma 
puffers should not be used as initial treatment or as the only 
treatment. As documented in an RCT, healthcare professionals’ 
knowledge about recognition and treatment of anaphylaxis 
improved significantly after brief study of a wallet card-size 
plan.1,2,4,36,113,126

Medical Identification
Patients at risk for anaphylaxis recurrences should wear  
medical identification listing their confirmed trigger(s) and  
their relevant co-morbidities such as asthma. Options include 
medical identification jewelry, eg. Medic-Alert (Turlock, CA, 
www.medicalert.org), cards (available at www.aaaai.org) for car-
rying in a wallet, purse or backpack, and T-shirts or cloth badges 
imprinted with allergy alert messages for infants and young chil-
dren. Medical identification needs to be updated regularly.1,2,36,126

INVESTIGATIONS TO CONFIRM THE TRIGGER(S)

Patients with a history of an anaphylactic episode benefit from 
assessment by a trained and certified allergy/immunology spe-
cialist who takes the time required to obtain a meticulous 
history of the event as the basis for selection of allergens for 
skin tests and specific IgE levels in serum, and for interpretation 
of test results2,35–37,50,57–62,127–129 (Figure 58-5).

Figure 58-5  Algorithm for confirming anaphylaxis triggers. The impor-
tance of the history, and information about skin tests and specific IgE 
measurements  to  determine  allergen  sensitization  are  described  in 
detail  in  the  text.  In selected patients, physician-monitored challenge 
tests  are  needed  to  determine  the  clinical  relevance  of  sensitization. 
(Adapted from references 1,2,35–37,50,57–62,127–132.)

Retake the history of the episode
Get more details re:
      • Exposures
      • Events
      • Chronology of symptoms

ANAPHYLAXIS: CONFIRM THE TRIGGER

Retake complete medical history
    • Concomitant diagnoses
       –Asthma
       –Mast cell activation disorder
       –Cardiovascular disease
       –Other

• Concurrent medications
  –β blockers
  –ACE inhibitors
  –Other

                    Skin tests
  • Prick/puncture
    –Foods
    –Other

• Intradermal
  –Insect venoms
  –β-lactam antibiotics

Allergen-specific IgE 
measurements, quantitative

Other assessments, as indicated
        • Idiopathic anaphylaxis
          –Serum tryptase

         Challenge tests       
• May/may not be indicated
• Allergen specific
  –Food
  –Medication

(proceed with
caution)

• Allergen nonspecific
  –Exercise
  –Cold
  –Other

http://www.aaaai.org
http://www.acaai.org
http://www.anaphylaxis.ca
http://www.anaphylaxis.ca
http://www.medicalert.org
http://www.aaaai.org
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Allergen-specific IgE levels are typically measured using the 
ImmunoCap assay (ThermoFisher Scientific, Waltham, MA). 
Reference ranges developed for milk-, egg-, peanut-, tree nut- 
and fish-specific IgE levels are based on this immunoassay and 
are not necessarily interchangeable with those based on other 
immunoassays.35

Positive allergen skin tests and/or increased allergen-specific 
IgE levels confirm sensitization to the allergens tested. They are 
not diagnostic of anaphylaxis because allergen sensitization 
without food-induced anaphylaxis is extremely common in the 
general pediatric population and in patients with atopic derma-
titis. Although children with positive allergen skin tests and 
positive allergen-specific IgE levels have an increased probabil-
ity of clinical reactivity to the allergens tested, the level of posi-
tivity of these tests does not necessarily predict the severity of 
future anaphylactic episodes.35–37,127–129

Physician-monitored incremental food challenge (provoca-
tion) tests are sometimes needed to determine the clinical rel-
evance of borderline positive allergen skin tests or absent or 
low-positive allergen-specific IgE levels in patients who have  
an equivocal history of anaphylaxis. Food challenge tests  
should be conducted in well-equipped healthcare facilities 
staffed by professionals trained and experienced in patient 
selection, performing and interpreting these tests and recogniz-
ing and treating anaphylaxis. A positive (failed) challenge  
provides a sound basis for continued avoidance of the food.  
A negative (passed) challenge allows introduction or 
re-introduction of the food into the diet. Food challenge tests 
have recently been standardized. The caveat ‘First, do no harm’ 
applies. Patients with a convincing history of a food-induced 
reaction and evidence of sensitization to that food should not 
undergo oral food challenge tests because of their risk of 
anaphylaxis.35–37,130

The need for potentially risky challenge tests can be reduced 
by use of allergen component tests that differentiate clinical 
reactivity associated with IgE binding to potent stable allergens 
such as casein in milk, ovomucoid (Gal d 1) in egg, or Ara h 2 
in peanut from less clinically relevant sensitization (allergens 
binding to heat-labile proteins).131,132

Physician-supervised challenge tests are contraindicated in 
patients with venom-induced anaphylaxis, unless performed in 
the context of an RCT.50 Challenges are indicated in selected 
patients with a history of drug-induced anaphylaxis.57–62

Before making the diagnosis of idiopathic anaphylaxis, phy-
sicians should rule out a hidden or novel anaphylaxis trigger, 
perform a meticulous examination of the skin and obtain a 
baseline serum tryptase level to rule out a mast cell activation 
syndrome.71

AVOIDANCE OF TRIGGER(S)

Printed personalized information about avoidance of specific 
trigger(s) should be provided and reviewed at regular intervals 
(Box 58-6).

Foods
Complete avoidance of exposure to some foods such as  
milk, egg or peanut is easier said than done and is easier done 
than maintained over years or decades. Unintentional expo-
sures are common. The constant vigilance required every day 
in order to avoid hidden, cross-contacting and cross-reacting 
food triggers can negatively affect quality of life of patients, 
caregivers and family members. Bullying of food-allergic 

children and teens is widespread and often occurs without 
parental awareness.35–37,41,42,118–120

Reliable resources for accurate, practical information are 
maintained and updated by Food Allergy Research & Education 
(FARE) (www.foodallergy.org) and by Anaphylaxis Canada 
(www.anaphylaxis.ca). For patients with multiple dietary 
restrictions, a licensed nutritionist can provide helpful informa-
tion about essential nutrients, basic food groups and safe 
substitutes.35–37

Stinging Insects
Avoidance of exposure involves professional extermination of 
yellow jacket or wasp nests or fire ant mounds around the 
patient’s home, and having the patient avoid uncovered sources 
of food and beverages at barbecues, picnics and campgrounds 
and wear protective clothing including shoes and socks when 
outdoors. Personal insect repellents such as DEET are not effec-
tive in preventing Hymenoptera stings, although they prevent 
insect bites.50 Children less than 6 years old are more likely to 
be stung than older children but systemic allergic reactions 
increase with age.52

Drugs and Biologic Agents
Culprit drugs or agents should be avoided. An alternative non-
cross-reacting agent should be substituted, preferably from a 
different therapeutic class but sometimes from the same class 
(for example, a third-generation cephalosporin for a first-
generation cephalosporin).57–62

Exercise
Patients with exercise-induced anaphylaxis should not avoid 
exertion; however, they should avoid their relevant 
co-triggers/co-factors (foods, ethanol, NSAIDs, cold water or 
cold air, and high pollen counts). If none can be identified, they 
should have a trial of fasting for 4 to 6 hours before exertion. Also, 
they should never exercise alone, and if any symptom develops, 
they should stop exercise immediately and avoid running for 
help. They should carry one or more EAIs and, if relevant (e.g. 
during skiing), carry a cell phone for dialing 9-1-1/EMS.1,4,30

IMMUNE MODULATION

Immune modulation is currently recommended for prevention 
of anaphylaxis triggered by insect venoms and some drugs. It is 
not yet recommended for prevention of food-induced anaphy-
laxis, except in the context of an RCT50,57–63,137–142 (Box 58-6, 
Figure 58-4).

Food-Induced Anaphylaxis
Natural desensitization occurs in many infants and children 
with clinical reactivity to food such as milk or egg, especially in 
those with relatively low allergen-specific IgE levels, small prick 
test wheal sizes and mild initial reactions. A history of tolerating 
small amounts of unintentionally ingested extensively heated 
(baked) milk or egg is a marker of transient IgE-mediated 
allergy. Addition of baked milk or egg to the diet of these 
patients accelerates the development of tolerance to unheated 
milk or egg during childhood and adolescence. In contrast, 
ongoing reactivity to small amounts of baked milk or egg sug-
gests a more severe phenotype and the need to continue strict 
dietary avoidance.133–136

RCTs of oral immunotherapy (OIT) or sublingual immuno-
therapy (SLIT) of foods such as milk, egg or peanut can lead to 

http://www.foodallergy.org
http://www.anaphylaxis.ca
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Prevention of anaphylaxis in an office or clinic setting 
involves awareness of procedure-related risk factors and patient-
related risk factors, careful selection of patients for diagnostic 
and therapeutic interventions, reassessment of patients before 
each intervention and deferral of interventions when clinically 
indicated, for example in a patient with an asthma exacerbation 
or an FEV1 of ≤ 70% predicted.1

Specific wait times after diagnostic and therapeutic interven-
tions are suggested to ensure patient safety; for example, 30 
minutes after allergen immunotherapy, one hour after comple-
tion of a food challenge and 30 minutes to 2 hours after omali-
zumab injections for asthma. As patients and caregivers can be 
inconvenienced by waiting, and sometimes try to leave early, an 
EAI should be prescribed and they should be trained to recog-
nize anaphylaxis symptoms and use the EAI promptly if symp-
toms occur after they leave the office or clinic.50,67,68

Anaphylaxis in Schools and Other  
Community Settings
Twenty percent of children experience their first anaphylaxis 
episode at school. The first episode can be fatal. Increased avail-
ability of stock (unassigned) EAIs that are not prescribed for a 
specific child but available for use in any child with anaphylaxis 
is anticipated to reduce morbidity and mortality in this setting. 
Prevention of anaphylaxis recurrences in schools, and prepared-
ness to recognize and treat it, involves the student, the family, 
the student’s physician and the school145–148 (Box 58-7).

In community settings, broader training in prompt recogni-
tion and treatment of anaphylaxis is needed not only for teach-
ers and all other school personnel, but also for coaches, camp 
directors, childcare providers, restaurant and food industry 
workers, airline personnel and the public. The goal of training 
is to increase awareness that anaphylaxis is not a trivial lifestyle 
problem but rather a killer allergy that needs to be recognized 
and treated promptly. Increased availability of stock EAIs in 
public places such as shopping malls and sports facilities will 
contribute to decreased morbidity and mortality from anaphy-
laxis in community settings.1,2,144–150

Anaphylaxis education for everyone involved with infants, 
children and teens should emphasize the sudden onset and 
potentially rapid progression to multisystem involvement and 
life-threatening symptoms during an anaphylactic episode, the 
need to be prepared, to recognize and treat it promptly, and to 
understand the critical role of allergen avoidance in prevention 
of anaphylaxis recurrences.1,2,144–150

Conclusions
The rate of occurrence of anaphylaxis is increasing in the pedi-
atric population. The pathologic mechanism typically involves 
allergen-specific IgE and high-affinity IgE receptors (FcεR1 
receptors) on mast cells and basophils. Food is by far the most 
common trigger; however, any trigger is possible. Some 
patients, for example those with severe or uncontrolled asthma, 
are at increased risk for severe and fatal anaphylaxis.

Diagnosis of anaphylaxis is based on recognition of sudden 
onset of characteristic symptoms and signs within minutes to 
a few hours after exposure to a known or likely trigger or activ-
ity. Validated clinical criteria for diagnosis are available for use. 
Prompt recognition and initial treatment of an acute anaphy-
lactic episode are essential. Call for assistance. Inject epineph-
rine 0.01 mg/kg in the mid-outer thigh (maximum 0.15 mg in 
an infant, 0.3 mg in a child, and 0.5 mg in a teenager). When 

clinical tolerance (desensitization). Immunologic tolerance is 
more elusive. Adverse effects are common. Food OIT should be 
undertaken only in well-equipped centers by physicians who are 
specifically trained and experienced in administering OIT and in 
diagnosing and treating anaphylaxis. Adverse effects during food 
OIT can potentially be reduced by pretreatment and co-treatment 
with omalizumab. SLIT to prevent food-induced anaphylaxis 
causes fewer adverse effects than OIT but is less effective.137–140

Insect Sting-Induced Anaphylaxis
Anaphylaxis from bee, yellow jacket, wasp and hornet venom(s) 
can be prevented in 97% to 98% of children and teenagers with 
a history of systemic reactions treated with a 3- to 4-year course 
of subcutaneous injections of the relevant standardized stinging 
insect venom(s). The protective effect can last 10 to 20 years 
after venom injections are discontinued. For prevention of ana-
phylaxis from fire ant stings, subcutaneous injections with 
whole body fire ant extract are indicated.50–52,54,93,141

Drug-Induced Anaphylaxis
For prevention of anaphylaxis recurrence from a drug such as 
an antibiotic, an NSAID, a chemotherapeutic agent, or a mono-
clonal antibody, when no safe substitute is available, desensiti-
zation can be conducted by an experienced allergy/immunology 
specialist using incremental doses and a published protocol. 
This technique is safe and effective for one uninterrupted course 
of treatment; however, long-lasting immunologic tolerance is 
not achieved and symptoms typically recur when the drug or 
biologic agent is restarted after being discontinued.57–63,142

Idiopathic Anaphylaxis
The natural history of idiopathic anaphylaxis is favorable. In the 
absence of RCTs of pharmacologic prophylaxis, management 
recommendations are based on expert opinion. If episodes are 
frequent (≥ 6 per year, or ≥ 2 per 2 months), prophylaxis with 
an oral glucocorticoid such as prednisone and a nonimpairing, 
nonsedating H1 antihistamine such as cetirizine should be con-
sidered. Omalizumab can be helpful in patients refractory to 
conventional treatment.71

Pharmacologic Prophylaxis of Anaphylaxis
There are few RCTs of pharmacologic prophylaxis; however, 
one RCT has confirmed that epinephrine pretreatment reduces 
anaphylaxis to anti-snake venom by 43% and is more effective 
prophylaxis than H1 antihistamine and/or glucocorticoid 
pretreatment.143

PREVENTION OF ANAPHYLAXIS IN  
SPECIFIC SETTINGS

Unique aspects of anaphylaxis prevention in the physician’s 
office or clinic setting and in school settings will be reviewed 
briefly.

Physician’s Office or Clinic
Anaphylaxis in this setting, although probably inevitable, is not 
a random event. It can be triggered by a food or drug challenge 
test, infusion of a biologic agent, subcutaneous allergen-specific 
immunotherapy and, rarely, by allergen skin tests or vaccinations 
to prevent infectious diseases. In this setting, the allergen and 
time of exposure are known and the healthcare professionals 
involved are likely aware of the patient’s co-morbidities, concur-
rent medications and body mass (weight).1
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†Of the many students at risk for anaphylaxis in schools, those with milk, peanut, tree nut or shrimp allergy, and those with concomitant asthma 
are at highest risk for severe or fatal anaphylaxis.

*All  information should be  reviewed annually before  the start of  the school year and at additional  intervals as needed, e.g.  if an episode of 
anaphylaxis occurs, or if a student’s allergen triggers change.

BOX 58-7 ANAPHYLAXIS IN SCHOOLS

STUDENT’S RESPONSIBILITIES*

Food-allergic students at risk of anaphylaxis:
• Avoid ingesting known food allergen(s), trading food with 

others, or eating snacks or treats containing unknown 
ingredients

All students at risk of anaphylaxis:
• Notify an adult immediately if inadvertently exposed to trigger 

or if symptoms develop
• Wear medical identification jewelry/carry an anaphylaxis iden-

tification card in backpack or wallet
• Carry an epinephrine auto-injector if age-appropriate and if 

permitted by local regulations

FAMILY’S RESPONSIBILITIES*

• Notify the school in writing of the student’s risk for anaphylaxis 
and his/her confirmed trigger(s)

• Educate student about trigger avoidance
• Provide medical documentation from the student’s physician, 

including a written, personalized, anaphylaxis emergency action 
plan

• Discuss the student’s personalized anaphylaxis emergency 
action plan with school personnel

• Provide a properly labeled epinephrine autoinjector
• Replace epinephrine autoinjector after use, or if past expiry 

date
• Provide emergency contact information for parents/caregivers

PHYSICIAN’S RESPONSIBILITIES*

• Provide appropriate medical information to student and 
parents/caregivers

• Provide an accurate assessment of the student’s risk of anaphy-
laxis recurrence

• Recommend relevant risk reduction strategies (e.g. allergen 
avoidance, venom immunotherapy)

• Prescribe an epinephrine auto-injector
• Train student and parents to recognize anaphylaxis and use 

epinephrine autoinjector
• Recommend medical identification jewelry/anaphylaxis identifi-

cation card
• Develop a written, personalized, anaphylaxis emergency action 

plan with the student, and/or if age-appropriate, the parents/
caregivers, listing allergen trigger(s), relevant concurrent 
co-morbidities such as asthma, and medications

• If the student has asthma, help him/her maintain optimal control 
of symptoms

SCHOOL’S RESPONSIBILITIES*

• Develop a comprehensive school policy for prevention, recog-
nition and treatment of anaphylaxis that includes after-hours 
events and school-sponsored excursions

• Identify students at risk of anaphylaxis and review their health 
records†

• Identify a team: principal, teachers, school nurses, food service 
workers and food suppliers to help prevent anaphylaxis in the 
school

• Designate the school personnel who are trained to recognize 
anaphylaxis and administer epinephrine injections using EAIs

• Rehearse the response to an anaphylactic episode: (1) call 9-1-1 
or emergency medical services (EMS); (2) inject epinephrine 
promptly; (3) do not let the student sit up suddenly, walk or 
run; (4) lastly, contact parents/caregivers

needed, provide supplemental oxygen, administer IV fluids and 
initiate CPR. Mild anaphylaxis symptoms such as hives and 
cough can worsen with astonishing rapidity and progress to 
fatality within minutes.

Patients and caregivers should be prepared for recurrences 
of anaphylaxis in community settings through development 
and use of written, personalized, anaphylaxis emergency action 
plans that describe how to recognize symptoms promptly and 
inject epinephrine promptly using an EAI. Medical identifica-
tion should be worn.

Long-term management focusses on prevention of anaphy-
laxis recurrences. It includes confirmation of anaphylaxis 

triggers suggested by the history, vigilant avoidance of relevant 
triggers, and immune modulation where relevant, for example 
Hymenoptera venom immunotherapy.

Anaphylaxis education aims to increase awareness of the 
importance of prompt recognition and treatment of acute epi-
sodes and the need for prevention of anaphylactic episodes.

The complete reference list can be found on the companion 
Expert Consult website at http://www.expertconsult.inkling 
.com.

http://www.foodallergy.org
http://www.anaphylaxis.ca
http://www.whyriskit.ca
http://www.expertconsult.inkling.com
http://www.expertconsult.inkling.com
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A
Abatacept	(Orencia®),	162
Acquired	antibody	deficiency,	75
Acquired	cold	urticaria,	460–461,	461t
Acquired	immunodeficiency	syndrome	(AIDS),	

491
Actemra®,	165
Activation-induced	cytidine	deaminase	(AID),	34,	

34f
Acute	sinusitis

antibiotics	for,	235t
antimicrobial	therapy	in,	234–236
history	and	physical	examination	of,	233
microbiology	of,	229–230,	230t
sinus	surgery	in,	236–237

Acyclovir,	452–453
AD.	see	Atopic	dermatitis	(AD)
ADA.	see	Adenosine	deaminase	deficiency	(ADA)
ADA-deficient	SCID,	gene	therapy	for,	155–156,	

155f
Adalimumab	(Humira®),	161–163
ADAM33,	29f,	257
Adaptive	immunity

atopic	dermatitis	and,	440
immunoglobulin	therapy	on,	150–151

Adenoid	hypertrophy,	237
Adenoidectomy,	237
Adenosine	deaminase	2	(ADA2),	deficiency	of,	

135t,	141
Adenosine	deaminase	deficiency	(ADA),	80,		

85–86
Adjacent	tests,	placement	of,	182
Adjuvants,	immunotherapy,	208
ADRB2,	27
β2-adrenergic	agonists,	for	asthma,	in	older	

children,	325
Aeroallergens

atopic	dermatitis	and,	444
immunotherapy	for,	203–209
indoor,	191–195
measurements,	of	indoor	environment,		

174–175
outdoor,	185–190,	201
samplers,	187t,	188f

Affirmations,	356
Agammaglobulinemia,	143

autosomal,	72
X-linked,	71–72

Age,	in	prevalence	of	positive	skin	tests,	177–178
Aggressive	antiinflammatory	therapy,	115
AH50	assay,	98,	98f
AID.	see	Activation-induced	cytidine	deaminase	

(AID)
AIDS.	see	Acquired	immunodeficiency	syndrome	

(AIDS)
Air	pollution

allergic	diseases	and,	4,	29f
indoor,	201,	305

Airborne	allergens.	see	Aeroallergens
Airflow

limitation,	asthma,	268–269,	269f
in	response	to	bronchodilators,	270

Airway	abnormalities,	65
Airway	responsiveness,	heightened,	asthma,	

269–270

Airways,	spread	of	infection	from	upper	to	lower,	
278

Alcaftadine,	494t,	495
Alexa488-ovalbumin,	434–435
Alkalosis,	respiratory,	270–271
Allele-sharing	methods	test,	20
Allergen

delivery	of,	in	oral	immunotherapy,	431
exposure	to,	refractory	asthma	and,	347

Allergen	elimination	diets,	420,	421b,	425–428
Allergen	exposure,	5
Allergen	extracts,	206–208,	207t

administration	and	dosing,	207
duration	of	immunotherapy,	207
immunotherapy	and,	209b
injection	regimens	in,	207
reactions	to	immunotherapy,	207–208
storage	in,	207

Allergen	immunotherapy
allergic	rhinitis	and,	217–218
for	asthma,	in	older	children,	325
for	atopic	dermatitis,	455

Allergen-specific	IgE	antibody	analysis,	172,		
172b

Allergenic	foods
avoidance	versus	early	introduction	of,	15
exposure	to,	385–386

Allergenic	particles,	submicronic,	185
Allergens,	11–12,	167–168,	169b

animal
control	of,	198–199
environmental	control,	198–199,	199b

cat,	198
characterized,	186–187
cockroach,	199–200
by	country	or	region,	421t
dog,	198
exposure

evaluation	of,	194–195
thresholds	for	sensitization,	192t

extracts,	206–208,	207t
in	food,	420
general	principles	of,	185–187
immunotherapy	for,	203–209
indoor,	191–195,	306
inhalant,	316–317
latex,	508,	509t

functional	properties	of,	508–510
immunologic	properties	of,	508

mold,	200–201
nomenclature,	186–187,	191
outdoor,	185–190,	201
of	particular	importance	in	children,	477
peptides	and	recombinant,	208
rodent,	200
sampling,	187
secretion	of,	384
structure	and	function	of,	191–192,	192f

Allergen-specific	immunotherapy	(AIT),	16
Allergic	bronchopulmonary	aspergillosis,		

247
Allergic	conjunctivitis,	484
Allergic	contact	dermatitis,	467–468	see also	

Contact	dermatitis
atopic	dermatitis	and,	469–470
effector	T	cells	in,	469
of	the	hand,	471f
regulatory	T-cells	in,	469
T	cell	recruitment	in,	468–469

Allergic	disease
epigenetics	and,	27–28
human,	laboratory	diagnosis	of,	167–176
immune	modulators,	208
immunotherapy	for,	203–209
susceptibility	genes	for,	29f
undertaking	genetic	studies	of,	18,	28b,	30b

Allergic	fungal	sinusitis	(AFS),	232
Allergic	inflammatory	response,	mechanisms	of,	

250–253,	251f
Allergic	march	of	childhood,	7
Allergic	proctocolitis,	405
Allergic	response

early	phase,	211
late	phase,	211

Allergic	rhinitis	(AR),	7,	14,	210–218,	218b,	288
asthma	and,	317
chronic	cough,	245
developing	ages	in,	210
diagnosis

and	management,	214–215,	215f
skin	testing,	214,	214t

diagnostic	tests,	214
differential	diagnosis	of,	212–213
epidemiology	of,	1,	210–211
evaluation	and	management	of,	213–218
management	of,	215–218
mechanism	of	action,	immunotherapy	for,	

204–205
otitis	media	and,	226
pathophysiology	of,	211–212
patient	selection	in,	206
risk	factors	of,	210
signs	and	symptoms	of,	213b
sinusitis	and,	232
skin	tests	and,	177,	180,	182–183
sublingual	immunotherapy	for,	433

Allergic	sensitization
asthma,	in	older	children,	315
definition	of,	279–280
postnatal	maturation	of,	60–62

Allergic	shiners,	484–486,	486f
Allergist/immunologist,	indications	for	referral	to,	

214b
Allergoids,	208
Allergy,	11

asthma,	in	older	children,	312
diagnosis	of,	variables	that	influence,	172b
immune	development	and,	54–62
and	infections,	interactions	between,	279–280
recurrent	infections	and,	63–64

Allergy	immunotherapy,	skin	test	reactions	and,	
179

Allergy	skin	testing,	177
Alloimmune	neonatal	neutropenia	(ANN),	

102–103
ALPS.	see	Autoimmune	lymphoproliferative	

syndrome	(ALPS)
Alternaria,	189,	190f
Aluminum,	as	allergen,	477
Ambrosia	species,	allergic	plant	dermatitis	and,	478
Anakinra	(Kineret®),	138,	163,	459
Anaphylaxis

assessment	and	management	of,	524–536
in	community	setting,	emergency	preparedness	

to	treat	in,	531–533,	532b
emergency	action	plan	for,	533
medical	identification	in,	533
self-injectable	epinephrine	in,	531–533
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definition	of,	524
diagnosis	of,	372,	526–527

clinical,	526–527,	527f
criteria	for,	525b

differential	diagnosis	of,	527,	529b
drug-induced,	535
education	for,	535
epidemiology	of,	524
food-induced,	534–535
idiopathic,	461,	535
IgE-mediated	allergy	and,	399
impact	of,	532f
insect	sting-induced,	14,	535
to	IVIG	infusions,	148
laboratory	tests	for,	527
long-term	management	of,	530–535,	532f
mechanism	of,	44–45
natural	history	of,	7,	14
observation	and	monitoring	of,	530
pathologic	mechanisms	in,	524–526,	525f
patients	at	increased	risk	of,	524
pharmacologic	prophylaxis	of,	535
prevention	of,	in	specific	settings,	535

in	physician’s	office	or	clinic,	535
in	schools	and	community	settings,	535,		

536b
refractory,	530
risk	of,	208
signs	and	symptoms	of,	in	infants,	528t
treatment	of,	527–530,	529b

epinephrine	in,	527–529,	529b,	530t,	531b
isotonic	saline	in,	529,	529b
second-line	medications	for,	530
supplemental	oxygen	in,	529

triggers	of,	526,	526b
avoidance	of,	534
drugs	and	biologic	agents,	534
exercise-induced,	526,	534
foods,	526,	534
immune	modulation	for,	534–535
investigations	to	confirm,	533–534,	533f
latex	as,	526
medication,	526
stinging	insects,	534
vaccines,	526
venom,	526

Andersen	cascade	impactor,	187,	188f
Angioedema,	458–466

acute,	460
chronic,	460–462
definition,	458,	459f
diagnostic	procedures	for,	463,	463b
differential	diagnosis	for,	459–462,	460f
epidemiology	of,	458
etiology	of,	458–459
evaluation	of,	462–463
eye	disease	and,	491
hereditary,	95,	95f,	99,	459,	462

attacks	in,	462
long-term	prophylaxis	of,	465–466,	466t
management	of,	96–97
with	normal	C1INH	gene	and	protein,	459,	

463
prevalence	of,	458
treatment	of,	465,	465t

history	of,	462–463
key	concepts	in,	459b
management	of,	462–463
physical	examination	of,	463
recurrent,	463

complement	evaluation	of,	463t
treatment	of,	464b

Angiotensin-converting	enzyme	(ACE)	inhibitors,	
angioedema	and,	462

Animal,	allergens	and,	5

Animal	allergens
control	of,	198–199
indoor,	193,	201
outdoor,	185

Animal	exposures,	12
ANN.	see	Alloimmune	neonatal	neutropenia	

(ANN)
Anti-IgE	therapy,	174
Anti-infection	therapy,	282–283,	283f

for	antibody	deficiency,	78
Anti-thyroglobulin	antibodies,	urticaria/

angioedema	and,	459
Antibiotic	therapy

otitis	media	and,	224–225
sinusitis,	234–235

Antibiotics
for	antibody	deficiency,	78
as	risk	factor	for	asthma,	5
use	of,	in	asthma,	283–284

Antibody,	reference	ranges	for,	77t
Antibody	capacity,	183
Antibody	deficiency,	71–79

differential	diagnosis	of,	75,	75b,	76f
evaluation	of,	75–78,	76f
with	normal	immunoglobulins,	74
treatment	of,	78,	78b

Antibody	response,	and	immunotherapy,	204,		
205f

Anticholinergic	agents,	for	asthma
exercise-induced,	341
in	older	children,	325–326

Antigen-presenting	cells	(APCs)
asthma,	256
atopic	dermatitis	and,	441–442
B	cells	as,	59
immediate	hypersensitivity	response	and,	167
immune	development	and,	55–56,	59–60
T	helper	cell	differentiation	and,	35

Antigen	sampling,	mechanisms	of,	in	intestinal	
mucosa,	365–366

Antihistamines,	480
allergic	rhinitis	and,	215–216
for	anaphylaxis,	530,	530t
asthma	pharmacologic	intervention,	16
chronic	cough	and,	248–249
for	eye	diseases,	493–494
with	multiple	antiinflammatory	activities,	

494–495,	494t
second	generation,	216t,	464,	465t
systemic,	for	atopic	dermatitis,	453
third	generation,	216t
for	urticaria/angioedema,	464

Antiinflammatory	activity,	of	IVIG,	149–150
Antiinflammatory	therapy

principles	of,	114–115,	114b
strategies	for,	115–116,	115b

novel	therapeutic	targets	in,	116
systemic	immunosuppression	in,	115–116

Antimicrobial	peptides,	443
Antimicrosomal	antibodies,	urticaria/angioedema	

and,	459
Antinuclear	antibody	(ANA),	117

test	for,	120,	120t
Antiviral	immune	responses,	role	of,	278–279
APCs.	see	Antigen-presenting	cells	(APCs)
APECED.	see	Autoimmune	polyendocrinopathy,	

candidiasis,	ectodermal	dystrophy	(APECED)
Apidae,	515
Apoptosis

atopic	dermatitis	and,	442
IVIG	effects	on,	150

Apoptotic	cell,	clearance	of,	90
Appraisal	of	guidelines,	research	and	evaluation	

(AGREE)	process,	264–265
Apurinic/apyrimidinic	endonuclease	1	(APE1),	

34–35

Aquagenic	urticaria,	461t
AR.	see	Allergic	rhinitis	(AR)
Arachidonic	acid	metabolites,	in	inflammatory	

response,	113
ARACHILD	trial,	435
Arcalyst®,	165
Arterial	blood	gases,	asthma,	270–271
Arterial	values	of	pH,	271
Arthralgia,	familial	Mediterranean	fever	and,	136
Arthritis

familial	Mediterranean	fever	and,	136
juvenile	idiopathic,	116–118

Aseptic	meningitis,	from	IVIG,	147
Aspiration	syndrome,	cough	associated	with,		

246
Association	studies,	20,	24
Asthma

acute,	functional	assessment	of,	273
airway	remodeling	in,	257
anti-infection	therapy	for,	282–283,	283f
athletes,	336
chemokines	and,	50
childhood,	276–277

to	adulthood,	10,	10f
classification	of	severity	and	control,	319,	

320t–321t
cough-variant,	241–242
definitive	characteristics	of,	268–271
development,	193
differential	diagnosis,	339
environmental	factors	and,	279
epidemiology	of,	1
epithelial	cell	activation	and	barrier	function	in,	

257–258
epithelial-mesenchymal	unit,	257
evaluation	of,	in	older	children,	314–316,	315f
exercise-induced,	336–342

areas	for	future	research,	342
characteristic	clinical	features	of,	338–339
diagnostics,	339–340
differential	diagnosis	of,	339
epidemiology	of,	336
groups	requiring	special	consideration,	339
impact,	336–337
pathophysiology	of,	337–338
therapeutic	agents	for,	340–342,	340t,	341f

functional	assessment	of,	267–275
acute,	273
chronic,	273–274,	274f
diseases	that	masquerade	as,	272–273,	273f
in	infants	and	small	children,	271–272

gastroesophageal	reflux	and,	317
gene-environment	interactions	in,	14–15
genetics,	21

gene-environment	interactions,	6
in	older	children,	311–312
pharmacogenetics	of,	27
phenotype	of,	19
therapy	response	and,	27

guidelines	for	treatment	of,	262–266
benefitted	children	and	families,	264–266
development,	262
evidence-based	medicine,	262–263,	263f,	

263t
management	of,	children,	264,	265f

hygiene	hypothesis,	12,	258
immunoglobulin	E	and,	38
infants	and	young	children,	298–299

alternative	and/or	adjunct	medications	for,	
295–297

confounding	factors,	286,	287f
diagnostic	tools	for,	287–289
inhaled	corticosteroids	for,	294–295
management	of,	289–298,	290t
monitoring	disease	activity	and	response,	

292–297
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predicting	persistent,	285–286
special	considerations	for,	285–302

infections	and,	276–284
acute	exacerbations,	277
allergy	and,	279–280
bacteria,	277
early	life,	276–277
sinus,	277
treatment	of,	280–283
viruses,	276–277

inflammation,	measurement	of,	288
inflammatory	and	effector	cells	and,	41
innate	inflammatory	mechanisms	in,	255–257
inner	city

community-wide	coalitions,	309
interventions	for,	306–309
management	of,	303–304
prevalence	of,	3
risk	factors	of,	3
strategies	to	reduce	mortality	and	morbidity,	

303–310,	304f,	304t
interventions	for,	inner	city,	306–309
IVIG	therapy	on,	150–151
long-term	management	of,	265f
management	and	treatment,	346–347,	360–364,	

361f
acute	episodes	of,	326,	327f
adherence,	298,	318–319,	354–359
allergen	exposure	as,	195
bronchoconstriction	perception,	319–321
case	management	and	care	coordination,	331
challenges	in	schools,	330
collaboration	in,	363
communication	in,	330,	363
communication	strategies,	for	changing	

patient	behavior,	355–359
controller	medications,	321–325
coordination	in,	363
cost-effectiveness	of	strategies,	333–334
directly	observed	therapy,	331
education	for,	347
in	emergency	department/hospital,	299
exacerbating	phenotype,	351
exacerbations,	347
follow-up,	358–359,	359b
goals	of,	321b
guidelines	for,	264,	265f
harmonization	in,	363
home,	298–299
infants	and	young	children,	287f,	289–299,	290t
inner	city,	303–304
managed	care	to	organized	care,	362
multidisciplinary	team	discussion,	347–348
in	older	children,	321
parental	doublespeak,	347
personalized	medicine,	362
pharmacological,	321,	322f
physical	activity,	330
quick	reliever	medications	for,	325–326
self-management,	354–359
self-management	skills,	332
severity-based,	321
shared	decision-making	model,	357–358
steps	in,	362–363
strategies	to	change	patient	behavior,	355
support	systems	for	medical	care,	362–363
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morbidity,	363–364
mortality,	363–364
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evaluation	of,	314–316,	315f
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natural	history	of,	313–314
persistence	and	progression	into	adulthood,	

313
prevalence	of,	311
severity	of,	factors	which	increase,	316–319
treatment	of,	321
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origins	of,	363–364
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pathology	of,	267

inflammatory	cells,	267
patient	selection	in,	206
pharmacologic	intervention	of,	16
phenotypes	of,	9b,	13,	19
physiology	of,	267–268

airflow	in	response	to	bronchodilators,	270
arterial	blood	gases,	270–271
heightened	airway	responsiveness,	269–270
lung	volumes,	270
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prevention	of,	in	infants	and	young	children,	

299–301
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rhinitis	and,	317
risk	factors	of,	3,	10–12,	10b,	11f
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inner	city,	3,	303

role	of	respiratory	viruses	in,	258
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asthma	friendly	schools,	332–333,	333t
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information	technology	infrastructure,	

331–332
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rescue	therapy	and,	330

severity	and	control,	263–264
sinusitis	and,	232,	317
skin	tests	and,	177
sublingual	immunotherapy	for,	433
treatment	and	induction	of	immune	tolerance,	

258–259
use	of	antibiotics	in,	283–284
viral	illnesses	and,	279
virus-induced	cytopathic	effects,	278,	278b
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Asthma	friendly	schools,	332–333,	333t
Asthma	predictive	index	(API),	286
Asthmatic	inflammation	(effector	phase),	260f
Asthmatic	response,	immunology	of,	250–261
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Atopic	dermatitis	(AD),	288,	438–447,	447b

allergic	contact	dermatitis	and,	469–470
autoallergens	and,	445
chronic,	443
clinical	features	of,	439b
diagnosis	of,	173,	438–439,	439f,	446f

clinical	algorithm	for,	450f
differential	diagnosis	of,	438–439,	449b
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food	allergy,	417
food	allergy	and,	414,	443
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management	of,	418
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management	of,	446f,	448–457
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control	of	pruritus	in,	453
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intravenous	immunoglobulin	for,	455–456
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topical	glucocorticoids	for,	449–450
triggering	factors	of,	elimination	of,	451–453
vitamin	D	for,	456
wet	wrap	therapy	in,	454–455,	455f

multidisciplinary	approach	to,	455
natural	history	of,	7,	8f,	13,	14f
pathogenesis	of,	414,	439
specific	allergens	and,	451–452
therapeutic	principles	for,	456b

Atopic	Dermatitis	Program	(ADP),	455
Atopic	disease,	genetics	of

heritability,	22
molecular	regulation	of,	22–27
susceptibility	genes,	22–26

Atopic	patch	test	(APT),	414
Atopic	sensitization,	prevalence	of,	2f
Atopy

definition	of,	22
heritability	of,	22
molecular	regulation	of,	22–27

‘Atopy	patch	tests’,	376
Audiogram,	224
Auriculotemporal	syndrome,	373
Autoallergens,	445
Autoimmune/chronic	inflammatory	disease,	64–65
Autoimmune	disorders

IVIG	in,	148–151,	149f
management	of,	96
systemic,	complement	deficiency	and,	90–91

Autoimmune	lymphoproliferative	syndrome	
(ALPS),	128–131,	128f,	129b

classification	of,	130
clinical	course	of,	129,	129f
diagnosis	and	treatment	of,	130–131,	130b
genetics	and	immunopathogenesis	of,	130,	130f
laboratory	findings	in,	129,	129b
RAS	associated,	131

Autoimmune	neutropenia,	primary	and	secondary,	
103–104

Autoimmune	polyendocrinopathy,	candidiasis,	
ectodermal	dystrophy	(APECED),	124–125,	
125b

Autoimmune	regulator	(AIRE),	124
Autoimmune	syndromes,	73

Asthma	(Continued) Asthma	(Continued) Atopic	dermatitis	(AD)	(Continued)
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Autoinflammatory	disorders,	133–142
familial	Mediterranean	fever,	136
features	of,	133–136,	134t–135t
pathogenesis	of,	136
recently	discovered,	141

Autophagy,	116
Autosomal	agammaglobulinemia,	72
Autosomal	recessive	traits,	inherited	complement	

deficiencies	and,	91
Axillary	dermatitis,	471–472
Azathioprine

for	atopic	dermatitis,	454
for	systemic	lupus	erythematosus,	121

Azelastine,	494–495,	494t

B
B	cells,	47–48

antibody	deficiency	and,	71
as	antigen-presenting	cells,	59
atopic	dermatitis	and,	440–441
IgE

production	of,	31,	34,	167
regulation	of,	39

immune	development	and,	57,	59
IVIG	effects	on,	149
mucosal	immunology	and,	365,	366f,	368

B	regulatory	cells,	255
Bacitracin,	469–470
Bacteria

asthma	and,	277
exposure	to,	12
infections	from,	atopic	dermatitis	and,	452
interactions	with,	279

Bacterial	endotoxins,	role	of,	258
Bacterial	infections

in	atopic	dermatitis,	443
immune	development	and,	58
IVIG	therapy	for,	144–146
neutrophil	disorders	and,	101
recurrent,	humoral	immunodeficiency	and,	71
sinusitis	and,	229

Baked	egg	tolerance,	426–427
Baked	milk	tolerance,	426–427
Balsam	of	Peru,	467
Baseball	players,	479
Basiliximab	(Simulect®),	163
‘Basketball	pebble	fingers’,	479
Basketball	players,	479
Basophils,	41,	44–45,	44b

anaphylaxis	and,	44–45
asthma,	256
food	allergy	and,	415
IL-4	sources,	36
immediate	hypersensitivity	response	and,	167
immunotherapy,	204
IVIG	effects	on,	149
oral	immunotherapy	and,	433

Bathing,	for	atopic	dermatitis,	448
BCL-6,	IgE	isotype	switching	and,	32
Behavioral	factors,	for	asthma,	305
Bepotastine,	494,	494t
Beta-lactam	antibiotics,	drug	allergy	to,	502
Biologic	therapies,	160–166,	161t
Biological	agents,	for	severe	therapy-resistant	

asthma,	351
Biologics,	160

approved,	161t–162t
nomenclature	of,	161t
off-label,	162t
for	pediatric	therapeutic	use,	162–165

Biosimilars,	160
Birch-fruit-vegetable	syndrome,	410,	410t
Birch	tree	pollen,	168,	186
Bird	fancier’s	disease,	247
Blau	syndrome,	135t,	139

Bleach,	in	baths,	448,	452
Blepharitis,	486t,	489–490,	490t
Blood	gases,	arterial,	asthma,	270–271
Body	mass	index,	food	allergy	and,	424
Bone	marrow	transplantation

for	DiGeorge	syndrome,	87
for	IPEX	syndrome,	125

Bordetella pertussis,	243–244
Bortezomib,	for	myeloma,	116
Breast	milk,	384,	405
Breastfeeding,	4–5,	12–13,	15

in	allergy	prevention,	384,	416
immune	development	and,	58

British	Thoracic	Society	guidelines,	262
Bronchial	allergen	challenges,	177,	184
Bronchial	challenge	testing,	346
Bronchial	reactivity,	measurement	of,	288
Bronchial	stenosis,	245–246
Bronchiolitis

acute	viral,	243
respiratory	syncytial	virus,	11

Bronchiolitis	obliterans,	272
Bronchitis,	acute,	242
Bronchoalveolar	lavage	(BAL),	267,	316
Bronchodilator	responsiveness,	346

persistent	airflow	limitation	and,	346
Bronchodilator	therapy,	for	exercise-induced	

asthma,	339
Bronchodilators

airflow	in	response	to,	270
pharmacogenetics	and,	27

Bronchomalacia,	245–246
Bronchoscopy,	asthma,	in	older	children,	316
Bronchospasm,	241
‘Bruton’s	agammaglobulinemia’,	71
Bruton’s	tyrosine	kinase	(BTK),	71
Budesonide

for	asthma
in	infants	and	young	children,	294–295,	294t
virus-induced,	281

for	eosinophilic	esophagitis,	403
‘Building	Bridges	for	Asthma	Care’,	363
Bumblebees,	515
Burkard	spore	trap,	187,	188f

C
C1	esterase	inhibitor	(C1-INH)	deficiency,	94–95,	

95f
C1INH	replacement,	465
C1q	deficiency,	91–92,	92f
C1r/C1s	deficiency,	92
C2	deficiency,	93
C3	deficiency,	93
C4	deficiency,	92–93
C5	deficiency,	93
C6	deficiency,	93–94
C7	deficiency,	94
C8	deficiency,	94
C9	deficiency,	94
Calcineurin	inhibitors,	450–451
Calcium-release	activated	channels	(CRAC)	

deficiency,	84
Canakinumab	(Ilaris®),	161,	163
Candidate	genes,	analysis	of,	21,	24–26
Candidiasis,	mucocutaneous,	110,	124
CAPS.	see	Cryopyrin-associated	periodic	

syndromes	(CAPS)
Carbohydrates,	need	for,	424–425,	425t
Carbon	dioxide	tension,	asthma,	271
Cardiopulmonary	bypass,	complement	deficiency	

and,	97
Care	coordination,	for	asthma,	331
Cartilage	hair	hypoplasia	(CHH),	87
Case	management,	for	asthma,	331
Caspase	eight	deficiency	state	(CEDS),	128–129

Cat	allergen,	5,	12,	168,	173,	193–194
clinical	significance	of,	193–194
environmental	control,	198
measurement	of,	174

Cat	asthma,	immunotherapy	for,	205
Cathelicidin,	443
CD3	deficiencies,	82
CD4+	T	cells,	125

atopic	dermatitis	and,	440
immune	development	and,	55–56,	58
in	irritant	contact	dermatitis,	468

CD4+	T	lymphocytes,	365,	367
allergic	rhinitis,	211
immunodeficiency	of,	83

CD4+	Th2	cells,	asthma,	250–251,	251f
CD5,	59
CD8+	suppressor	activity,	immunotherapy,	204
CD8+	T	cells

asthma,	257
atopic	dermatitis	and,	440
immune	development	and,	55–56,	60

CD8+	T	lymphocytes,	365
immunodeficiency	of,	83

CD14,	15,	29f
CD23,	31,	36,	38f

antigen	capture	and,	39
IgE	regulation	of,	31,	39
mucosal	immunology	and,	370
regulation	of	IgE,	38–39

CD25	deficiency,	84,	127
CD25+	T	cells,	immune	development	and,	55
CD27	deficiency,	84
CD40/CD154

hyper-IgM	syndromes,	88
IgE	production,	33–35

CD45	deficiency,	82
CD45RA	and	CD45RO,	56
Celecoxib,	for	juvenile	idiopathic	arthritis,	118
Celeriac,	410
Celeriac-mugwort-spice	syndrome,	410,	410t
Celiac	disease,	394,	396t,	397,	398b,	458–459
Cell-mediated	immunity,	evaluation	of,	67–68,	68f
Cellular	activation,	52
Cellular	antiviral	responses,	outcome	of	viral	

infections	and,	279
Cellular	receptor	expression,	51
Cellulitis,	491
‘Cement	burns’,	479
Ceramides,	449
Cetirizine,	465t

asthma	and,	300
CF.	see	Cystic	fibrosis	(CF)
CGD.	see	Chronic	granulomatous	disease	(CGD)
CH50	assay,	98,	98f
Chalazion,	486t,	490
‘Challenge	gold	standard,’	of	human	allergic	

disease,	172
Challenge	testing,	asthma,	in	older	children,	316
Chédiak-Higashi	syndrome,	104,	104f
Cheilitis,	471
Chemoattraction,	51–52
Chemokines,	41,	49,	50f,	51b

in	allergic	responses,	52b
asthma	and,	50
atopic	dermatitis	and,	440,	442
ligands	for,	50f
nomenclature	of,	49
otitis	media,	221
receptors,	46,	49–50,	257

immune	development	and,	57
mucosal	immunology	and,	367–368
WHIM	syndrome	and,	102

regulatory	elements	in,	51f
Chemoprophylaxis,	for	antibody	deficiency,	78
Chemosis,	486t
Chest	pain,	systemic	lupus	erythematosus	and,	120
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Childhood	Asthma	Management	Program	
(CAMP),	11,	317

Children,	management	of	asthma	for,	264,	265f
Chip-based	microarray	system,	168
Chlamydia trachomatis	infection,	244
Chlorofluorocarbon	(CFC)	propellant,	298
Cholinergic	urticaria,	460–461,	461t,	462f
Chromate,	as	allergen,	477
Chronic	asthma,	functional	assessment	of,	

273–274,	274f
Chronic	granulomatous	disease	(CGD),	105–107,	

154
gene	therapy	for,	156–157
prevalence	of	infection	in,	105t

Chronic	hyperplastic	sinusitis	and	nasal	polyposis	
(CHS/NP),	231

Chronic	infantile	neurologic	cutaneous	and	
articular	syndrome	(CINCA),	138

Chronic	rhinosinusitis	(CRS),	229–230
Chronic	sinusitis

antibiotics	for,	235t
antimicrobial	therapy	in,	236
history	and	physical	examination	of,	233
microbiology	of,	230–231,	230t,	231f
sinus	surgery	in,	236

Chronic	spontaneous	urticaria,	460–461
Cilia,	evaluation	of,	68–69
Ciliary	structure	disorders,	65
Cirrhosis,	complement	deficiency	and,	97
Class	switch	recombination	(CSR),	IgE	and,	31–32
Class	switching,	74
Climate	change,	on	aeroallergens,	190
‘Clinical	criteria	gold	standard,’	of	human	allergic	

disease,	172
Clothing,	antimicrobial,	451
Cockroach	allergen,	194

clinical	significance	of,	194
control	of,	200
environmental	control	of,	199–200,	200b
inner	city	asthma,	3
measurement	of,	174–175
skin	test	reactions	to,	179

Codeine,	skin	test	reactions	to,	178
COL29A1,	29f
Colchicine,	for	familial	Mediterranean	fever,	136
Cold	compresses,	492–493
Colic,	infantile,	379,	381,	407
Combined	immunodeficiency,	80–86

genetic	and	immunologic	features	of,	81t
Common	variable	immunodeficiency	(CVID),	

72–73
IVIG	therapy	for,	146

Communication,	356
asthma	and,	330
strategies,	for	changing	patient	behavior,	

355–359
Community-wide	asthma	coalitions,	309
Complement	deficiency,	75
Complement	system,	90

classical	pathway	of,	92f
deficiencies	of,	90–100

clinical	presentations	of,	99b
hemolytic	uremic	syndrome	in,	91
infection	in,	90
inherited,	91–96,	91t
laboratory	assessment	for,	98–99,	98f
management	of,	96–97
secondary,	97–98
SLE	in,	90
systemic	autoimmune	disorders	in,	90–91

evaluation	of,	68
functions	of,	91t

Complex	genetic	disease,	18
identifying	genes	underlying,	18–21

Compositae	family,	allergic	plant	dermatitis	and,	
478

‘Composite	gold	standard,’	of	human	allergic	
disease,	172

Compression	syndromes,	cough	associated	with,	
245–246

Confirmatory	tests,	IgE	antibody,	171–173
Confounding	factors,	wheezing,	in	infants	and	

young	children,	286,	287f
Congenital	disorder	of	glycosylation	type	IIc,		

108
Congenital	immune	dysregulation	disorders,	

124–132
Conifer	pollens,	187–188
Conjugate	pneumococcal	vaccine,	76–77
Conjunctiva,	482–483

edema	of,	486–487,	486f
examination	of,	486–487

Conjunctival	hyperemia,	488,	488f
Conjunctival	provocation	test,	493
Conjunctivitis,	491
Conjunctivitis-otitis	media	syndrome,	484
Connective	tissue	mast	cells	(CTMCs),	44,	60
Constipation,	379–380,	407

chronic,	372
Contact	dermatitis,	467–481

allergens,	473–474
selection	of,	in	children,	474
sources	of,	473

allergic,	468
in	athletes,	479–480
and	children,	regional	considerations	in,	

470–473
clinical	relevance,	determination	of,	476–477
from	cosmetics,	478–479
diagnosis	of,	470–473
differential	diagnosis	of,	469
epidemiology	of,	467
evaluation	and	management	of,	469–470
eyelid,	471
hapten,	innate	immune	recognition	of,	468
history	of,	470
irritant,	467–468,	470,	470f
of	mucous	membrane,	471
patch	testing,	473–477,	473t

procedure	for,	474–476
recommendations	for,	476t
relevance	of,	476t

pathogenesis	of,	467–469
physical	examination	of,	470
from	plants,	478
special	considerations	in,	478–480
spectrum	of,	469
systemic,	472–473,	473t
from	topical	medications,	478
treatment	and	prevention	of,	480

Contact	dermatoconjunctivitis,	490–491
Contact	lenses,	493
Contact	urticaria,	469
Controller	therapy,	for	small	children	with	

persistent	asthma,	289–292,	291t,	292f,	293t
Conventional	‘controller’	pharmacotherapy,	for	

asthma,	16
Cord	blood,	for	transplantation,	153
Cornea,	examination	of,	487,	487f
Corneal	transplantation,	491
Coronin-1A	deficiency,	83
Corticosteroids

for	eosinophilic	esophagitis,	403
inhaled,	for	acute	wheezing	exacerbations,	

281–282
oral,	for	acute	exacerbations	of	asthma,	in		

young	children,	280–281
pharmacogenetics	and,	27
for	rheumatologic	diseases,	115
skin	test	reactions	and,	179
structural	groups	of,	476b
for	urticaria/angioedema,	465

Cosmetics,	contact	dermatitis	to,	478–479
Cough,	chronic,	238–249

allergic	bronchopulmonary	aspergillosis,	247
allergic	rhinitis,	245
aspiration	syndromes	associated	with,	246
and	bronchospasm,	241
with	compression	syndromes,	245–246
cough-variant	asthma,	241–242
cystic	fibrosis,	247
differential	diagnosis	of,	238–240,	239f,	240b
environment	and,	248
evaluation	of,	247–248,	249b
foreign	body,	246
gastroesophageal	reflux	of,	238,	246
hypersensitivity	lung	disease,	247
pathophysiology	of,	240–241,	240f–241f
postnasal	drip,	245
psychogenic,	247
respiratory	infection	after,	242–245
rhinosinusitis,	245
treatment	of,	248–249
vocal	cord	dysfunction,	247

Cow’s	milk	allergy,	425–426,	426t–427t
C-reactive	protein	(CRP),	in	systemic	

inflammation,	114,	114f
Crohn’s	disease,	139
Cromolyn,	495

for	asthma,	296
in	older	children,	324–325

Cromolyn	sodium
allergic	rhinitis	and,	217
for	eosinophilic	esophagitis,	403
for	eosinophilic	gastroenteritis,	405

Cross-reactive	carbohydrate	determinants	(CCDs),	
409,	517

Cryopyrin,	138,	140f,	458–459
Cryopyrin-associated	periodic	syndromes	(CAPS),	

137–138
Cryptosporidium	infection,	88
Cutaneous	lymphocyte-associated	antigen,	

468–469
Cyclic	citrullinated	peptide	(CCP),	117
Cyclic	hematopoiesis,	102
Cyclic	neutropenia,	102
Cyclosporin	A,	for	atopic	dermatitis,	454
Cyclosporine

for	eye	diseases,	496
for	urticaria/angioedema,	464–465

Cystic	fibrosis	(CF),	65,	69
chronic	cough,	247
sinusitis	and,	232

Cytidine	5’	triphosphate	synthase	1	(CTPS1)	
deficiency,	84–85

Cytokines
asthma,	250–252
atopic	dermatitis	and,	440–441
chemokine	regulation	and,	50
food	allergy	and

eosinophilic	esophagitis,	403
eosinophilic	gastroenteritis,	404
mucosal	immunology,	367–369
oral	immunotherapy,	433
probiotics,	388

food	allergy	and,	atopic	dermatitis,	414
IgE	and,	32–35

production,	167
immune	development	and,	55–57,	60

natural	history	of,	7–8
immunotherapy,	208
in	inflammatory	response,	112–113
otitis	media,	221
in	pathogenesis	of	disease,	atopic	dermatitis,		

414
pathophysiology	of,	allergic	rhinitis,	211
T	cell	responses	and,	35
urticaria/angioedema	and,	459
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Cytomegalovirus	retinitis,	491
Cytoreductive	conditioning,	prior	to	HSCT,	153
Cytotoxic	antibody,	ocular	inflammation,	483t

D
Damage	associated	molecular	patterns	(DAMPs),	

255
Decongestants

allergic	rhinitis	and,	216
chronic	cough,	248–249
for	eye	diseases,	493

Deficiency	of	interleukin-1	receptor	antagonist	
(DIRA),	134t,	139

Deficiency	of	interleukin-36	receptor	antagonist	
(DITRA),	134t,	141

Delayed	hypersensitivity,	ocular	inflammation,		
483t

Deletional	switch	recombination,	IgE	and,	31–32
Demographic	factors,	asthma,	older	children,	312
Dendritic	cells	(DCs),	46–47,	47b

asthma,	251f,	254f
atopic	dermatitis	and,	414,	440
food	allergy	and

mucosal	immunology,	365,	367–368,	367f
food	allergy	and,	atopic	dermatitis	and,	414
immune	development	and,	55,	59
IVIG	effects	on,	150–151
phenotype	of,	35–36
T	helper	cell	differentiation	and,	35
Th	cell	differentiation	and,	46,	46f

Denosumab	(Xgeva®),	163
Dermatitis,	IPEX	syndrome	and,	125
Dermatitis	herpetiformis,	394
Dermatomyositis,	IVIG	and,	150
Dermographism,	460–461,	461t,	462f
Desensitization,	definition	of,	430
Desloratadine,	465t
Developing	countries,	1–2
Diabetes

food	allergy	and,	385–386
latex	allergy	and,	507

Diagnostic	tools,	to	evaluate	asthma,	in	young	
children,	287–289

Diaper	dermatitis,	472
Diarrhea

food	allergy	and,	380,	407
toddler’s,	381

Dickens,	Charles,	360
Diesel	exhaust,	15
Diet(s),	5

allergen	elimination,	420,	421b,	425–428
asthma,	older	children,	313
exercise-induced	asthma	and,	342
infant,	385,	386t
intake	assessment,	424
during	lactation,	386t
lactation	and,	416
mucosal	immunity	and,	369
during	pregnancy,	313,	388

Dietary	protein	enterocolitis,	392–393,	393b,	
396–397,	396t,	398b

Dietary	protein	enteropathy,	393,	396t,	397,	
398b

Dietary	protein	proctocolitis,	392,	394–396,	396t,	
398b

‘Difficult	asthma’,	347–348
severe	therapy-resistant	asthma	and,	348

DiGeorge	syndrome	(DGS),	65t,	86–87,	86f
Dihydrorhodamine	oxidation	(DHR)	assay,	106
Diphtheria-tetanus-acellular	pertussis	(DTaP)

risk	from	disease	vs.	risk	from,	243b
vaccine,	243

Directly	observed	therapy,	for	asthma,	331
DITRA.	see	Deficiency	of	interleukin-36	receptor	

antagonist	(DITRA)

DNA
gene	therapy	and,	158
genetic	markers	and,	20
IgE	gene	organization	and,	31,	34–35
immunodeficiency	syndromes	with	defective	

repair	of,	87
DOCK8	deficiency,	83,	110
Dog	allergen,	5,	193–194

clinical	significance	of,	193–194
environmental	control	of,	198
measurement	of,	174

Dog	extracts,	skin	test	reactions	to,	179
Domestic	water	supply,	4
Double-blind,	placebo-controlled	food	challenges	

(DBPCFCs),	374,	376,	416
α/β	double	negative	T	cells	(DNT),	128
Doxepin	hydrochloride,	453
Drug	allergy,	498–504

to	beta-lactam	antibiotics,	502
classification	of,	499t
clinical	history,	evaluation	of,	499–500
clinical	manifestations	of,	499
desensitization	to,	501–502
drug	provocation	tests	for,	500–501

in	children,	501
contraindications	of,	501
duration	of,	501
general	aspects	of,	500–501
methodology	of,	501
step	dosing	in,	501

epidemiology	of,	498–499
incidence	of,	499
multiple	drug	hypersensitivity	syndrome,	504
to	non-β-lactam	antibiotics,	502–503
to	nonsteroidal	antiinflammatory	drugs	

(NSAIDs),	503
severity/danger	signs	in,	500t
skin	tests	for,	500

in	children,	500
general	aspects	of,	500

to	vaccines,	503–504
with	local	reaction	after	administration,	

diagnosis	and	management	of,	504
with	systemic	reaction,	management	of,		

504
work-up	for,	499–502

Drug-induced	anaphylaxis,	535
Drug	provocation	tests,	for	drug	allergy,	500–501

in	children,	501
contraindications	for,	501
duration	of,	501
general	aspects	of,	500–501
methodology	of,	501
step	dosing	in,	501

Dry-powder	inhalers	(DPIs),	in	infants	and	young	
children,	297

DTaP	vaccine,	243
Durham	sampler,	187
Dust	mites

allergy	in,	atopic	dermatitis	and,	451–452
control	measures,	197–198
environmental	control,	196–198
house,	environmental	control	of,	197b

Dust	mites	allergen,	192–193
clinical	significance	of,	192–193

Dysfunctional	breathing,	refractory	childhood	
asthma	and,	345

Dysmotile	cilia	syndromes,	65t
Dysrhythmias,	exercise-induced	asthma	and,	339

E
E-selectin,	468–469
Early-phase	asthmatic	response	(EAR),	41,	42f
East-West	gradient,	2
Eating	competence,	424

Ecallantide	(Kalbitor®),	163–164
for	angioedema,	97

hereditary,	465
Ectopic	contact	dermatitis,	478
Eculizumab	(Soliris®),	164

for	hemolytic	uremic	syndrome,	97
Eczema,	468
Eczema	herpeticum,	452–453,	452f
Eczema	vaccinatum,	453
Education

on	food	allergy,	420,	422
of	patients	and	caregivers,	in	atopic	dermatitis,	

454
Egg	allergy,	426

atopic	dermatitis	and,	416,	419t
food	labeling,	422
micronutrients	and,	425
natural	history	of,	390,	418–419

EIA.	see	Exercise-induced	asthma	(EIA)
ELA2	gene,	mutations	in,	101
Elimination	diets,	420,	421b,	425–428
Emergency	department/hospital

for	asthma,	299
interventions,	inner	city	asthma	and,	307

Emollients,	449
Enbrel®,	164
Endochitinase	(Hev	b	11),	510
Endoscopic	sinus	surgery	(ESS),	236
Endotoxin	exposure,	6,	12,	15
Energy,	need	for,	424–425
Enolase	(Hev	b	9),	510
Enterocolitis

dietary	protein,	392–393,	393b,	396–397,	396t,	
398b

food	protein-induced,	378
Enteropathy,	dietary	protein,	393,	396t,	397,	398b
Environmental	control,	196–202

of	animal	allergens,	199b
of	cockroach	allergen,	200b
of	house	dust	mites,	197b
of	mold	allergens,	201b
of	rodent	allergens,	200b

Environmental	exposures,	asthma,	in	older	
children,	317–318

Environmental	factors,	asthma,	in	older	children,	
312

Environmental	interventions,	inner	city	asthma,	
308

Environmental	risk	factors,	4–6
allergic	rhinitis,	210,	215t
control	of,	215
gene-environment	interactions	and,	6
genetics	and,	29f
natural	history	studies	and,	10

Environmental	tobacco	smoke	(ETS),	4,	12,	15
asthma	and,	4,	9,	15,	305
chronic	cough,	248
elimination/reduction	of,	15–16
refractory	asthma	and,	347

Enzyme	immunoassay,	174
Enzyme-linked	immunosorbent	assay	(ELISA),	

allergen	exposure,	195
Eosinophil	cationic	protein	(ECP),	41–42,	288
Eosinophil-derived	neurotoxin	(EDN),	41–42
Eosinophil	peroxidase	(EPO),	41–42
Eosinophilic	gastroenteropathies,	394,	399–407,	

400b
Eosinophils,	41–43,	42f,	43b

allergic	rhinitis	and,	211
asthma	and,	43,	250
atopic	dermatitis	and,	440
immune	development	and,	60
immunotherapy,	204
otitis	media	and,	222

Eotaxin,	51–52
Epicutaneous	immunotherapy	(EPIT),	434–435
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Epidemiology	of	allergic	diseases,	1–6
time	trends	in	prevalence	of,	3–4

Epigenetics,	27–28
Epinastine,	494,	494t
Epinephrine

for	acute	anaphylactic	episodes,	527–529,	529b,	
530t,	531b

for	oral	allergy	syndrome,	412
self-injectable,	531–533

Epinephrine	autoinjectors,	for	insect	sting	allergy,	
520

Epiphora,	486t
Episcleritis,	490,	490f
Epithelial	cells

activation	of,	in	asthma,	257–258
antiviral	immune	responses	of,	278–279

Epitopes,	food	allergy	and,	376
Erythrocyte	sedimentation	rate	(ESR),	in	systemic	

inflammation,	114
Esophagitis,	eosinophilic,	372,	399–403

characteristics	of,	401b,	401t
clinical	manifestations	of,	400
complications	of,	402
diagnosis	of,	400–402,	402f
etiology	of,	399–400
evaluation	of,	400–402,	402f
management	of,	402–403
oral	immunotherapy	and,	433

Etanercept	(Enbrel®),	164
for	TRAPS,	137

Ethnic	minorities,	asthma	and,	303
ETS.	see	Environmental	tobacco	smoke	(ETS)
Eucapnic	voluntary	hyperventilation,	340
European	Community	Respiratory	Health	Survey	

(ECRHS),	2
European	Union,	food	labeling	by,	421t
Eustachian	tube	obstruction,	220–221,	222t

types	of,	221b
Exercise,	asthma,	in	older	children,	319
Exercise-induced	anaphylaxis,	340

co-triggers	of,	526
Exercise-induced	asthma	(EIA),	336–342

areas	for	future	research,	342
characteristic	clinical	features	of,	338–339
diagnostics,	339–340
differential	diagnosis	of,	339
epidemiology	of,	336
groups	requiring	special	consideration,	339
impact,	336–337
pathophysiology	of,	337–338
therapeutic	agents	for,	340–342,	340t,	341f

Exercise-induced	bronchoconstriction	(EIB),	336
pathogenesis	of,	disease	model	of,	338f

Exhaled	nitric	oxide	(eNO),	level	of,	in	asthma,	
288

Extracorporeal	membrane	oxygenation,	
complement	deficiency	and,	97

Extrinsic	allergic	alveolitis,	174,	247
Eye	disease

allergic	disorders,	487–488
giant	papillary	conjunctivitis,	488
key	concepts	for,	497b
perennial	allergic	conjunctivitis,	487–488
seasonal	allergic	conjunctivitis,	487
therapeutic	principles	for,	497b
vernal	keratoconjunctivitis,	488,	488f

clinical	signs	of,	486t
differential	diagnosis	of,	483,	484f,	485t
examination	in,	484–487
eye	anatomy	and,	482–483,	483f
histology	of,	482–483
history	in,	484
immune	function	of,	482–483
immunologic,	488–492

acquired	immunodeficiency	syndrome,	491
angioedema,	491

ataxia-telangiectasia,	491
blepharitis,	489–490,	490t
cellulitis,	491
conjunctivitis,	491
contact	dermatoconjunctivitis,	490–491
episcleritis,	490,	490f
juvenile	rheumatoid	arthritis,	489
Kawasaki’s	disease,	488–489
sarcoidosis,	489
uveitis,	489

new	directions	and	future	developments	in,	496
ocular	inflammation,	categories	of,	483t
from	transplantation,	491–492
treatment	of,	492–496,	492t

antihistamines	in,	493–494
cold	compresses,	492–493
contact	lenses,	493
decongestants,	493
environmental	control	in,	492
immunotherapy	in,	496
lubrication	in,	493
primary	intervention	in,	492–493
secondary	intervention	in,	493–495
tertiary	intervention	in,	496
topical	corticosteroids	in,	496

Eyelid	dermatitis,	471
Eyelids,	482

F
Facial	dermatitis,	471
Factor	D	deficiency,	96
Factor	H	deficiency,	91,	95
Factor	I	deficiency,	95–96
FAHF-2,	436
Failure	to	thrive,	380
Familial	cold	autoinflammatory	syndrome	(FCAS),	

134t,	138,	459,	461t
Familial	Mediterranean	fever,	136
Family	size,	5–6
Family	studies,	genetics,	19,	22
Farming	environments,	2–3,	6
Fat,	dietary,	need	for,	424,	425t
Fc	receptor,	neonatal	(FcRn),	370
Fc	receptors,	immune	modulation	of,	148–150
FCAS.	see	Familial	cold	autoinflammatory	

syndrome	(FCAS)
FcεRI,	31,	36–38,	37f

atopic	dermatitis	and,	414,	441–442
basophil	expression	of,	44
IgE	antibody	and,	167
IgE	regulation	of,	31,	38

FcγRIIB,	149
Feeding	problems,	approach	to,	in	infant	and	

young	child,	377–382
FERMT3	gene,	mutations	in,	108
Fetal	life,	immune	function	during,	54–56
Fetus,	immune	development	of,	7–8
Fever

autoinflammatory	disorders	and,	133
in	systemic	onset	juvenile	idiopathic	arthritis,	117
in	TRAPS,	137

Fexofenadine,	465t
Filaggrin,	26,	257

in	atopic	dermatitis,	448
atopic	dermatitis	and,	439–440
cat	exposure	and,	439–440

Fingertip	unit	(FTU),	449
Fish	allergy

food	labeling,	422
natural	history	of,	390,	418–419

Fish	oil,	PUFA	rich,	387
Floristic	zones,	186
Flow	cytometry,	of	LAD1,	107–108
Fluticasone,	for	eosinophilic	esophagitis,	403

Food	additives
food	labeling	of,	421
intolerance	to,	377

Food	allergen
atopic	dermatitis,	natural	history,	13
natural	history,	13

Food	allergy
anaphylaxis	and,	diagnosis	of,	372
atopic	dermatitis	and,	414,	443,	451

allergic	triggers,	415b
clinical	studies	of,	416
diagnosis	of,	417–418,	418b,	418f,	418t–419t
epidemiology	of,	417
laboratory	investigation	in,	415–416,	415b
management	of,	418
natural	history	of,	418–419,	419b
onset	and	severity	of,	415f
oral	food	challenges,	418
pathophysiology	of,	414–415
prevention	of,	416–417

cardiovascular	symptoms	of,	372
celiac	disease	and,	394,	396t,	397,	458–459
daily	living,	422–423
diagnosis	of,	173
dietary	protein	enterocolitis	and,	392–393,	393b,	

396–397,	396t,	398b
dietary	protein	enteropathy	and,	393,	396t,	397,	

398b
dietary	protein	proctocolitis	and,	392,	394–396,	

396t,	398b
differential	diagnoses	of,	380–381,	380b,	394
eosinophilic	gastroenteropathies	and,	394,	

399–407,	400b
evaluation	of,	371–376

food	challenges	in,	376
history	in,	373
in	infants	and	young	children,	381,	381b
laboratory	studies	in,	373–376
laboratory	tests	in,	381,	395f
oral	food	challenges	in,	418
physical	examination	in,	373
skin	testing	in,	373–374
in	vitro	testing	in,	374–376

exposure	to	allergenic	foods,	385–386
first	solids	and,	timing	of,	385
formula	feeding	for,	384–385
gastrointestinal	symptoms	of,	372
growth	and,	423–424
IgE-mediated	symptoms	of,	371–372,	372b

cutaneous,	371
immunomodulatory	strategies	for,	384–386

breast	milk,	384
infant	feeding,	384–386

in	infants	and	young	children
age	at	onset	of	symptoms,	377–378,	378t
breastfeeding,	384
clinical	features	of,	378,	378t
differential	diagnoses	of,	380–381,	380b
evaluation	of,	381,	381b
frequency	of,	377
gastrointestinal	problems	in,	378–380
management	of,	381
natural	history,	389–390
prevention,	383–391
timing	of	first	solids,	385

intervention	for
antenatal,	384
importance	and	timing	of	early,	383–384
postnatal,	384

management	of,	381,	420–429,	429b
allergen	elimination	diets,	420,	425–428
atopic	dermatitis,	418
avoidance	diets,	420–423
label	reading,	420–422
nutrition,	423–425
oral	food	challenges,	428

Eye	disease	(Continued)
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maternal	and	infant	microbiome	and,	
modulation	of,	387–389

mechanism	of	action,	immunotherapy,	206
mucosal	immunology	and,	365–370,	366f
natural	history	of,	7–8,	8f,	14,	389–390,	

418–419
prevalence	of,	371
prevention	of,	383–391,	386t

phenotypic,	environmental	and	genotypic	risk	
in,	389

protein-induced	enterocolitis,	378
protein-induced	proctocolitis,	378
PUFA	status	and,	restoration	of	traditional,	

386–387
refractory	childhood	asthma	and,	345
respiratory	symptoms	of,	372
treatment	of,	397–398

immunotherapeutic	approaches	to,	430–437,	
431f,	431t–432t

urticaria/angioedema	and,	460
vitamin	D	for,	387

Food	extracts,	skin	test	reactions	to,	179–180
Food	hypersensitivity,	diagnosis	of,	algorithm	for,	

375f
Food-induced	anaphylaxis,	534–535
Food	labeling,	420–421
‘Food	poisoning’,	372
Food-pollen	allergy,	378
Food	protein-induced	enterocolitis	syndrome	

(FPIES),	378,	392–393,	396–397,	396t,	398b
oral	food	challenges	for,	397t

Food	protein-induced	proctocolitis,	378
Foot	dermatitis,	472,	472f
Forced	oscillation,	271–272
Forced	oscillometry,	288
Formicids,	515
Formoterol,	in	infants	and	young	children,	296
Formula	feeding,	384–385
FOXN1	defect,	83,	85
FOXP3,	125,	126f,	128,	253–254,	414–415

oral	immunotherapy	and,	433
FPIES.	see	Food	protein-induced	enterocolitis	

syndrome	(FPIES)
Fragrance,	allergic	contact	dermatitis	from,	478
Frey’s	syndrome,	373
Fruit	allergy,	concurrent	latex	allergy	and,	507,	

507t
‘Functional	antibody	deficiency’,	74
Fungal	exposures,	6
Fungal	infections,	neutrophil	disorders	and,	101
Fungi

allergen,	185
evaluation	of,	in	indoor	environments,	175
representative,	189,	190f

G
G	protein-coupled	receptors	(GPCRs),	49
GALT.	see	Gastrointestinal	associated	lymphoid	

tissue	(GALT)
Gastroenteritis,	eosinophilic,	403–405

characteristics	of,	404b
Gastroesophageal	reflux	disease	(GERD)

asthma	and,	317
chronic	cough,	238,	246
food	allergy	and,	379,	379b
refractory	childhood	asthma	and,	344–345
sinusitis	and,	232

Gastrointestinal	associated	lymphoid	tissue	
(GALT),	365,	366f,	369,	384

Gastrointestinal	disease,	allergic	and	eosinophilic,	
399–408

Gastrointestinal	involvement,	in	systemic	lupus	
erythematosus,	120

Gastrointestinal	(GI)	microbiota,	exposure	to,	12

Gastrointestinal	reflux,	food	allergy	and,	401t,	
406–407

Gastrointestinal	symptoms,	food	allergy	and,	
378–380

celiac	disease,	394,	396t,	397
dietary	protein	enteropathy,	393,	396t,	397,	

398b
eosinophilic	gastroenteropathies	and,	394,	

399–407,	400b
nonspecific,	approach	to	potentially	allergic	

infant	with,	407
protein	enterocolitis,	392–393,	393b,	396–397,	

396t,	398b
Gastrointestinal	tract

chronic	granulomatous	disease	in,	105
eosinophil	accumulation	in,	41
hereditary	angioedema	in,	95,	462
immune	development	of,	54
IPEX	syndrome	and,	414–415
mucosa	and,	54
mucosal	immunology	and,	365
non-IgE	mediated	immune	reactions	in,	in	

infants	and	young	children,	378
G-CSF	receptor,	mutations	in,	101
Gender,	in	asthma,	11
Gene	correction,	157–159,	158f
Gene-environment	interactions,	6,	14–15

asthma,	older	children,	312
Gene	organization,	immunoglobulin	E	and,	31–32
Gene	therapy,	using	hematopoietic	stem	cells,	

155–159,	155f
for	ADA-deficient	SCID,	155–156
for	CGD,	156–157
gene	correction	in,	157–159,	158f
new	approaches	to,	157
perspectives	for,	157
for	WAS,	157
for	X-linked	SCID,	156

Generalized	dermatitis,	472–473
Genetic	mutations,	in	food	allergy,	414–415
Genetics

of	allergic	disease	and	asthma,	18–30
analytical	approaches	to,	20–21
asthma.	see	Asthma,	genetics
clinically	defined	subgroups	analysis	of,	26
complement	deficiency	and,	91
disease	heritability	assessment	of,	18–19
disease-modifying	genes,	26–27
epigenetics,	27–28
gene	identification	in,	21–24
genetic	markers	in,	20
immunodeficiency	diseases,	antibody,	71
influences	on	disease	severity,	26–27
phenotype	definition	in,	19,	22
population	and,	20
predictive	power	of	genetic	testing,	28
susceptibility	genes,	22–26,	28
T	helper	cells	in,	35
therapy	response	regulation,	27

Genitourinary	tracts,	chronic	granulomatous	
disease	in,	105,	106f

Genome	scanning,	21
Genome-wide	association	studies	(GWAS),	21–24,	

23f
Geographical	pattern,	of	allergic	disease,	2
GERD.	see	Gastroesophageal	reflux	disease	(GERD)
German	Contact	Dermatitis	Group	(GCDG),	473

patch	testing	recommendations	from,	476t
German	Infant	Nutritional	Intervention	(GINI),	

384–385
German	Multicentre	Allergy	Study	(MAS),	7,	

11–12
ε-Germline	transcription,	32,	33f
GFI1	gene,	neutropenia	and,	102
Giant	papillary	conjunctivitis,	488
GINA.	see	Global	Initiative	for	Asthma	(GINA)

Gleich	syndrome,	459
Gliadin,	394
Global	Initiative	for	Asthma	(GINA),	262,	290–291,	

293t,	296,	361,	363
assessment	of	asthma	control,	264t,	290–291,	

293t
guidelines,	289

Global	Lung	Function	Initiative	(GLI),	268
Glomerulonephritis,	C3	deficiency	and,	93
Glucocorticoids

for	anaphylaxis,	529b,	530,	530t
systemic,	for	atopic	dermatitis,	453–454
topical,	for	atopic	dermatitis,	449–450

side	effects	of,	449–450
Glucose-6-phosphatase	catalytic	subunit	3	

(G6PC3),	mutations	in,	101
Glutathione-S-transferase	genes	(GSTM1),	29–30,	

29f
Glutathione	S-transferases	(GSTs),	15
Glycerol	thioglycolate,	479
Glycosylation,	type	IIc,	congenital	disorder	of,	108
Graft	versus	host	disease	(GvHD),	152

conjunctival,	491–492,	491t
Granular	lymphocytosis,	102
Granule	formation/content,	defects	of,	104–105
Granulocyte,	immune	development	and,	60
Granulocyte-colony	stimulating	factor	(G-CSF),	

102
Granulocyte	macrophage	colony-stimulating	factor	

(GM-CSF),	45,	441
Granulomatous	arthritis,	pediatric,	139
Grass,	skin	test	reactions	to,	178
Grass	pollen,	187

seasonal	allergic	conjunctivitis	and,	487
Growth,	food	allergy	and,	423–424
Growth	charts,	423
GSDML,	23,	29f
Guadeloupe-type	fever	syndrome,	138
Guidelines for the Diagnosis and Management of 

Asthma,	361
Guillain-Barré	syndrome,	IVIG	therapy	on,	

150–151
GWAS.	see	Genome-wide	association	studies	

(GWAS)

H
HAE.	see	Hereditary	angioedema	(HAE)
Hair	products,	allergy	to,	479
Hand	dermatitis,	470–471,	471f
Haptens,	innate	immune	recognition	of,	468
HAX1	deficiency,	101
Hay	fever

epidemiology	of,	1
prevalence	of,	2f

Hay	fever,	weed	pollens,	189
Health	Beliefs	Model,	356
Health	promotion,	356
Healthcare	workers,	latex	allergy	in,	506
Heightened	airway	responsiveness,	asthma,	

269–270
Helminthic	infections,	5
Helminths,	54–55

eosinophil	response	to,	42f
Hematopoiesis,	54

chemokine	regulation	and,	52
cyclic,	102

Hematopoietic	stem	cell	therapy	(HSCT),	152–159,	
155f

for	chronic	granulomatous	disease,	154
donors	for,	152–153,	154b
graft	versus	host	disease	in,	152
for	hemophagocytic	lymphohistiocytosis,	154
infections	following,	152
for	severe	combined	immune	deficiency,	

152–154,	153b
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T	cell	in,	depletion	of,	152,	153b
for	Wiskott-Aldrich	syndrome,	154

Hematopoietic	stem	cell	transplantation,	for	
chronic	granulomatous	disease,	107

Hemodialysis,	complement	deficiency	and,	97
Hemolytic	adverse	reactions,	in	IVIG	therapy,	148
Hemolytic	uremic	syndrome	(HUS)

complement	deficiency	and,	91,	95,	99
management	of,	97

Hemophagocytic	lymphohistio	cytosis,	154
Hepatic	acute-phase	response,	112–113,	113f–114f
Hepatitis	C	virus	infection,	148
Hereditary	angioedema	(HAE),	95,	95f,	99,	459,	462

attacks	in,	462
long-term	prophylaxis	of,	465–466,	466t
management	of,	96–97
with	normal	C1INH	gene	and	protein,	459,	463
prevalence	of,	458
treatment	of,	465,	465t

Herpes	simplex	virus	infection,	452–453
Hevea brasiliensis,	507

latex	allergens,	509t
‘Hibernian	fever’,	137
HIES	syndrome.	see	Hyper-IgE	syndrome
High-resolution	computed	tomographic	(HRCT)	

scanning,	346
Histamine

in	anaphylaxis,	527
skin	test	reactions	and,	179,	183

History,	asthma,	in	older	children,	314–315
HLA-B27	test,	for	juvenile	idiopathic	arthritis,	118
HLA	class	I	molecules,	84
Hockey	players,	480
Home	management,	for	asthma,	298–299
Homeostasis,	36–39
Honeybee,	514f

stinger	of,	515f
Hordeolum,	486t
Hornet,	174,	515
Hospital	visit,	nurse-led,	345–347,	345t
House	dust

aeroallergen	measurement	of,	174–175
endotoxin,	12

House	dust	mite	allergen,	191
environmental	control	of,	197b
inner	city	asthma	and,	306
skin	test	reactions	to,	178,	182–183

HSCT.	see	Hematopoietic	stem	cell	therapy	(HSCT)
Human	allergic	disease,	laboratory	diagnosis	of,	

167–176
Human	immunodeficiency	virus,	evaluation	for,	69
Human	immunoglobulin	heavy	chain,	33f
Human	leukocyte	antigen	(HLA),	84

HSCT	and,	152
Human	ligands,	systematic	names	for,	51t
Human	‘nude’	phenotype	(FOXN1	defect),	83
Human	resource	supplementation,	of	school	health	

team,	331
Humanized	monoclonal	anti-IgE,	435–436
Humira®,	162–163
Humoral	immune	responses,	in	intestine,	369–370,	

369f
Humoral	immunity,	evaluation	of,	67
Humoral	immunodeficiency,	71

classification	of,	72t
HUS.	see	Hemolytic	uremic	syndrome	(HUS)
Hydration,	448–449
Hydrolyzed	formulas,	384–385,	392,	416
Hydroxychloroquine,	for	malaria,	116
Hygiene,	5–6
Hygiene	hypothesis,	12,	258
Hymenoptera,	174,	513,	514f

venom	allergens	of,	516t
venom	immunotherapy,	206

Hyper	IgD	syndrome	(HIDS),	137
Hyper-IgE	syndrome	(HIES;	Job’s	syndrome),	65t,	

110,	110t
Hyper-IgM	syndrome	(HIGM),	34,	74–75,	88
‘Hyper-IgM	syndrome	type	3’	(HIM3),	74–75
Hypersensitivity	lung	disease,	chronic	cough,	247
Hypersensitivity	pneumonitis,	serum	markers	of,	

174
Hypersensitivity	response,	immediate	(type	1),	167,	

168b
diagnosis	of,	168–174,	170b

Hypertension,	systemic	lupus	erythematosus	and,	
119

‘Hypoallergenic’	pets,	194
Hypocomplementemia,	97
Hypogammaglobulinemia

IVIG	therapy	for,	144
in	WHIM	syndrome,	102

Hypoxemia,	exercise-induced	asthma	and,	339

I
Icatibant

for	angioedema,	97
for	hereditary	angioedema,	465

Idiopathic	thrombocytopenic	purpura	(ITP),	
147–148

Iε	promoter,	32
IgG	subclass	deficiency	(IGGSD),	73–74
IL-7Rα	deficiency,	82
IL-21	receptor	(IL-21R)	deficiency,	84
IL-33,	26,	29f
IL1RL1,	29f
IL2RG,	80–82
IL13,	25,	29f
Ilaris®,	163
Immediate	(type	1)	hypersensitivity	response,	167,	

168b
diagnosis	of,	168–174,	170b

clinical	history	in,	169
IgE	antibody	confirmatory	tests	in,	171–173
laboratory	methods	for,	169–171,	170b
variables	that	influence,	172b

management	of,	174–175,	175b
Immediate-phase	response	(IPR),	252f
Immune	complexes

complement	system	and,	90–91
ocular	inflammation,	483t

Immune	development,	natural	history	studies	of,	
7–9,	12

Immune	dysregulation,	polyendocrinopathy,	
enteropathy,	X-linked	(IPEX)	syndrome,	125,	
125b,	126f,	414–415

Immune-mediated	neutropenias,	102–104
Immune	modulating	agent,	IVIG	as,	148–151,		

149f
Immune	modulation,	for	anaphylaxis	triggers,	

534–535
Immune	response

in	allergic	contact	dermatitis,	468
in	allergic	rhinitis,	211
atopic,	29f
in	atopic	dermatitis,	438–447
to	common	enzymes,	510
food	allergy	and

IgE-mediated,	371–372,	372b
non-IgE	immune-mediated,	372–373,	372b

IgE	components	of,	31–36,	32b
inflammatory	and	effector	cells	and,	43
to	plant	defense-related	proteins,	509–510
to	rubber	biosynthesis	proteins,	508–509
to	sampled	antigens	in	intestine,	366–367
to	structural	proteins,	510

Immune	system
in	allergic	response,	62b
development	of,	54–62

gastrointestinal	tract	and,	365
maturation	of,	55b
neutrophil	and,	58
postnatal	maturation	of,	60–62

Immune	tolerance,	asthma,	253–254,	258–259
Immuno-osseous	syndromes,	87
Immuno-solid	phase	allergen	chip	(ISAC),	171
Immunoassays,	food	allergy	and,	374
Immunodeficiency

diagnosis	of,	224
IVIG	treatment	for,	150–151
laboratory	tests	for,	66,	67t
primary

hematopoietic	stem	cell	transplantation	for,	
152

immunoglobulin	replacement	therapy	in,	
143–148,	151b

recurrent	infections	and,	64,	64b,	65t
T	cell,	80–89

Immunogenicity,	of	biologics,	160–161
Immunoglobulin	A	(IgA)

anaphylactic	reactions	and,	148
celiac	disease	and,	394
in	IPEX	syndrome,	125
mucosal	immunology	and,	370

Immunoglobulin	A	(IgA)	deficiency,	73
Immunoglobulin	D	(IgD),	hyper,	syndrome,	137
Immunoglobulin	E	(IgE),	1

allergen-specific,	8
allergic	rhinitis	and,	210
antibody	confirmatory	tests

using	defined	positive	cut-off	point,	171–173
using	probability	of	clinical	disease,	173–174

atopic	dermatitis	and,	440–441
defining	atopy,	22
disease	mechanism	principles	of,	36–39,	37b
food	allergy	and

atopic	dermatitis,	414
differential	diagnosis	of,	372b
in	infants	and	young	children,	378
oral	immunotherapy,	433

food-specific,	predictive	value	of,	374t
immune	development	and,	57–58
immune	response	components	and,	31–36,		

32b
allergen-specific,	35–36
gene	organization	and,	31–32
isotype	switching,	32–35
receptors,	36

immunotherapy,	203–204
in	IPEX	syndrome,	125,	127b
IVIG	therapy	and,	148
mucosal	immunology	and,	370
natural	history	studies	of,	8
network	of,	39f
ocular	inflammation,	483t
regulation	and	biology	of,	31–40
sites	of,	36
skin	tests	in,	214t
structure	of,	31–32,	32f
type	1	hypersensitivity	and,	167

Immunoglobulin	E	(IgE)-allergen	binding,	183
Immunoglobulin	E	(IgE)	sensitization,	insect	sting	

allergy	and,	518
Immunoglobulin	G	(IgG)

allergen-specific,	204
anaphylaxis	mediated	and,	44–45
food	allergy	and,	376
immunotherapy,	204
IVIG	therapy	and,	148
mucosal	immunology	and,	370

Immunoglobulin	infusions,	for	severe	therapy-
resistant	asthma,	351

Immunoglobulin	M	(IgM),	immune	development	
and,	54–55,	59

Hematopoietic	stem	cell	therapy	(HSCT)	
(Continued)

Immune	system	(Continued)
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Immunoglobulin	replacement	therapy,	143–151
for	antibody	deficiency,	78
in	primary	immunodeficiency,	143–148,	144b

intravenous.	see	Intravenous	immune	serum	
globulin	(IVIG)

principles	of,	151b
subcutaneous,	146–147

Immunoglobulins,	reference	ranges	for,	77t
Immunologic	disorders,	488–492
Immunology,	of	asthmatic	response,	250–261

mechanisms	of	allergic	inflammatory	response,	
250–253,	251f

Immunomodulatory	factors,	in	breast	milk,	384
Immunosuppressants

for	APECED,	124–125
for	IPEX	syndrome,	125
for	severe	therapy-resistant	asthma,	351

Immunotherapy
allergen,	for	atopic	dermatitis,	455
allergen-directed,	430–435,	432t
allergen	extracts	for,	206
allergen	nonspecific,	432t,	435–436
for	allergic	disease,	203–209
allergic	rhinitis,	204–205
antibody	response	and,	204,	205f
asthma,	205–206
epicutaneous,	432t,	434–435
for	eye	diseases,	496
future	approaches	to,	432t,	436
mechanism	of	action,	204
modified	or	recombinant	allergen,	435
novel,	435
oral,	430–433,	432t
for	oral	allergy	syndrome,	412
otitis	media,	226
practical	considerations	in,	206–208
as	prevention,	209
principles	of,	203–204,	208b–209b
sublingual,	432t,	433–434
venom,	206

optimizing,	174
Impaired	NF-κB	activation,	T	cell	defects	with,	84
In	vivo	testing

for	allergic	disease,	167
for	immunoglobulin	E-mediated	sensitivity,	

177–184
Indoor	aeroallergens,	174,	175b
Indoor	air	pollution,	201
Indoor	allergens,	191–195,	306

clinical	significance	of,	192–194
structure	and	function	of,	192b

Indoor	environmental	exposures,	305–306
Induced	pluripotent	stem	cells	(iPS),	158–159
Inducible	urticaria,	460–461
Inducing	tolerance,	immunotherapy,	208
Infancy,	virus-induced	wheezing	in,	280
Infant	feeding,	384–386
Infant	microbiome,	modulation	of,	387–389
Infantile	colic,	379,	381,	407
Infections

allergic	diseases	and,	5–6,	9,	11–12
asthma,	in	older	children,	313
autoimmune	neutropenia	and,	104
chronic	cough,	242–245
complement	deficiency	diseases	and,	90,	95–96
following	hematopoietic	stem	cell	therapy,	152
immune	development	and,	54–58
neutrophil	disorders	and,	101
recurrent,	64

IVIG	therapy	for,	144
in	WHIM	syndrome,	102
white	blood	cell	defects	and,	103t

Infectious	agents,	atopic	dermatitis	and,	452–453,	
452f

Infectious	complications,	of	IVIG	therapy,	148
Infectious	diseases,	prevention	of,	96

Inflammation,	112–113
airway,	assessment	of,	in	severe	therapy-resistant	

asthma,	349
asthma,	250

measurement	of,	288
atopic,	29f
immunoglobulin	E	and,	31

CD23	function,	39
FcεRI	signaling,	38

systemic,	assessing,	113–114
Inflammatory	and	effector	cells/cell	migration,	

41–53
Inflammatory	bowel	disease	(IBD),	chronic	

granulomatous	disease	and,	105–106
Inflammatory	cells

asthma,	267
effects	on,	204
infiltration	of,	442–443

Inflammatory	dendritic	epidermal	cells	(IDECs),	441
Inflammatory	disorders,	IVIG	in,	148–151,	149f
Inflammatory	response,	irritant	contact	dermatitis	

and,	468
Infliximab	(Remicade®),	164
Influenza	immunization,	298
Information	technology	infrastructure,	for	asthma	

management,	331–332
Inhalant	allergens,	316–317

elimination/reduction	of,	15
Inhaled	corticosteroids

for	acute	wheezing	exacerbations,	281–282
adherence,	354
chronic	cough,	248
for	exercise-induced	asthma,	340
fine	particle,	for	severe,	therapy-resistant	asthma,	

350
high	dose,	for	severe,	therapy-resistant	asthma,	

350
for	infants	and	young	children,	294–295
in	older	children,	323

Inhaler	devices,	use	of,	in	refractory	asthma,	
346–347

Inheritance,	genetics	and,	19
Innate	immunity

atopic	dermatitis	and,	440
defects	of,	101–111

therapeutic	principles	for,	111b
disorders	of,	71
effects	of	immunoglobulin	on,	150
in	neonates,	58–59
otitis	media,	221

Innate	lymphoid	cells,	48,	48f
Innate	lymphoid	cells	type	2	(ILC2),	asthma,	257
Inner	city	asthma,	3,	199

interventions	for,	306–309
emergency	department,	307
environmental,	308
multifactorial,	308–309
provider	targeted,	307–308
school-based,	307
technology-based,	308
therapy,	306,	307f

management	of,	303–304
strategies	to	reduce	mortality	and	morbidity,	

303–310,	304f,	304t
access	to	care,	305
adherence,	304–305,	305b
indoor	environmental	exposures,	305–306
knowledge	and	patterns	of,	304
obesity,	306
outdoor	environmental	exposures,	306
psychosocial	factors,	305

Insect	sting	allergy,	513–523
acute	reactions

prevention	of,	520–523,	520b
therapy	for,	520

anaphylaxis	and,	14

biting	insects,	513
development	of,	517
epidemiology	of,	517
etiology	of,	517
IgE	sensitization	and,	518
introduction,	513
large	local	reactions,	517

natural	history	of,	518
therapy	for,	520

natural	history	of,	518–519
of	insect	sting	anaphylaxis,	518

reactions	to
classification	of,	517–518
normal,	517
severity	of,	518–519

stinging	insects,	513–515,	514f
Apidae,	515
Formicids,	515
Vespidae,	514–515,	514t

systemic	reactions,	518
therapy	for,	520
toxic	reactions,	517–518
unusual	reactions,	518
venom	in,	515–517,	516t

cross-reactivity	of,	517
venom-specific	IgE,	diagnosis	and	detection	of,	

519–520
history	of,	519,	519b
sting	challenge	tests	for,	520
tryptase	for,	520
venom	skin	tests	in,	519
in	vitro	measurement	of,	519

Insect	sting-induced	anaphylaxis,	535
Interferon-α/β,	442
Interferon-γ	(IFN-γ)

allergic	disease	and,	9,	12
asthma,	253
atopic	dermatitis	and,	440–441,	456
immune	development	and,	7–8,	55–58

Interleukin-1	receptor	antagonist,	137,	459
deficiency	of,	139

Interleukin-2	(IL-2),	signaling	defects	in,	127–128,	
127f

Interleukin-3	(IL-3),	44
Interleukin-4	(IL-4)

allergen-specific	T	cell	responses	and,	35
asthma,	251
atopic	dermatitis	and,	440–441
IgE	and,	32–33
immune	development	and,	57,	59
mucosal	immunology	and,	367
non-T	cell	sources	of,	36

Interleukin-5	(IL-5)
asthma,	251
atopic	dermatitis	and,	440–441
immune	development	and,	57–58

Interleukin-6	(IL-6),	58
asthma,	254

Interleukin-7	(IL-7),	immune	development	and,	56
Interleukin-9	(IL-9),	asthma,	255
Interleukin-10	(IL-10)

immune	development	and,	55,	57–58
mucosal	immunology	and,	367–368

Interleukin-12	(IL-12)
atopic	dermatitis	and,	441
immune	development	and,	57–58

Interleukin-13	(IL-13)
asthma,	251–252
atopic	dermatitis	and,	440–441
IgE	and,	32–33
non-T	cell	sources	of,	36
polymorphisms	and,	25

Interleukin-17	(IL-17),	58
asthma,	253
contact	dermatitis,	469

Insect	sting	allergy	(Continued)
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Interleukin-18	(IL-18),	58–59
Interleukin-21	(IL-21),	32,	57–58
Interleukin-23	(IL-23)

asthma,	254–255
immune	development	and,	58
Th17	cells,	254–255

Interleukin-25	(IL-25;	IL17E),	255–256
Interleukin-31	(IL-31),	442–443
Interleukin-33	(IL-33),	26,	29f

asthma,	256
Interleukin-36	receptor	antagonist,	deficiency	of,	

141
International	Study	of	Asthma	and	Allergy	in	

Childhood	(ISAAC),	1–2,	3f,	11
Interstitial	lung	disease	(ILD),	272
Intracutaneous	test,	180–181
Intradermal	testing,	180
Intraepithelial	lymphocytes	(IELs),	365,	366f
Intranasal	corticosteroid	sprays,	216–217,	216t
Intravenous	immune	serum	globulin	(IVIG)

administration	of,	146–147
antibodies	in,	half-life	of,	144
for	atopic	dermatitis,	455–456
in	autoimmune	or	inflammatory	disorders,	

148–151,	149f
dosage	for,	144–146
preparation	of,	143–144,	144b,	145t
principles	of,	151b
for	rheumatologic	diseases,	115–116
for	SCID,	86
SCIG	versus,	146
side-effects	of,	147–148,	147b

anaphylactic	reactions,	148
hemolytic	adverse	reactions,	148
infectious	complications,	148
rate-related	adverse	reactions,	147
renal	adverse	effects,	147–148
thromboembolic	events,	148

IPEX	syndrome,	125,	125b,	126f,	414–415
Ipratropium	bromide,	allergic	rhinitis	and,	217
IRAKM,	29f
Irritable	bowel	syndrome	(IBS),	381
Irritant	contact	dermatitis,	467–468,	470,	470f
Irritants,	environmental,	refractory	asthma	and,	

347
Isohemagglutinins,	75–76
Isolated	lymphoid	follicles	(ILFs),	365,	366f

J
JAK-3	deficiency,	82
JIA.	see	Juvenile	idiopathic	arthritis	(JIA)
Job’s	syndrome.	see	Hyper-IgE	syndrome
Joggers,	contact	dermatitis	in,	479
Juvenile	dermatomyositis,	121–122,	122f
Juvenile	idiopathic	arthritis	(JIA),	116–118

laboratory	assessment	of,	117–118
prognosis	of,	118
systemic	onset,	117
treatment	of,	118

Juvenile	myelomonocytic	leukemia	(JMML),	131
Juvenile	rheumatoid	arthritis,	489

K
Kaiser	San	Diego	study,	7,	11
Kalbitor®,	163–164
Kawasaki’s	disease,	488–489

IVIG	therapy	on,	150–151
Keratinocytes

apoptosis	of,	468
atopic	dermatitis,	441,	443

Keratitis,	486t
Ketorolac	tromethamine,	495
Ketotifen,	494,	494t

asthma	and,	300

Killer	bees,	515
Kineret®,	163
Kiwi	allergy,	sublingual	immunotherapy	for,	433

L
LABAs.	see	Long-acting	β-agonists	(LABAs)
Laboratory	assessment

of	juvenile	idiopathic	arthritis,	117–118
of	systemic	lupus	erythematosus,	120–121

Laboratory	diagnosis,	of	human	allergic	disease,	
167–176

Laboratory	evaluation
asthma,	in	older	children,	315
of	neutrophil	disorder,	101,	103t

Laboratory	investigation,	for	allergic	disease,	food	
allergy,	415–416

Laboratory	studies,	for	allergic	diseases,	food	
allergy,	373–376

Laboratory	tests
for	allergic	disease,	food	allergy,	381,	395f
for	recurrent	infections,	66–69

Lactobacilli,	388–389
Lactose	intolerance,	373,	380–381
Langerhans	cells,	allergic	contact	dermatitis	and,	

468
‘Late-onset	wheezers’,	285–286
Late-phase	asthmatic	response	(LAR),	41,	42f,	44
Late-phase	response	(LPR),	immunoglobulin	E	

and,	38
Lateral	flow	test,	point-of-care	IgE	antibody,	171
Latex	allergy,	169,	505–512

allergens	in,	508,	509t
functional	properties	of,	508–510
immunologic	properties	of,	508

clinical	manifestations	of,	505–507,	506f
concurrent,	fruit	allergy	and,	507,	507t
diabetes	and,	507
diagnosis	of,	510–511,	511f
in	general	population,	506–507
in	healthcare	workers,	506
and	latex	collection,	508
latex	product	manufacturing	and,	508
and	latex	production,	507–508
in	patients	with	urologic	or	neurologic	defects,	

506
prevention	and	treatment	of,	512
skin	testing	for,	510
spina	bifida	and,	505–506
in	surgery,	506
in	vitro	testing	for,	510–511
in	vivo	provocation	testing	for,	511

Latex	esterase	(Hev	b	13),	510
Latex-fruit	syndrome,	410t,	411
Leg	dermatitis,	472
Lentiviral	vectors,	for	gene	therapy,	157
Leukocoria,	486t
Leukocyte	adhesion	deficiency

type	1	(LAD1),	107–108,	107t,	108f
type	2	(LAD2),	108
type	3	(LAD3),	108

Leukocytes
allergic	inflammation	and,	41
antiviral	immune	responses	of,	279
chemokine	regulation	of,	51–52
migration	of,	49,	49f
recruitment	of,	48–51
trafficking	of,	49b

Leukotriene	biosynthetic	pathway,	27
Leukotriene	modifiers,	in	older	children,	323–324
Leukotriene	modifying	agents,	for	asthma,	296
Leukotriene	receptor	antagonists	(LTRAs)

allergic	rhinitis	and,	217
for	asthma,	exercise-induced,	340
for	eosinophilic	esophagitis,	403
for	eosinophilic	gastroenteritis,	405

Leukotrienes	modifiers,	role	in	virus-induced	
wheezing,	282

Ligase	IV	(LIG4)	deficiency,	87
Limbal	conjunctivitis,	487,	487f
Linkage	analysis,	genetics,	20
Linkage	disequilibrium	(LD),	25
Lipid	transfer	protein	(Hev	b	12),	510
Lipid	transfer	protein	syndrome,	410,	410t
Lipocalin,	169b
Listening

focusing	on,	356–357
reflective,	356,	357t

Liver,	immune	development	of,	54
Liver	abscesses,	chronic	granulomatous	disease	

and,	105
Local	allergy,	skin	tests	for,	182–183
Localized	heat	urticaria,	461t
Lodoxamide,	495
Long-acting	β-agonists	(LABAs)

for	exercise-induced	asthma,	340–341
inhaled,	in	infants	and	young	children,	296–297
in	older	children,	324

Loratadine,	465t
Loteprednol,	496
Louis-Bar’s	syndrome,	491,	491f
LTRAs.	see	Leukotriene	receptor	antagonists	

(LTRAs)
Lubrication,	for	eye	diseases,	493
‘Lucky	Luke’	contact	dermatitis,	472
Lung,	cell	trafficking,	257
Lung	clearance	index	(LCI),	272
Lung	disease,	hypersensitivity,	247
Lung	function

assessments	of,	asthma,	272–274
asthma	and,	9–10

exercise-induced,	340
Lung	volumes,	270
Lupus	nephritis,	119
Lyell’s	syndrome,	150
Lymphocytes,	47

apoptosis	pathways	of,	130f
immune	development	and,	55
mucosal	immunology	and,	368

Lymphocytosis,	granular,	102

M
Macrolide	antibiotics,	for	severe	therapy-resistant	

asthma,	350–351
Macrolides,	allergy	to,	502–503
Macrophage	colony-stimulating	factor	(M-CSF),	

45
Macrophages,	41,	45

immune	development	and,	55
IVIG	effects	on,	149
mucosal	immunology	and,	368,	368f

Majeed	syndrome,	135t,	139
Major	basic	protein	(MBP),	41–42
Major	histocompatibility	complex	(MHC)

C4	and,	92
immunodeficiencies	of,	83–84

Malaria,	immune	development	and,	57–58
Malassezia sympodialis,	453
Malnutrition,	complement	deficiency	and,	98
Manganese	superoxide	dismutase	(Hev	b	10),	510
Mannan	binding	lectin	(MBL),	deficiency	of,	94
Mannan	binding	lectin	associated	serine	protease	2	

(MASP2),	deficiency	of,	94
Mannitol,	for	exercise-induced	asthma,	340
MASP2.	see	Mannan	binding	lectin	associated	

serine	protease	2	(MASP2)
Mast	cell,	immunotherapy,	204
Mast	cell	chymase,	439–440
Mast	cell	stabilizers

allergic	rhinitis	and,	217
for	eye	diseases,	495
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Mast	cell	stabilizing	agents	(MCSAs),	for	
exercise-induced	asthma,	341

Mast	cell	tryptase,	174
Mast	cells,	43–44,	43f,	44b

activation	of,	36–39
allergic	rhinitis	and,	211
asthma,	256
atopic	dermatitis	and,	415,	441
degranulation	of,	458
immediate	hypersensitivity	response	and,	167
immunoglobulin	E	and,	31,	36
IVIG	effects	on,	149
ocular	inflammation,	483t
oral	immunotherapy	and,	433
otitis	media,	221
urticaria/angioedema	and,	458

Mastocytosis,	460–461
Matched	unrelated	donor	(MUD),	153
Maternal	allergy,	58
Maternal	microbiome,	modulation	of,	387–389
Maternal	T	cell	engraftment,	SCID	and,	85
Matrix	metalloproteinases	(MMPs),	257
Maxwell-Lyon’s	sign,	488
MBL.	see	Mannan	binding	lectin	(MBL)
Mediastinal	masses,	245
Mediator	release,	IgE	production	and,	167
Mediators,	in	antiviral	immune	responses,	279
Medications

alternative	and/or	adjunct,	asthma,	295–297
issues	related	to	delivery	of,	infants	and	young	

children,	297–298
MEFV	gene,	136
Membrane	attack	complex	(MAC),	deposition	of,	

150
Membrane	cofactor	protein	(CD46)	deficiency,		

96
Membranoproliferative	glomerulonephritis,	93
Membranous	(microfold/M)	cells,	365–366,		

366f
Meningococcal	disease,	complement	deficiency	

and,	90,	96
Mesenteric	lymph	nodes	(MLNs),	365,	366f,	368
Metabolic	acidosis,	asthma,	271
Methicillin-resistant	Staphylococcus aureus,	452
Methotrexate,	for	juvenile	idiopathic	arthritis,		

118
Methylprednisolone,	for	eosinophilic	esophagitis,	

403
Mevalonate	kinase	deficiency	(MKD),	134t,	137
Mevalonic	aciduria,	137
MHC-bound	processed	peptides,	Th	differentiation	

and,	35
Microbial	exposures,	6,	12
Microbial	products,	phenotype	of,	35–36
Microbial	regulation,	of	mucosal	immunity,	

368–369
Microbicidal	disorders,	of	neutrophil,	102b
Micronutrients,	425
Milk	allergy,	425–426,	426t–427t

atopic	dermatitis	and,	415b,	419t
breastfeeding	and,	384
food	labeling,	422
gastrointestinal	symptoms	of,	eosinophilic	

proctocolitis,	405
growth	and,	423
lactose	intolerance	and,	373,	380
micronutrients	and,	425
natural	history	of,	390,	418–419
sublingual	immunotherapy	for,	434

Milk	protein	allergy
gastrointestinal	symptoms	of,	379t
in	infants,	379t

Mixed	dialkyl	thioureas	(MDTU),	477
Modified	allergen	immunotherapy,	435
Modified	version	of	the	API	(mAPI),	286
Moisturizers,	for	atopic	dermatitis,	448

Mold
allergens,	environmental	control	of,	200–201,	

201b
evaluation	of,	in	indoor	environments,	175

Molecular	diagnostics,	69
Monoclonal	antibody,	161,	162t
Mononuclear	phagocytes	(MPCs),	59
Montelukast

allergic	rhinitis	and,	217
for	eosinophilic	esophagitis,	403
for	eosinophilic	gastroenteritis,	405
skin	test	reactions	and,	179

Mosquito	bites,	513
Motility	disorders,	of	neutrophil,	102b
Motivational	interviewing,	356–357,	357t
Mouse	allergen,	194
Mouse	ligands,	systematic	names	for,	51t
Muckle-Wells	syndrome	(MWS),	134t,	138,	459
Mucocutaneous	candidiasis,	110,	124
Mucosal	immunology,	365–370
Mucosal	mast	cell	(MMC),	44
Multi-allergen	IgE	antibody	screening	assays,	173
Multidisciplinary	care,	for	atopic	dermatitis,	455
Multifactorial	interventions,	for	inner	city	asthma,	

308–309
Multiple	drug	hypersensitivity	syndrome,	504
Multiple	gene	defects,	69
Multiple-headed	skin	test	devices,	181–182,	182f
Multiple	intestinal	atresias,	combined	

immunodeficiency	with,	87
Multiplex	array	for	indoor	allergens	(MARIA),		

195
Münchhausen’s	syndrome	by	proxy,	381
Muromonab-CD3,	160–161
Muscle	pain,	familial	Mediterranean	fever	and,	136
MYB,	29f
Mycobacteria,	environmental,	syndromes	with	

susceptibility	to,	108–110,	109f
Mycobacterium tuberculosis,	244–245
Mycophenolate	mofetil	(MMF)

for	atopic	dermatitis,	454
for	systemic	lupus	erythematosus,	121

Mycoplasma pneumoniae	infections,	243
Myelocytes,	41–48
Myeloid	dendritic	cells	(mDC),	442
Myeloid	disorders,	qualitative,	101
Myelokathexis,	in	WHIM	syndrome,	102
Myeloperoxidase	deficiency,	107
Myxovirus	resistance	protein	A	(MXA),	58

N
NACDG.	see	North	American	Contact	Dermatitis	

Group	(NACDG)
NADPH	oxidase,	105
Nail	cosmetics,	479
‘Naked	plasmid’	DNA,	496
NALP3	inflammasome,	139,	140f
Nanotechnology,	for	food	allergy,	436
Nasal	allergen	challenges,	177,	183–184
Nasal	polyps	on	rhinoscopy,	213f
Nasal	products,	combination,	allergic	rhinitis	and,	

217
National	Asthma	Education	and	Prevention	

Program	(NAEPP)	Expert	Panel	Report	3	
(EPR-3),	195,	195b

guidelines,	289–290,	292f
National	Heart	Lung	and	Blood	Institute	(NHLBI),	

262
Natural	history

of	allergic	diseases,	7–17,	389–390,	418–419,	
419b

of	asthma,	313–314
Natural	killer	(NK)	cells,	48

asthma,	256–257
IL-4	sources,	36

immune	development	and,	55,	58–59
immunodeficiencies,	combined,	84

Natural	killer	T	(NKT)	cells,	48
asthma,	256
IL-4	sources,	36

Natural	moisturizing	factor	(NMF),	448
Neck,	flexural	areas	of,	471–472
Nedocromil,	495

for	asthma,	in	older	children,	324–325
Neisserial	infections,	complement	deficiency	and,	

90,	95–96
NEMO	mutations,	109
Neonatal	Fc	receptor	(FcRn),	149
Neonatal	onset	multisystem	inflammatory	disease	

(NOMID),	134t,	138,	459
Nephelometry,	for	complement	deficiency,	98
Nephrotic	syndrome,	complement	deficiencies	in,	97
Neuroinflammatory	mechanisms,	in	viral	

respiratory	infections,	279
Neuropsychiatric	involvement,	in	systemic	lupus	

erythematosus,	120
Neutropenia,	78,	101

alloimmune	neonatal,	102–103
causes	of,	102b
cyclic,	102
immune-mediated,	102–104
severe	congenital,	101–102

Neutrophil	disorders,	101,	102b
therapeutic	principles	for,	111b

Neutrophil	elastase	2	(ELA2),	101
Neutrophil-specific	granule	deficiency,	104–105
Neutrophilia,	101

causes	of,	102b
Neutrophils,	41,	45–46

asthma,	253,	256
immune	development	and,	58–59

Newborn,	complement	deficiencies	in,	97
NF-κB	nuclear-binding	activities,	IgE	isotype	

switching	and,	32
NHLBI.	see	National	Heart	Lung	and	Blood	

Institute	(NHLBI)
Nickel,	as	allergen,	477
Nijmegen	breakage	syndrome	(NBS),	87
Nitrogen	dioxide,	305–306
NLRP12-associated	autoinflammatory	disorder,	

134t,	138
NOD2	(CARD15),	139
Non-β-lactam	antibiotics,	allergy	to,	502–503
Non-specific	lipid	transfer	proteins,	169b
Nonenteral	infections,	food	allergy	and,	380
Nonsteroidal	antiinflammatory	drugs	(NSAIDs)

allergy	to,	503
for	eosinophilic	gastroenteritis,	405
for	eye	diseases,	495
for	juvenile	idiopathic	arthritis,	118
urticaria/angioedema	and,	462

Normal	immunoglobulins,	antibody	deficiency	
with,	74

North	American	Contact	Dermatitis	Group	
(NACDG),	474

Novel	therapeutic	targets,	for	autoimmune	
diseases,	116

NSAIDs.	see	Nonsteroidal	antiinflammatory	drugs	
(NSAIDs)

Nucleoside	phosphorylase	deficiency,	83
Nutrition,	4–5,	423–425

complement	deficiency	and,	98

O
OAS.	see	Oral	allergy	syndrome	(OAS)
Obesity,	5

asthma	and,	306
in	older	children,	313,	319

refractory	childhood	asthma	and,	345

Natural	killer	(NK)	cells	(Continued)
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OIT.	see	Oral	immunotherapy	(OIT)
Older	children,	asthma	in,	311–328

differential	diagnosis	of,	314
epidemiology	and	etiology	of,	311–313
evaluation	of,	314–316,	315f
factors	influencing,	311–313,	312t
factors	which	increase	severity	of	disease,	

evaluation	and	management	of,	316–319
morbidity	and	mortality,	314
natural	history	of,	313–314
persistence	and	progression	into	adulthood,		

313
prevalence	of,	311
treatment	of,	321

Oligoarticular	arthritis,	117
Olopatadine,	494
OM-85	BV,	300
Omalizumab	(Xolair®),	164,	435–436

for	asthma,	in	older	children,	325
for	atopic	dermatitis,	456
for	severe,	therapy-resistant	asthma,	350
skin	test	reactions	and,	179
for	urticaria/angioedema,	464–465

Omenn	syndrome,	82–83,	82f
Open-ended	questions,	356
ORAI1,	84
Oral	allergy	syndrome	(OAS),	378,	409–413

characteristics	of,	412b
clinical	manifestations	of,	411t
diagnosis	of,	411,	412b
epidemiology	of,	409
immunotherapy	for,	412
management	of,	412,	412b
molecular	basis	of,	409–410
pathogenesis	of,	409–410

Oral	corticosteroids,	for	acute	exacerbations	of	
asthma,	in	young	children,	280–281

Oral	immunotherapy	(OIT),	430–433,	432t
food,	534–535

Oral	mucous	membranes,	contact	allergy	of,		
471

Oral	prednisolone,	for	severe,	therapy-resistant	
asthma,	350

Oral	tolerance,	success	of,	384
Orchitis,	familial	Mediterranean	fever	and,	136
Orencia®,	162
Organic	dust	antigens,	174
ORMDL3,	23,	29f
Osmotic	hypothesis,	exercise-induced	asthma,		

337
Otitis	media,	219–227,	227b

acute,	221–222,	222t,	224–226,	225f
chronic,	with	effusion,	222–223,	223f–224f
classification	of,	220b
definitions	of,	219
diagnosis	of,	222–224
diagnostic	techniques	in,	223–224
with	effusion,	221–222,	226

mediators	of	allergy,	222
epidemiology	of,	219–220
etiology	of,	221–222
mediators	of	allergy	and,	222
pathogenesis	of,	221
pathophysiology	of,	220–221
recurrent,	63
risk	factors	for,	220b
structure	and	function	of,	220
treatment	of,	224–226

Otoscopy,	pneumatic,	224
Outdoor	aeroallergens,	173
Outdoor	allergens,	185–190

climate	change	on,	190
environmental	control,	201
meteorological	variables	in,	189–190
sampling,	187,	188f
sources	and	types,	186t

Outdoor	environmental	exposures,	306
Overweight	children

asthma,	313
definition	of,	424

Oxidative	metabolism,	defects	of,	105–110
Oximetry,	273
Oxygen	tension,	asthma,	270–271,	270f

P
P. jirovecii	pneumonia	(PJP),	86
p-Phenylenediamine	(PPD),	467
p56lck	deficiency,	83
Package	label,	of	food,	422
PAL.	see	Persistent	airflow	limitation	(PAL)
Palivizumab	(Synagis®),	164
Panuveitis,	489
Papillae,	486t
Paranasal	sinuses,	computed	tomography	of,		

229f
Parental	supervision,	refractory	asthma,	346
Paroxysmal	nocturnal	hemoglobinuria	(PNH),	

complement	deficiency	and,	98
Particulate	matter	(PM),	305
‘Partly	controlled’	asthma,	290–291
Partnership,	356,	357b
Parvalbumin,	169b
Patatin-like	protein	(Hev	b	7),	509
Patch	testing,	414,	504

in	contact	dermatitis,	473–477,	473t
appropriate	subjects	to	test	on,	selection	of,	

473
procedure	for,	474–476
recommendations	for,	476t
relevance	of,	476t

Pathogen-associated	molecular	patterns	(PAMPs),	
112,	255

Pathogenesis	related	protein	(PR10	family),	168,	
169b

Patient	behavior,	strategies	to	change,	355
Patient-centered	care,	355–357,	356b
Pattern	recognition	receptors	(PRRs)

asthma,	255
atopic	dermatitis	and,	440

Pauciarthritis,	117
Peak	flow	meters,	269
Peanut,	food	labeling,	422
Peanut	allergy,	428

atopic	dermatitis	and,	415b,	419t
natural	history	of,	390,	418–419
prevalence	of,	386
sublingual	immunotherapy	for,	434

Pediatric	granulomatous	arthritis,	139
Pemirolast,	495
Percutaneous	test

devices	for,	181–182,	182f
diagnostic	usefulness	of,	180

Perennial	allergic	conjunctivitis,	487–488
Perennial	allergic	rhinitis,	212
Pericarditis,	systemic	lupus	erythematosus	and,	120
Periodic	fevers,	aphthous	stomatitis,	pharyngitis	

and	adenitis	(PFAPA),	135t,	137,	140
Periodicity,	autoinflammatory	disorders	and,	133
Perioral	dermatitis,	471
Peripheral	blood	smear,	examination	of,	66–67
Persistent	airflow	limitation	(PAL)

assessment	of,	349–350
bronchodilator	responsiveness,	346

‘Persistent	wheezers’,	285–286
Personal	hygiene	product,	478
Pertussis,	243
Pet	allergens,	193–194

clinical	significance	of,	193–194
Pet	ownership,	12–13
Peyer’s	patches	(PPs),	365,	366f
pH,	arterial	values	of,	271

Phagocytic	cells,	evaluation	of,	68–69
Phagocytosis	disorders,	102b
Pharmacogenetics,	27
PHF11,	29f
Phlyctenules,	486t,	490
Phototherapy,	for	atopic	dermatitis,	453
Phox	proteins,	105
Phthirus pubis,	490
Physical	activity,	asthma	and,	330
Physical	examination,	asthma,	in	older	children,	

315
Physical	methods,	for	severe,	therapy-resistant	

asthma,	351
Phytodermatoses,	478
PI3K-δ	mutations,	immunodeficiency	due	to,	84
Pimecrolimus	cream,	450–451
Placebo	effect,	203
Plant	dermatitis,	478
Plasmacytoid	dendritic	cells	(PDCs),	254,		

442–443
Plasmapheresis,	for	rheumatologic	diseases,	

115–116
Pleuritis,	familial	Mediterranean	fever	and,	136
Pluripotent	stem	cells,	induced,	158–159
Pneumatic	otoscopy,	224
Pneumonia

asthma,	245
recurrent,	63

hyper-IgE	syndrome	and,	110
Pneumonitis,	hypersensitivity,	174
Point	of	maximal	inspiration,	269f
Polistes	allergens,	174,	515f
Pollen,	168,	185

climate	change	in,	190
extracts,	skin	test	reactions	to,	179
representative,	187–189,	189f

Pollen-food	allergy	syndrome,	372
Pollen-food	associations,	410–411,	410t
Pollution,	air,	indoor,	201
Polyarthritis,	117
Polymeric	Ig	receptor	(pIgR),	mucosal	

immunology	and,	370
Polysaccharide	antibody,	75–76
Polyunsaturated	fatty	acids	(PUFA),	386–387
Positional	cloning,	gene	identification	and,	21–22
Postnasal	drip,	245
Prebiotics,	388–389
Precipitin	assays,	174
Prednisolone,	oral,	for	severe,	therapy-resistant	

asthma,	350
Prednisone

for	atopic	dermatitis,	453–454
for	chronic	granulomatous	disease,	105–106
for	systemic	lupus	erythematosus,	121

Pregnancy
allergy-protective	influences,	13
allergy	risk	factors,	4
immune	development	and,	54–55,	57

Preschool	children,	virus-induced	wheezing	in,		
280

Preservatives,	allergy	to,	478,	479t
Pressure	equalization	(PE)	tubes,	226
Pressurized	metered	dose	inhaler	(pMDI),		

297–298
Prevention,	immunotherapy	as,	209
Prick	skin	test,	177–178,	180
Primary	autoimmune	neutropenia,	104
Primary	ciliary	dyskinesia	(PCD),	65
Primary	Immune	Deficiency	Treatment	

Consortium	(PIDTC),	153
Primary	immunodeficiency,	patterns	of	illness	

associated	with,	66t
Proactive	therapy,	for	atopic	dermatitis,	451
Probiotics,	16,	259,	388

for	atopic	dermatitis,	456
Procalcin,	169b
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Proctocolitis
dietary	protein,	392,	394–396,	396t,	398b
eosinophilic,	405–406

clinical	manifestations	of,	405–406
diagnosis	of,	406
etiology	of,	405
evaluation	of,	406
versus	FPIES,	406t
management	of,	406

food	protein-induced,	378
Profilin,	169b,	409,	510
Prohevein	(Hev	b	6),	509
Properdin	deficiency,	96
Proptosis,	486t
Prostaglandin	E2,	in	inflammatory	response,	113
Protein	contact	dermatitis,	469
Protein	hydrolysate	formula,	394–396,	406
Protein-induced	enterocolitis,	378,	394
Protein-induced	enteropathy,	394
Protein-induced	proctocolitis,	378,	394
Protein	kinase	C	delta	deficiency,	131
Protein	kinase	inhibitors,	for	autoimmune	diseases,	

116
Proteins

antigenic,	after	birth,	384
need	for,	424,	425t

Proteosome	associated	autoinflammatory	
syndromes	(PRAAS),	135t,	141

Provider	targeted	interventions,	for	inner	city	
asthma,	307–308

Pruritus,	control	of,	453
PSTPIP1,	139
Psychogenic	cough,	247
Psychological	factors,	asthma,	in	older	children,	

318
Psychological	reactions,	to	food,	373
Psychosocial	factors,	asthma,	305
Psychosocial	issues,	refractory	asthma	and,	347
Ptosis,	486t
Pulmonary	function

IVIG	in,	144
tests	for	asthma	in	older	children,	314,	316

Pulmonary	inflammation,	role	of	cell	trafficking	
and	migration	in,	257

Puncture	testing,	180
Pyogenic	sterile	arthritis,	pyoderma	gangrenosum	

and	acne	(PAPA),	134t,	139–140
Pyrin	protein,	familial	Mediterranean	fever	and,	

136

Q
Quick	reliever	medications,	for	asthma,	325–326

R
RAC2	gene,	mutations	in,	108
Radioallergosorbent	test	(RAST),	170
Radiographic	imaging,	sinusitis,	232
Radiology,	asthma,	in	older	children,	315–316
RAG1,	82
RAG2,	82
Ragweed-melon-banana	association,	410,	410t
Ragweed	pollen,	204f
RANTES	(regulated	upon	activation	normal	T	

cell-expressed	and	secreted),	52,	222
RAS	associated	autoimmunity	lymphoproliferative	

disorder,	131
Rash

familial	Mediterranean	fever	and,	136
in	juvenile	dermatomyositis,	122,	122f
in	systemic	lupus	erythematosus,	119,	119f
in	systemic	onset	juvenile	idiopathic	arthritis,	

117,	118f
Rat	allergen,	measurement	of,	174–175
Raxibacumab,	164–165

Recent	thymic	emigrants	(RTE),	56
Recombinant	allergen	immunotherapy,	435
Recurrent	infections

approach	to	child	with,	63–70,	69b
clinical	presentation	of,	63–66
definition	of,	63,	64b
laboratory	tests	for,	66–69

Recurrent	respiratory	tract	bacterial	infections,	
differential	diagnosis	of,	75b

Red	fire	ants,	515
venom	of,	allergy	to,	natural	history	of,	519

Reflective	listening,	356,	357t
Refractory	anaphylaxis,	530
Regulatory	T	cells,	asthma,	253–254

different	mechanisms,	259f
Relationship,	building,	355–356,	356b
Renal	failure,	from	IVIG	treatment,	147–148
Repeat	open	application	test	(ROAT),	477
Rescue	therapy,	school	asthma	care	plans	and,		

330
Respiratory	alkalosis,	270–271
Respiratory	diseases

environmental	risk	factors	and,	4
hypersensitivity	pneumonitis,	247

Respiratory	infections
asthma	and,	11–12
chronic	cough	and	after,	242–245
environmental	risk	factors	for,	5
immune	development	and,	57–58
otitis	media,	219

Respiratory	syncytial	virus	(RSV)
allergy	skin	testing	and,	178
asthma	and,	11,	242,	258
chronic	cough,	242

Respiratory	tract,	hereditary	angioedema	in,	95
Respiratory	tract	infections,	autoimmune	

neutropenia	and,	104
Reticular	dysgenesis,	80,	85,	102
Retina,	chronic	granulomatous	disease	and,	106
Retinoic	acid,	367–369
Retroviral	vectors,	for	gene	therapy,	157
Rheumatic	diseases	of	childhood,	therapeutic	

principles	for,	112–123
Rheumatology,	definition	of,	112–123
Rhinitis

asthma	and,	317
causes	of,	212b
defined,	210
infectious,	212

Rhinosinusitis
definition	of,	228
refractory	childhood	asthma	and,	345

Rhinovirus	infection
asthma	and,	11–12,	258
pathogenesis	of,	221

Rilonacept	(Arcalyst®),	138,	165
RNA,	IgE	isotype	switching	and,	32,	33f
Rodent	allergens,	environmental	control	of,	200,	

200b
Rosacea,	ocular,	490
Rotorod	aeroallergen	samplers,	187,	188f
Rubber	chemicals,	as	allergens,	472,	477
Rubber	elongation	factor	(Hev	b	1),	508
Rubber	elongation	factor	(REF)	homolog	(Hev	b	

3),	508–509
Rubber	hydrocarbon,	508
Rural	populations,	2–3

S
Saline,	allergic	rhinitis	and,	217
Salmeterol,	in	infants	and	young	children,	296
Sarcoidosis,	489
Schimke	syndrome,	87
School-based	interventions,	for	inner	city	asthma,	

307

School-centered	programs,	for	asthma,	329–335,	
334b

asthma	care	providers,	in	community,	334,	335t
asthma	friendly	schools,	332–333,	333t
evaluated	strategies,	331
information	technology	infrastructure,	331–332
management	and	treatment

case	management	and	care	coordination,	331
challenges	in	schools,	330
communication	and,	330
cost-effectiveness	of	strategies,	333–334
directly	observed	therapy,	331
physical	activity,	330
self-management	skills,	332

rescue	therapy	and,	330
School	health	team,	human	resource	

supplementation	of,	331
School	visit,	refractory	asthma	and,	347
SCID.	see	Severe	combined	immunodeficiency	

(SCID)
SCIG.	see	Subcutaneous	immunoglobulin	(SCIG)
Scleritis,	486t
Scratch	test,	180
Seasonal	allergic	conjunctivitis,	487
Seasonal	allergic	rhinitis,	212
Second	signals,	for	isotype	switch	recombination,	

34
Secondary	antibody	deficiency,	75
Secondary	autoimmune	neutropenia,	104
Secondary	immunodeficiency,	66
Segregation	analysis,	genetics,	19
Self-management	skills,	for	asthma,	332
Sepsis,	complement	deficiency	and,	97
Serological	tests,	for	human	allergic	disease,	172,	

172b
‘Seropositive’	arthritis,	117
SERPING1	gene,	459
Serum	albumin,	169b
Serum	markers,	of	hypersensitivity	pneumonitis,	

174
Serum	sickness,	complement	deficiency	and,	97
Serum	specific	IgE	levels	(sIgEs),	in	oral	allergy	

syndrome,	411
Severe	Asthma	Research	Program	(SARP),	lessons	

from,	352
Severe	asthma	with	fungal	sensitization	(SAFS),	

345,	346t
criteria	for,	350

Severe	combined	immunodeficiency	(SCID),	
80–86,	81t,	152–154

differential	diagnosis	of,	85,	85b,	85f
evaluation	and	management	of,	85–86
gene	therapy	for,	155–156
genetic	causes	of,	153b
HSCT	for,	153b
infants	with,	153,	154b
reticular	dysgenesis,	80,	85
treatment	of,	86,	86b
X-linked,	156

Severe	congenital	neutropenia	(SCN),	101–102
Sex	differences

allergic	rhinitis,	210
classification	of,	211–212

‘Shared-care	approach’,	289
Shared	decision-making	model,	357–358
Shellfish	allergy

food	labeling,	422
natural	history	of,	390,	418–419

Short-acting	β-agonists	(SABAs)
for	exercise-induced	asthma,	340
pharmacogenetics	and,	27

Sib	pairs	analysis,	genetics	and,	20
Sickle	cell	disease	(SCD),	IVIG	and,	150
Signal	transducer	and	activator	of	transcription	

(STAT),	125–126
Simulect®,	163
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Single-dose	blind	food	challenges,	376
Single-nucleotide	polymorphisms	(SNPs),	20

candidate	gene	studies	and,	24–25,	25f
genome-wide	association	studies,	21

Sinopulmonary	infections,	recurrent,	64
Sinus	development,	228
Sinus	ostia,	anatomic	obstructions	of,	229
Sinusitis,	228–237

adjunctive	medical	therapy	in,	237
adjunctive	surgical	procedures	in,	237
allergic	fungal,	232
allergy	risk	factors	of,	232
antimicrobials	in,	234b
asthma	and,	232,	317
chronic	cough,	238–249
chronic	rhinosinusitis	in	young	children,	232
clinical	definitions	of,	228
complications,	234,	234t

surgery	for,	236–237
and	cystic	fibrosis,	232
differential	diagnosis	and	risk	factors	for,	233b
epidemiology	of,	228–229
etiology	of,	229–232
genetic	risk	factors	of,	232
immune	pathogenesis	of,	231–232
management	of,	232–234
microbial	pathogenesis	of,	229–231
pathogenesis	of,	228
radiographic	imaging	of,	233
recurrent,	63,	228
treatment,	234–237

Skeeter	syndrome,	513
Skin

barrier	function	of,	29f,	439,	448–449
immunopathology,	441–442
juvenile	dermatomyositis	and,	122
systemic	lupus	erythematosus	and,	118–119

Skin	diseases
dermatitis	herpetiformis,	394
IPEX	syndrome,	414–415

Skin	tests,	170–171,	172b,	184b
allergic	rhinitis	and,	214
for	anaphylaxis,	533
asthma	and,	177
bronchial	allergen	challenge	and,	184
delayed	reactions	to,	183
for	drug	allergy,	500

in	children,	500
general	aspects	of,	500

expressing	results	of,	181,	181t
factors	affecting	size	and	prevalence	of	positive,	

177–180
age	as,	177–178
medication	as,	179,	179t
physiologic,	178
quantity	and	quality	of	extracts	as,	179–180
skin	reactivity	as,	178
viral	infections	as,	178

for	food	allergy,	373–374
for	latex	allergy,	510
for	local	allergy,	182–183
methods	of,	180–182
nasal	allergen	challenge	and,	183–184
for	oral	allergy	syndrome,	411
oral	immunotherapy	and,	433
prevalence	of	positive,	177
rhinitis	and,	177
safety	of,	182
special	considerations	for,	182–184
on	venom,	insect	sting	allergy,	519
in	vitro	measurements	of	IgE	and,	183

SLE.	see	Systemic	lupus	erythematosus	(SLE)
Sleep	disordered	breathing,	refractory	childhood	

asthma	and,	345
SMART	regimen,	350

for	severe,	therapy-resistant	asthma,	350

Smoking
environmental	tobacco	smoke	and,	4

asthma	and,	4,	9,	12,	305,	317–318
genetics	and,	25,	28,	29f
otitis	media,	219–220

Socioeconomic	impact,	allergic	rhinitis	and,	211
Socioeconomic	status,	asthma	and,	303

in	older	children,	311
Sodium	hypochlorite,	448,	452
Solar	urticaria,	461t
Soliris®,	164
Soy	formula,	407,	426
Soybean	allergy,	427–428

atopic	dermatitis	and,	419t
food	labeling,	422

Specific	antibody	deficiency	with	normal	
immunoglobulins’	(SADNI),	74

SPINK5	gene,	414–415,	439–440
Spirometry,	268,	316,	346
Spitting	up,	food	allergy	and,	380
Spleen,	483

immune	development	of,	54
Staphylococcus aureus

atopic	dermatitis	and,	444–445,	444f,	452,	
452f

blepharitis	and,	489
STAT-6

allergic	asthma,	252
IgE	isotype	switching	and,	32

STAT1	gain	of	function	(STAT1-GOF)	mutations,	
125–127,	126b

STAT5B	deficiency,	84,	127–128,	128b
Stem	cell	factor	(SCF),	43–44
Stem	cell	therapy,	for	antibody	deficiency,	78
Stem	cells,	gene	therapy	using,	155–159,	155f
‘Step-up,	step-down’	approach,	in	NAEPP	

guidelines,	290
Steroid	responsiveness

assessment	of,	349
domains	and	definition	of,	349t

Steroids
for	eosinophilic	gastroenteritis,	405
pharmacogenetics	and,	27
resistance	to,	27,	255
skin	test	reactions	and,	179
for	systemic	lupus	erythematosus,	121

Still’s	disease,	117
Sting	associated	vasculopathy	with	onset	in	infancy	

(SAVI),	135t,	141
Sting	challenge	tests,	for	venom-specific	IgE,	520
Stinging	insect

immunotherapy,	206
venom	immunotherapy,	206

Storage	proteins,	169b
Stress,	asthma	and,	in	older	children,	312–313
Stressors,	emotional,	atopic	dermatitis	and,	452
Structural	database	of	allergenic	proteins	(SDAP),	

168
Subacute	sinusitis

antibiotics	for,	235t
antimicrobial	therapy	in,	234–236
microbiology	of,	229–230,	230t

Subcutaneous	immunoglobulin	(SCIG),	143
administration	of,	146–147
versus	IVIG,	146
reactions	to,	148

Sublingual	immunotherapy	(SLIT),	203,	206,	
208–209,	432t,	433–434

Subtotal	C6	deficiency	(C6SD),	93
Sulfonamides,	allergy	to,	502
Sulfur	heat	vulcanization,	507
Summary	statements,	356–357
Sunscreens,	479
Superantigens,	staphylococcal,	444
Support	systems,	for	medical	care,	in	asthma,	

362–363

Surgery
latex	allergy	in,	506
sinusitis,	236–237

Sustained	unresponsiveness,	definition	of,	430
Swimmers,	479
Synagis®,	164
Syndrome	complexes,	65–66
Systemic	antihistamines,	for	atopic	dermatitis,		

453
Systemic	autoimmune	disorders,	complement	

deficiency	and,	90–91
Systemic	contact	dermatitis,	472–473,	473t
Systemic	corticosteroids,	for	asthma,	299

in	older	children,	326
Systemic	immunosuppression,	for	rheumatologic	

diseases,	115–116
Systemic	inflammation,	assessing,	113–114
Systemic	lupus	erythematosus	(SLE),	118–121

complement	deficiency	and,	90,	97,	99
diagnosis	of,	119–120,	119b,	119f
laboratory	assessment	of,	120–121
musculoskeletal	symptoms	of,	119
prognosis	of,	121
treatment	of,	121

Systemic	onset	juvenile	idiopathic	arthritis,	117

T
T-	B-	SCID,	82
T	cell	epitopes,	immunotherapy,	208
T	cell	immunodeficiencies,	80–89

adenosine	deaminase,	80,	85
ataxia-telangiectasia,	87
bone	marrow	transplantation,	87
intravenous	immunoglobulins,	86
SCID.	see	Severe	combined	immunodeficiency	

(SCID)
Wiskott-Aldrich	syndrome,	87–88

T	cell	receptor	excision	circles	(TRECs),	56
γδ	T	cell	receptors,	257
T	cell	subsets,	asthma,	253–255
T	cells,	47,	48b

atopic	dermatitis	and,	414–415,	440
autoimmune	lymphoproliferative	syndrome	and,	

128
depletion	of,	in	HSCT,	153b
effector,	in	contact	dermatitis,	469
food	allergy	and,	384

atopic	dermatitis,	414–415
celiac	disease,	394
eosinophilic	esophagitis,	400
mucosal	immunology,	365–367,	366f

functional	phenotype	of,	56–58
γ/δ	type,	48
helper	cell	differentiation,	35,	35f
IgE

allergen-specific	responses,	35–36
isotype	switching	and,	33

immune	development	and,	54,	58–59
immunotherapy	effects	on,	204
modulation	of,	52
recruitment	of,	in	allergic	contact	dermatitis,	

468–469
regulatory

asthma,	253–255,	259f
in	contact	dermatitis,	469

surface	phenotype	of,	56
tolerance,	367

T-helper	1	(Th1)	cells
allergen	specificity	of,	8–9,	35
atopic	dermatitis	and,	440,	442
contact	dermatitis	and,	468
differentiation	of,	35,	46
genetic	predispositions	to,	35
immune	development	of,	7–8
paradigm,	252–253
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T-helper	2	(Th2)	cells
allergen	specificity	of,	8–9,	35
allergic	rhinitis	and,	211
asthma,	250–252

response,	252,	253f
atopic	dermatitis	and,	440,	442
contact	dermatitis	and,	469
differentiation	of,	35,	46
genetic	predisposition	to,	35
immune	development	of,	7–8
paradigm,	252–253

T-helper	3	(Th3)	cells,	367
T-helper	9	(Th9)	cells,	asthma,	255
T-helper	17	(Th17)	cells,	35,	58

asthma,	254–255
atopic	dermatitis	and,	443
role	of,	in	allergic	rhinitis,	211

T-helper	22	(Th22)	cells,	asthma,	255
T-helper	(Th)	cells

differentiation	of,	46
immunotherapy,	204

T	regulatory	cells	(TREG	cells),	35
from	APECED,	124
asthma	and,	258–259
atopic	dermatitis	and,	441
IVIG	on,	150–151

Tacrolimus	ointment,	450–451
Tar	preparations,	for	atopic	dermatitis,	453
TCR	signaling,	defects	of,	83
TCRα	constant	chain	(TRAC)	gene	defect,	83
Tear	film,	483
Technology-based	interventions,	for	inner	city	

asthma,	308
Tennis	players,	479–480
Terbutaline,	subcutaneous	infusions,	for	severe,	

therapy-resistant	asthma,	351
Test	for	Respiratory	and	Asthma	Control	in	Kids	

(TRACK),	292–294
TGF-β,	mucosal	immunology	and,	367–368
Th2-mediated	eosinophilic	inflammation,	231–232
‘The	Creating	Asthma	Friendly	Schools	Resource	

Kit’,	333
Theophylline

for	asthma,	in	older	children,	325
low-dose,	for	severe,	therapy-resistant	asthma,	

350
Therapy,	for	inner	city	asthma,	306,	307f
Therapy-resistant	asthma,	severe,	345–348

annual	assessment	of,	352
characteristics	of,	348t
distinction	between	‘difficult	asthma’	and,	348
genetics,	352
invasive	testing	for,	348–350,	348t

protocol	for,	348–350
monitoring	of,	351–352

benefit,	351
side-effects,	351–352

pathophysiology	of,	352
treatment	for,	350–351

planning	of,	352–353
viral	infections,	response	to,	352
vitamin	D	for,	352

Thermal	hypothesis,	exercise-induced	asthma,	337
Thimerosal,	as	allergen,	477
Thin-layer	rapid	use	epicutaneous	test	(T.R.U.E	

test),	474,	475t
Thioureas,	477
Thommen’s	postulates,	186,	186b
Thrombosis,	IVIG-related,	148
Thymic	medullary	epithelial	cells	(mTEC),	124
Thymic	stromal	lymphopoietin	(TSLP),	256
Thymus

DiGeorge	syndrome	and,	86–87
immune	development	of,	54,	56

Thyroid,	function	of,	urticaria/angioedema	and,	459
Tissue	response	genes,	29f

TNF	receptor-associated	periodic	fever	syndrome	
(TRAPS),	135t,	137

TNF	receptor	family,	IgE	and,	33
TNFRSF1A	gene,	137
Tocilizumab	(Actemra®),	165
Tofacitinib,	for	rheumatoid	arthritis,	116
Tolerance

allergen,	255
definition	of,	430
immune,	asthma,	253–254,	258–259
mucosal	immunology	and,	367–368

Toll-like	receptors	(TLRs)
atopic	dermatitis	and,	440
immune	development	and,	58
mucosal	immunology	and,	369

Topical	calcineurin	inhibitors,	for	allergic	contact	
dermatitis,	480

Topical	corticosteroids
for	contact	dermatitis,	480
for	eye	diseases,	496

Topical	medications,	dermatitis	from,	478
Toxic	epidermal	necrolysis	(TEN),	150
Toxic	reactions,	to	food,	373
Toxicodendron	group,	allergic	plant	dermatitis	and,	

478
Tracheal	stenosis,	246
Tracheobronchomalacia,	245
Traditional	Chinese	medicine,	436
Transient	hypogammaglobulinemia	of	infancy	

(THI),	74
‘Transient	wheezers’,	285–286
Transmission/disequilibrium	test	(TDT),	20–21
Trantas’	dots,	486t,	488
Treatment	plan,	collaboration	on,	357–358
Tree	nut	allergy

atopic	dermatitis	and,	418–419
food	labeling,	422
natural	history	of,	390,	418–419

Tree	pollen,	168,	188–189
Triamcinolone,	intramuscular,	for	severe,	

therapy-resistant	asthma,	350
Trichiasis,	486t
Trichuris suis	egg	therapy,	436
Trimethoprim-sulfamethoxazole

for	chronic	granulomatous	disease,	105
for	SCID,	86

Tropomyosin,	169b
Tryptase

mast	cell,	174,	527
for	venom-specific	IgE,	520

Tucson	Children’s	Respiratory	Study	(CRS),	7,	9,	
11–12

Twin	studies,	19,	22
Tyk2	deficiency,	110
Tympanometry,	224
Tympanostomy	tubes,	226

U
‘Uncontrolled’	asthma,	290–291
Upper	airway	obstruction,	refractory	childhood	

asthma	and,	345
Urban	populations,	2–3
Urinalysis,	for	lupus	nephritis,	120
Urticaria,	458–466

acute,	460
chronic,	460–462
definition	of,	458,	459f
diagnostic	procedures	for,	463,	463b
differential	diagnosis	for,	459–462,	460f
epidemiology	of,	458
etiology	of,	458–459
evaluation	of,	462–463
history	of,	462–463
key	concepts	in,	459b
major	syndromes,	461t

management	of,	462–463
physical	examination	of,	463
treatment	of,	464b

Urticarial	vasculitis,	461–462
USA,	allergens	in,	food	labeling	and,	421t
UVB	therapy,	for	atopic	dermatitis,	453
Uveal	tract,	483
Uveitis,	117,	489

V
Vaccines/vaccinations

allergy	to,	503–504
diagnosis	and	management	of,	504

atopic	dermatitis	and,	453
for	DiGeorge	syndrome,	87
systemic	reaction	to,	management	of,	504

Valacyclovir,	452–453
Variable/diversity/joining	(VDJ)	recombination,	82
Vascular	rings,	245
Vasculitis,	urticarial,	461–462
Vasocon-A,	493
VDJ	recombination,	82
Venom	immunotherapy,	206,	520–523

dosing	schedule	in,	521–522,	522t
duration	of,	523
indications	for,	521,	521t
inefficacy	of,	risk	factors	for,	523b
optimizing,	174
results	of,	522–523
side	effects	of,	522,	522b
venom	selection	in,	521

Ventilation	tubes,	226
Vernal	conjunctivitis,	487,	487f
Vernal	keratoconjunctivitis,	488

conjunctival	hyperemia	with	papillary	
hypertrophy	in,	488f

Vespidae,	514–515
Vespula,	514,	515f
Viaskin™	device,	435
VIPES	trial,	435
Viral	infections

allergic	disease	and,	9,	12
allergy	skin	testing	and,	178
atopic	dermatitis	and,	445,	452–453
chronic	cough	and,	238
epidemiology	of	allergic	disease,	5
immune	development	and,	56–58
neutrophil	disorders	and,	101
respiratory,	asthma	and,	in	older	children,	313
severe	therapy-resistant	asthma	and,	352
sinusitis	and,	229

Virus-induced	wheezing
in	infancy,	280
leukotrienes	modifiers	for,	282
in	preschool	children,	280
proposed	mechanisms	of,	278b

Vitamin	D
for	allergy	and	asthma	prevention,	313
asthma-	and	allergy-protective	influences,	13
for	atopic	dermatitis,	456
for	food	allergy,	387
milk	allergy	and,	426
for	severe,	therapy-resistant	asthma,	352

Vocal	cord	dysfunction	(VCD)
asthma	and

functional	assessment,	272
in	older	children,	316,	318

chronic	cough,	247
Vomiting,	food	allergy	and,	380–381

W
Warts,	in	WHIM	syndrome,	102
WAS.	see	Wiskott-Aldrich	syndrome	(WAS)

Urticaria	(Continued)
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Wasps,	174,	515
Water	supply,	4
WDR36,	29f
Weed	pollens,	189
Weight

asthma	and,	5
food	allergy	and,	424

Weight	gain,	asthma	from,	5
Weightlifters,	480
‘Well-controlled’	asthma,	290–291
Western	countries,	1–2
Wet	wrap	therapy,	454–455,	455f
Wheat	allergy,	427,	428t

atopic	dermatitis	and,	419t
natural	history	of,	418–419

Wheezing
chronic	cough	and,	243
differential	diagnosis	of,	272

in	infants	and	young	children,	286
infection-induced,	278–279,	278b

in	infancy,	280
in	preschool	children,	280
treatment	of,	280–283

phenotypes,	286
predicting	persistent	asthma,	285–286

WHIM	(warts,	hypogammaglobulinemia,	
infections	and	myelokathexis)	syndrome,		
102

White	blood	cell,	defects	of,	111b
infections	and,	103t
therapeutic	principles	for,	111b

Whooping	cough,	244
Wind-pollinated	plants,	characteristics	of,	185–186,	

186b
Wiskott-Aldrich	syndrome	(WAS),	65t,	87–88,	88f,	

154
gene	therapy	for,	157

Wiskott-Aldrich	syndrome	protein	(WASP),	102
World	Health	Organization	(WHO)	growth	charts,	

423

X
X-linked	agammaglobulinemia	(XLA),	71–72,		

144

X-linked	autoimmune	and	allergic	dysregulation	
syndrome	(XLAAD),	253–254

X-linked	lymphoproliferative	disease	(XLP),	73
X-linked	recessive	trait,	inherited	complement	

deficiencies	and,	91
X-linked	severe	combined	immune	deficiency,	

80–82
gene	therapy	for,	156

X-linked	severe	congenital	neutropenia	(XLN),		
102

Xgeva®,	163
Xolair®,	164

Y
Yellow	jacket,	174,	514

stinger	of,	515f

Z
ZAP-70	deficiency,	83
Zinc-finger	nucleases	(ZFNs),	158
Zinc-finger	transcription	factor,	32

Wheezing	(Continued)


