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Preface

Each of the chapters in this book is based on a lecture given at the sixth “Infection
and Immunity in Children” course, held at the end of June 2008 at Keble College,
Oxford.

Thus, it is the sixth book in a series that provides succinct and readable updates
on just about every aspect of the discipline of Paediatric Infectious Diseases.

The seventh course (29th June–1st July 2009) has a new and topical programme
delivered by top-class speakers, and a seventh edition of this book will duly follow.

As we send this edition off for publication, the news of fatal cases of H1N1 swine
flu in Mexico with spread into other countries around the globe is coming through,
amidst fears of a global pandemic. By the time the book is being read, the size and
severity of the problem will have become much clearer. For now, the outbreak serves
as yet another reminder of the enduring importance of infectious diseases in human
health and global prosperity and the need to continue studying them with all the
epidemiological, clinical, and laboratory tools at our disposal.

We hope this book will provide a further useful contribution to the materials
available to trainees and practitioners in this important and rapidly developing field.

UK, Australia Adam Finn,
Nigel Curtis,

Andrew J. Pollard
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Infections in the Immunocompromised

Andrew Cant and Theresa Cole

1 Introduction

Infections in the immunocompromised differ significantly from those in the
immunocompetent. They can be more serious, more often life threatening, more
difficult to diagnose and are caused by more unusual organisms. Children can be
immunocompromised for a variety of reasons and the numbers, worldwide, are
growing.

2 Types of Immunodeficiency and Infection

Globally, the most common causes for immunocompromise are acquired. Severe
malnutrition and the spread of HIV continue to be major causes of immunocom-
promise in the developing world. The development of more intensive chemotherapy
and immunosuppressive drugs for malignancy and inflammatory diseases continues
and the number of patients undergoing solid organ transplant (SOT) or haemopoi-
etic stem cell transplant (HSCT) is also rising. Primary immunodeficiencies (PIDs)
are also being increasingly recognized. Defects in humoral immunity make up the
largest group of PIDs, at around 50%, with 20–30% being combined humoral and
cellular deficiencies.

Different types of immunodeficiency or immunosuppression affect different
aspects of the immune system and so predispose to different types of infection: bac-
terial, viral, fungal or protozoal. Understanding which part of the immune system is
compromised helps identify the most likely infecting agent.

T lymphocyte defects predispose to infections such as life-threatening
cytomegalovirus (CMV) pneumonitis or disseminated Epstein Barr virus (EBV)
infection. These defects also present a significant risk of serious infection with

A. Cant (B)
Paediatric Immunology & Infectious Diseases, Newcastle General Hospital, Westgate Road,
Newcastle upon Tyne NE4 6BE, UK
e-mail: andrew.cant@nuth.nhs.uk

1A. Finn et al. (eds.), Hot Topics in Infection and Immunity in Children VI, Advances
in Experimental Medicine and Biology 659, DOI 10.1007/978-1-4419-0981-7_1,
C© Springer Science+Business Media, LLC 2010



2 A. Cant and T. Cole

cryptosporidium and Aspergillus species. B lymphocyte defects can result in infec-
tions by bacteria such as Streptococcus pneumoniae, Haemophilus influenzae and
Staphylococcus aureus, as well as echo virus and protozoa such as Giardia, whereas
phagocytic defects will result in infections by Staphylococcus, Pseudomonas and
Aspergillus species.

When considering infections in those undergoing HSCT, it is also important to
note that there is a recognized sequence of risk for different infections at differ-
ent times after HSCT, which equates with different aspects of the immune system
compromise at these times (Fig. 1). Within the first 30 days, when the patient is
neutropenic, there is a significant risk of infection by both Gram-negative and Gram-
positive bacteria, along with herpes-simplex virus. Between 30 and 90 days after
transplant, when T-cell immunity is still limited, there is a rise in the numbers of fun-
gal and CMV infections. Later infections are more commonly caused by varicella
zoster virus (VZV) or S. pneumoniae.

HSV: herpes simplex virus, Gram +ve: Gram positive bacteria, Gram –ve: Gram negative bacteria,
CMV: cytomegalovirus, VZV: varicella zoster virus, PCP: Ppneumocysitis jiroveci pneumonia

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 ... ... ...52 104

Candida

Aspergillus

CMV

VZV

PCP

Week:

HSV

Gram +ve

Gram –ve

Resp. virus

Fig. 1 Diagrammatic representation of timing of infections after HSCT

Whatever the cause of the immunocompromise, possible infection requires a
different approach to investigation and management from those in an immunocom-
petent child.

3 Site of Infection

Although an understanding of the type of immunocompromise is helpful to pre-
dict the likely organism, infection in the immunocompromised also needs to be
considered by the system affected.

Infections can occur in any system of the body, but the respiratory system and
gastrointestinal tract are especially vulnerable, as they have large surface areas
and their barrier defences are, of necessity, compromised by the need to transport
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oxygen and nutrients, respectively. Disseminated viral and fungal infections are
another important risk, whilst central venous catheter (CVC) infections also consti-
tute a frequent problem in the immunocompromised. Each of these will be discussed
in turn.

4 Respiratory Tract

The respiratory tract can be exposed to a wide variety of different organisms.
Pneumocystis jiroveci pneumonia (PCP), CMV and Aspergillus are particularly
important and well recognized sources of infection in the immunocompromised
host; however, other significant pathogens have more recently been identified. These
include respiratory syncytial virus (RSV); influenza; parainfluenza; adenovirus;
picornaviruses; measles; human metapneumovirus; cocavirus; Coronaviruses NL63,
and HKU1 and polyomaviruses WU and K1.

Pneumonitis and bronchiolitis are the most common presentations of respiratory
infection, but lobar pneumonia may also occur. A defective immune/inflammatory
response means that patients may have few respiratory symptoms, so there should be
a low threshold for investigation. In one study where broncho-alveolar lavage (BAL)
was performed in 69 children with immunodeficiency pre-HSCT, pathogens were
isolated in 26 of these, six of whom were asymptomatic. PCP and bacteria were the
most commonly identified organisms, followed by parainfluenza virus, CMV, RSV,
influenza B and human herpes virus-6 (HHV6) (Slatter et al., 2007).

Accurate diagnosis depends on collecting the right samples and using appropriate
diagnostic techniques. These include throat swabs, nasopharyngeal aspirates (NPA),
BAL fluid and even lung biopsy, as deemed appropriate. Samples must be sent to
look specifically for bacteria, fungi and viruses. Some respiratory pathogens will not
be isolated from the upper respiratory tract; for example, PCP will not be identified
on NPA, whilst other organisms found on NPA may not be found in the lower respi-
ratory tract. This highlights the importance of BAL as a diagnostic procedure. Lung
biopsy may be particularly important in the diagnosis of fungal infection, especially
when there is a negative BAL in patients with persistent signs, symptoms or chest
x-ray changes.

Diagnosis may require culture of organisms (bacteria, mycobacteria or viruses),
immunofluorescence (viruses), polymerase chain reaction (bacteria, viruses and
fungi) or antigen testing (e.g. galactomannan for Aspergillus). Serological testing is
often ineffective, as immunodeficient children may not mount an antibody response
or may be receiving intravenous immunoglobulin (IVIG), which will make results
impossible to interpret. It is important to know what tests are available in your
local laboratory. Discussion with the local microbiologist or virologist is essential
to ensure the right samples are sent for appropriate investigations, so as not to miss
a serious infection.
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High resolution computerized tomography (HRCT) of the chest is more sensi-
tive than chest x-ray, aiming to classify a disease as interstitial, airway or involving
airspace, which may aid diagnosis.

4.1 Pneumocystis jiroveci Pneumonia (PCP)

PCP has historically been associated with HIV but is also a significant cause
of morbidity in other groups of immunocompromised patients, particularly those
with haematological malignancies, brain tumours requiring prolonged courses of
steroids, prolonged neutropaenia or lymphopaenia, and those undergoing HSCT.
Therefore PCP prophylaxis is important, as recommended by a recent Cochrane
review (Green et al., 2007). This treatment is generally in the form of cotrimoxazole
given three times per week. In children that cannot tolerate cotrimoxazole, either
dapsone or aerosolized pentamidine can be used.

P. jiroveci infection commonly presents with tachypnoea, non-productive cough
and fever, but the severity can vary. There is usually a sub-acute diffuse pneumonitis
and chest x-ray changes can be subtle. These often take the form of bilateral diffuse
interstitial changes, although lobar, miliary or nodular changes can be seen. HRCT
may show ground glass attenuation, consolidation, nodules, thickening of interlob-
ular septa and thin walled cysts. Mortality ranges between 5 and 40%, if treated, but
can reach nearly 100% if left untreated.

Identification of PCP can be difficult. Definitive diagnosis depends on identify-
ing the organism in respiratory tract secretions or lung tissue, usually from tracheal
secretions, bronchial secretions or from lung biopsy. More recently, PCR tech-
nology has been developed for identifying PCP from secretions. In a review of
children diagnosed with severe combined immune deficiency (SCID) treated at a
supra-regional center, 10 out of 50 were identified as having PCP. One was diag-
nosed on BAL prior to transfer to the supra-regional center, one was diagnosed on
nasopharyngeal secretions and BAL, seven were diagnosed on BAL alone, and in
one diagnosis was not made until lung biopsy was performed (Berrington et al.,
2000).

Recommended first line PCP treatment is high dose cotrimoxazole. This can,
however cause a number of adverse effects, for example, neutropenia, anaemia,
renal dysfunction, rash, vomiting and diarrhea. Those that cannot tolerate cotri-
moxazole or those that have not improved after 5–7 days of treatment should
be changed to a different agent. Choices include pentamidine, atovaquone, clin-
damycin/primaquine or dapsone, but experience with these agents in children is
limited.

Corticosteroids should be given as an adjunctive therapy in moderate and severe
PCP. A number of studies have shown a reduction in acute respiratory failure,
decreased need for ventilation and decreased mortality (Sleasman et al., 1993; Bye
et al., 1994; McLaughlin et al., 1995). A recent Cochrane review supports the
use of corticosteroids in HIV-infected patients with PCP, especially in those with
substantial hypoxaemia (Briel et al., 2006).
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4.2 Viruses

A wide variety of respiratory viruses will also cause significant morbidity and mor-
tality in the immunocompromised. Measles is an important respiratory pathogen in
the immunocompromised host and it must be remembered that the typical rash may
not develop. Mortality can be high, especially amongst patients with leukaemia and
those undergoing HSCT. A prospective multi-center review of patients undergoing
HSCT found direct RSV-associated mortality to be 17.4%, and mortality directly
attributable to influenza A to be 15.3% (Ljungman et al., 2001). Respiratory viruses
often present with non-specific symptoms but progress to a significant lower res-
piratory tract infection. Chest x-ray will often show a pneumonitis picture with
diffuse interstitial changes. HRCT may show peri-bronchial thickening and ground
glass attenuation without consolidation in a lobular distribution. Diagnosis requires
identification of the organism from respiratory secretions. This may be possible on
nasopharyngeal secretions or throat swab but may require more invasive testing,
such as bronchoscopy and BAL. Laboratory techniques include immunofluores-
cence, PCR and viral culture. Treatment is mainly supportive, but specific treatment
options are evolving, making rapid and accurate diagnosis increasingly impor-
tant. Appropriate isolation and infection-control measures are essential to prevent
transmission between immunocompromised patients, as these viruses can be easily
spread. One UK study in a HSCT unit identified 10 cases of RSV over one winter
season, and eight of the nine RSV strains that could be tested by molecular methods
were found to be identical (Taylor et al., 2001).

Specific treatments for RSV infection include ribavirin and RSV monoclonal
antibody (palivizumab). Ribavirin can be given orally, intravenously or via inhala-
tion; however, the aerosolized route has been used most frequently for RSV
infection. Historically, pooled hyperimmune RSV immunoglobulin has been pro-
posed as an additional treatment, but this has been superseded by the anti-RSV
monoclonal antibody, palivizumab. Combinations of inhaled ribavirin and intra-
venous palivizumab have shown encouraging results. Palivizumab has been shown
to be safe and well tolerated in patients undergoing HSCT, with a suggestion of bet-
ter outcome (improved survival) when compared to ribavirin alone (Boeckh et al.,
2001; Chavez-Bueno et al., 2007).

There are two groups of drugs available for the treatment of influenza – namely
the adamantanes (effective against influenza A, e.g. rimantadine) and the neu-
raminidase inhibitors (effective against both influenza A & B, e.g. oseltamivir). In
recent years, there has developed increasing resistance to adamantanes. The neu-
raminidase inhibitors have been shown to reduce the duration of illness by one
day when given to an immunocompetent host within 48 h of onset of symptoms.
Although there are few data on the benefit of treating influenza in an immuno-
compromised patient with a neuraminidase inhibitor, their use appears sensible and
safe.

There is, thus far, no specific treatment available for rhinovirus, coronavirus or
human metapneumovirus. Ribavirin has been proposed as a treatment for parain-
fluenza virus infection but evidence, so far, of benefit is disappointing. Although
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there is little clinical data on the use of ribavirin for measles pneumonitis, it does
have in vitro activity and therefore, due to the high level of mortality with this
condition, should be considered.

A review of respiratory viral infection in children with primary immune deficien-
cies in a HSCT unit found 22 of 73 patients admitted for HSCT had respiratory viral
infection. Of these, 11 had paramyxoviruses (RSV or parainfluenza I–IV), and were
treated with aerosolized ribavirin and IVIG. Five of these patients also received neb-
ulized immunoglobulin and corticosteroid. Three of these five survived, compared
to two out of the six who did not receive nebulized treatment. It was concluded that
the nebulized treatment was well tolerated and could be a useful adjunctive therapy
(Crooks et al., 2000).

In children who have undergone HSCT, infection and inflammation can become
inextricably interwoven to generate pneumonitis. In this case, in addition to the need
for anti-infective agents, immunomodulation will be required through agents such
as steroids, IVIG and anti-tumour necrosis factor monoclonal antibodies.

5 Gut

The gastrointestinal tract is also exposed to a wide variety of organisms and
viruses which are of particular concern in the immunocompromised child,
notably enteroviruses, adenovirus, rotavirus, caliciviruses, but also protozoa, mainly
Cryptosporidium and Giardia. Presentation is most commonly with diarrhea and
vomiting, which may protracted. Cryptosporidium can also be responsible for
ascending cholangitis and liver disease. In some cases, identification of the causative
organism can be difficult. Culture may be required to identify some viruses. PCR
can be useful, for example, for adenovirus and is more sensitive than microscopy
alone in detecting Cryptosporidium.

Prevention of transmission between immunocompromised patients is essential.
There must be strict adherence to infection-control policies to prevent hospital wards
from becoming sources of infection. One study looking at the extent of gastroenteric
virus contamination in a pediatric-primary immunodeficiency ward and a general
pediatric ward found viruses on 17 and 19% of environmental swabs, respectively.
Interestingly, these were contaminating objects used by parents rather than staff –
for example the parents’ room television, the parents’ toilet tap and the microwave
used by parents on the pediatric-primary immunodeficiency ward (Gallimore et al.,
2008). This highlights the importance of ensuring that parents and visitors, as well
as staff, comply with hand washing and infection control measures.

5.1 Viruses

Rotavirus infection, which is usually relatively mild and self-limiting in the
immunocompetent, can lead to persistent vomiting and diarrhea and, if untreated,
severe malnutrition, in the immunocompromised. It can be identified in stool by
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using enzyme immunoassay and may also be identified on electron microscopy.
There is no specific treatment. Fluid and electrolyte management is important.
Orally administered immunoglobulin has been used in some cases.

Caliciviruses, namely Noroviruses and Sapoviruses can also cause significant
problems in the immunocompromised. Symptomatic infection and virus shedding
can be prolonged; for example, one case report of a child undergoing HSCT
for cartilage hair hypoplasia demonstrated Norovirus shedding for 156 days fol-
lowing transplant, during the period of immune reconstitution. The child was
symptomatic throughout this time (Gallimore et al., 2004). Again, there is no spe-
cific treatment but meticulous management of fluids, electrolytes and nutritional
support is essential, allowing time for immune reconstitution and consequent viral
clearance.

Adenovirus will be discussed in more detail in the section on disseminated
infection in the immunocompromised.

5.2 Cryptosporidium

Cryptosporidium species are oocyst-forming protozoa that cause watery diarrhea
which can result in severe dehydration and even death, if not treated. Disease is
normally confined to the gastrointestinal tract, but there is a risk of biliary tree,
pulmonary or even disseminated disease in the immunocompromised. Infection may
be diagnosed on identification of oocysts by microscopy. Enzyme immunoassays
have also been used and PCR, too, can be helpful.

Treatment of Cryptosporidium infection can be difficult and a number of
agents have been proposed, including nitazoxanide, paromomycin, rifabutin and the
macrolides. Evidence is limited but a recent review has indicated that nitazoxanide
may reduce parasite load and therefore be useful (Abubakar et al., 2007). In the
authors’ experience, azithromycin and nitazoxanide are safer options in post-HSCT
patients, as paromomycin has been associated with significant hearing loss, par-
ticularly when given with ciclosporin. Supportive care remains essential. In those
with HIV, anti-retroviral therapy, with its associated improvement in CD4 count,
can result in improvement in the Cryptosporidium infection.

5.3 Giardia

Giardia intestinalis is a flagellate protozoan that exists in trophozoite or cyst forms.
The cysts are the infective form. Children with humoral immunodeficiencies are
particularly at risk of chronic symptomatic infection, with foul-smelling stool,
abdominal distension and anorexia. Cysts may be identified on stool microscopy
or by using immunofluorescent antibody testing. Treatment is with metronida-
zole, tinidazole or nitazoxanide. It may be necessary to use combination ther-
apy in the immunocompromised if they have failed to respond to single-agent
treatment.
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6 Disseminated Infection

Disseminated viral infection in the immunocompromised is of particular concern.
The most significant culprits are adenovirus and members of the human herpes
virus: CMV, EBV, HHV6, HSV and VZV. These can affect the lungs, gastroin-
testinal tract and brain, resulting in a variety of symptoms. Reactivation of latent
herpes viral infection is more common than primary infection after SOT or HSCT.
Investigation using PCR techniques allows early diagnosis and quantification of
viral load, and is now possible for adenovirus, CMV, EBV and HHV6. Prophylaxis
to prevent CMV and HSV reactivation is used for children undergoing HSCT and
many SOTs. Surveillance in high-risk patients enables pre-emptive treatment to
be given before damaging disease occurs. Treatment will depend on the causative
virus.

6.1 Adenovirus

Adenovirus is usually responsible for relatively minor upper respiratory tract or
gastrointestinal infection but can result in life-threatening pneumonia, meningitis,
encephalitis and disseminated disease in the immunocompromised. Those most at
risk are patients who receive allogeneic bone marrow transplant, those with active
graft versus host disease and those who receive total body irradiation. There are
a number of different species of adenovirus, and these are divided into serotypes,
some of which are primarily associated with the respiratory tract, while others have
a predilection for the gastrointestinal tract. Young children are particularly vulnera-
ble, as they often carry adenovirus in their gastrointestinal tract, predisposing them
to reactivation and dissemination when they become immunocompromised. In view
of this, screening can be important in the immunocompromised and adenovirus is
usually identified in urine, stool, or sometimes respiratory secretions prior to being
identified in blood. A study of 132 patients undergoing HSCT were screened for
adenovirus in stool, urine, on throat swab and in peripheral blood during the post
transplant period. 27% had a positive adenoviral PCR on at least one screening test,
but this was not associated with clinical signs unless it was detected in peripheral
blood and, even then, there was a median delay of 3 weeks from first detection of
adenovirus until the patient demonstrated clinical signs. In one study, mortality was
as high as 82% in those with adenovirus detected on peripheral blood. This high-
lights the importance of early recognition and consideration of pre-emptive use of
antivirals (Lion et al., 2003).

Successful treatment of adenovirus infection has so far been limited. The most
widely used agents are cidofovir or ribavirin, which may be given together with
IVIG. Although cidofovir has potent nephrotoxic effects, these can be greatly
reduced by the concurrent use of intravenous hyperhydration and probenecid.
Cidofovir has been shown to be more effective in adenovirus and is now con-
sidered the best first-line treatment. Data on the clinical effectiveness of ribavirin
in adenoviral infections are more conflicting. In vitro data suggest that ribavirin
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alone has activity against subgenus C serotypes. In a post-HSCT patient with
adenoviral infection, immune suppression should be reduced as much as possible,
as T-cell immune reconstitution is very important for viral elimination.

6.2 Cytomegalovirus

CMV infection is often asymptomatic in the immunocompetent; however, in the
immunocompromised it can lead to pneumonia, colitis and retinitis. CMV per-
sists in a latent form after primary infection and can result in reactivation in
someone who later becomes immunosuppressed – for example, when undergoing
HSCT. CMV can be identified from respiratory secretions, urine and blood. As
with adenovirus, PCR screening may be useful in identifying the virus before a
child becomes symptomatic, especially in cases where reactivation is likely with
immunosuppression. Treatment is usually with intravenous ganciclovir, with foscar-
net or cidofovir as second-line treatment. Oral valganciclovir is very well absorbed
and is also now an option for treatment. Foscarnet has also been used in cases of
children undergoing HSCT to avoid the myelosuppressive effects of ganciclovir.
IVIG should be used alongside antiviral therapy. There has been one case report of
ganciclovir- and foscarnet-resistant CMV being successfully treated with artesunate
(Shapira et al., 2008). There is also interest in the new antiviral agent maribavir for
resistant CMV.

6.3 Epstein Barr Virus

EBV is associated with lymphoproliferative disorders in the immunocompromised.
Replication of EBV in B cells is usually inhibited by natural killer cells, antibody-
dependent cell cytotoxicity and T-cell cytotoxic responses. Therefore, children with
cellular immune deficiencies are at risk of uncontrolled lymphoproliferation. Those
at particular risk are children who are transplant recipients, both SOT or HSCT,
and those with HIV. EBV can be detected in blood by PCR and viral load can be
monitored. Alongside monitoring of the virus, it is important to monitor for signs of
lymphoproliferation, both clinically and biochemically. Biopsy of suspicious lesions
is often needed to make a diagnosis.

EBV infection requires treatment if it causes B lymphoproliferation or post-
transplant lymphoproliferative disease (PTLD). This may take the form of the anti-
CD20 monoclonal antibody rituximab, chemotherapy or radiotherapy. Decreasing
immunosuppression whenever possible in a post-transplant patient is very impor-
tant. More recently there have been encouraging results from work with cytotoxic
T-cell therapy in PTLD. This involves the infusion of EBV-specific cytotoxic T lym-
phocytes (CTLs) generated from EBV sero-positive blood donors. In one recent
multi-center study, 33 patients who had failed conventional therapy were recruited
and monitored for response: 14 patients achieved complete remission while three
showed a partial response (Haque et al., 2007).
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6.4 Human Herpes Virus 6

Primary HHV6 infection in the immunocompetent host leads to the typical clinical
picture of roseola or a non-specific febrile illness. The virus remains latent after
primary infection and therefore, similar to CMV, can reactivate in immunocompro-
mised states. The importance of HHV6 as a pathogen in the immunocompromised
is probably underestimated, and many labs do not screen for infection; thus, many
infections may not be recognized. HHV6 can cause fever, rash, hepatitis, pneumo-
nia and encephalitis, as well as bone marrow suppression. HHV6 also appears to
have synergistic effects and interactions with other infectious agents, such as CMV,
adenovirus and fungi. It can be identified and quantified on blood samples by PCR.
Treatment, where necessary, is with intravenous ganciclovir or foscarnet.

6.5 Varicella Zoster Virus

Primary varicella infection results in chickenpox, a common and generally self-
limiting childhood illness. In the immunocompromised, there is a significant risk
of both primary or reactivated disease becoming disseminated. This is particularly
associated with T lymphocyte defects. VZV is the second most common cause of
viral pneumonitis in children with AIDS. It should be remembered that fatal VZV
infection has been reported in cases where the only immunosuppressant medication
has been corticosteroids at a dose of 1 mg/kg/day of prednisolone for 2 weeks. The
virus can be identified from vesicular fluid. Treatment is usually in the form of
intravenous aciclovir, but, oral valaciclovir is a useful alternative in older children.

An important area to consider in relation to VZV infection is that of post-
exposure prophylaxis. Although long-term prophylaxis for VZV is not usually
recommended, post-exposure prophylaxis in non-immune immunocompromised
children is important. Two options are available. The most widely used is varicella
zoster immunoglobulin (VZIG). However, due to a shortage of VZIG a few years
ago, oral aciclovir was reconsidered and has been shown to be effective. It must
be remembered, however, that aciclovir has low bioavailability when given orally
and requires multiple daily dosing. It may be more appropriate to consider the oral
pro-drug valaciclovir, which has been shown to be effective and well tolerated
(Nadal et al., 2002). Further work to clarify the best prophylactic and pre-emptive
treatment regimens is needed.

7 Fungal Infections

Fungal infections must be considered in specific circumstances; for example,
in those who are neutropenic (where risk increases exponentially with dura-
tion of neutropenia), those on steroids and those with graft versus host dis-
ease. Candida and Aspergillus are of particular interest in children who have
undergone HSCT.
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Symptoms that should raise the suspicion of fungal infection are persistent fevers
unresponsive to antibiotics, skin nodules, chest pain and radiological evidence of
infection crossing tissue planes. Candida is most commonly associated with CVC
infection but can also cause disseminated disease. Aspergillus infection can have
an insidious onset, frequently affecting the respiratory tract but then spreading to
involve other areas such as the spine and intracranial cavity. Investigation and diag-
nosis remain difficult and may require antigen testing, PCR, cross-sectional imaging
and biopsy of suspicious lesions/areas.

7.1 Candidiasis

Persistent mucocutaneous candidiasis is seen in patients with defects in T-cell
function and may be a presenting feature for HIV infection or primary immune defi-
ciency. Disseminated infection can involve almost any organ or any anatomical site
and can be rapidly fatal. It is a particular concern in patients with CVC, especially
those receiving multiple infusions and/or parenteral nutrition. There are a number of
different Candida species that can result in disseminated infection. Candia albicans
is the most common but C. parapsilosis, C. glabrata, C. tropicalis and C. krusei are
increasingly common (Fig. 2). Diagnosis may be difficult, as blood cultures are not
always positive. However, identification can be made by microscopy of biopsy spec-
imens. Suspicious lesions, which are often found in organs such as the liver, kidney,
spleen and brain, are best identified by cross-section imaging. PCR techniques have
been developed, as well as detection of antigen from the fungal cell wall (Mannan).
However, these techniques are not as yet wholly reliable. There are a number of
agents available for treatment, including amphotericin B, caspofugin or an azole,
such as voriconazole. Prolonged treatment is usually required and if there is a CVC

Species Potential resistance

C. albicans Resistance remains rare

c. glabrata Fluconazole resistance in up to 20% cases, decreased
susceptibility to other azoles; some cases of
amphotericin B resistance

C. parapsilosis Decreased susceptibility to caspofungin

C. tropicalis

C. krusei Resistant to ketoconazole and fluconazole; decreased
susceptibility to itraconazole and amphotericin B 

C. guillermondi Decreased suscepatbility to fluconazole

C. lustaniae Generally resistant to amphotericin B
C. rugosa Resistant to fluconazole in up to 60% cases; resistant

to voriconazole

Fig. 2 Candida species and potential resistance to antifungal agents
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involved it should be removed. Recently, there have been increasing concerns about
anti-fungal drug resistance.

7.2 Aspergillosis

Invasive Aspergillus infection in the immunocompromised usually involves lungs,
sinuses, brain or skin and commonly crosses tissue planes. Less commonly, it can
cause endocarditis, osteomyelitis, meningitis and infection around the eye or orbit.
It can cause angio-invasion, resulting in thrombosis and, occasionally, erosion of
the blood vessel wall, often with catastrophic hemorrhage as a consequence. There
are a number of Aspergillus species that cause invasive disease. Most commonly it
is due to Aspergillus fumigatus, but A. flavus, A. terreus, A. nidulans and A. niger
are also responsible for invasive infection. Diagnosis can be challenging. Cross-
sectional imaging is very important in identifying suspicious lesions. Aspergillus
is infrequently identified from blood and is most commonly indicated from biopsy
specimens. Galactomannan, a complex sugar molecule found in the cell wall of
the Aspergillus species, may also be identified from blood and can be useful in
aiding diagnosis. Treatment is usually with amphotericin B, voriconazole or caspo-
fungin and requires a prolonged course. Surgical excision of fungal lesions may
be required, especially if there are significant areas of necrotic tissue into which
antifungal agents will not penetrate effectively.

There is also an important association between Aspergillus infection and building
work on a hospital site. One study in an Italian hematology unit found three cases
of proven Aspergillosis in patients with acute leukemia that coincided with renova-
tion work on the hospital site and high levels of A. fumigatus in the corridors (Pini
et al., 2008). This highlights the importance for high-risk patients (e.g. after HSCT)
of sterile isolation in cubicles maintained at positive pressure with highly puri-
fied air. Extra attention must be paid to reducing exposure of immunocompromised
patients when there is building work on any hospital site.

8 Central Venous Catheter Infections

Many immunocompromised children will have indwelling CVC for treatment, be
this an external Broviac or Hickman line, or an internal Portacath. Although very
beneficial they, unfortunately, provide a site for infection. Catheter-related blood
stream infections can be serious and in some cases life-threatening. Clinical features
of catheter-related blood stream infection can be very non-specific. Diagnosis is
often made on identification of organisms from blood culture along with lack of
focal infective symptoms/signs. Organisms causing CVC infection are often those
that would be non-virulent normal flora in an immunocompetent host; for example,
coagulase negative staphylococci, enterococci and viridans streptococci. However,
mycobacterial CVC infections also occur (Hawkins et al., 2008), as do Candida
CVC infections.
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Prevention has to be the priority. Lines should be inserted under strict aseptic
technique and, once in place, access should be by fully trained staff using aseptic
technique. Local policies should be followed for accessing and flushing CVCs.

Historically, CVCs were often removed when infection was identified; however,
many patients were left in the difficult situation of poor venous access and in need
of a further general anaesthetic to replace the line. Many catheter-related blood
stream infections can be treated with antibiotics, without requiring CVC removal. If
there is clinical suspicion of catheter-related blood stream infection, antibiotics for
both coagulase negative Staphylococcus and Gram negative organisms should be
introduced. Once organisms are identified from blood culture, antibiotics can be tai-
lored appropriately. Antibiotic “locks” can be used alongside systemic antibiotics to
reduce colonization within the CVC. Antibiotic “locking” involves instilling 1–2 ml
of concentrated antibiotic solution in to the CVC and leaving it for a pre-determined
time before removal. Antibiotics used in studies to treat CVC colonization have
included vancomycin, amikacin and minocycline. There is also limited evidence
on the use of amphotericin locks. Studies have attempted to look at whether using
locks alone or in combination with systemic antibiotics has benefits. The results are
variable and, at this stage it must be concluded that locks are a useful adjunct to
systemic treatment. There is not enough evidence to suggest they can be used alone
in immunocompromised children with CVCs (Berrington and Gould 2001).

In an attempt to present CVC infection, antibiotic-impregnated CVCs have also
been developed. A recent systematic review found significant reductions in catheter-
related blood stream infections in heparin-coated or antibiotic-impregnated CVCs,
when compared to standard CVCs, as well as those coated with chlorhexidine, silver
sulphadiazine, or silver-impregnated. There were, however, some concerns about
the development of antibiotic resistance and further study is required before recom-
mendations can be made about the most appropriate CVC to be used (Gilbert and
Harden, 2008).

It must be remembered that catheter-related blood stream infection can be life
threatening and there should be a low threshold for removal of the CVC if there
are signs of clinical deterioration on treatment or if blood cultures drawn from
CVCs are repeatedly positive, despite ongoing appropriate antibiotic treatment.
There is increased mortality associated with delayed catheter removal in S. aureus
and fungal infections, and so removal must be considered urgent if these organs are
isolated. The benefits of removing the CVC if Gram-negative organisms are identi-
fied is slightly more difficult to assess due to scarcity of data; however, it is likely
that immediate removal does contribute to increased survival. In all infections the
risk/benefit ratio of removing or retaining CVCs should be carefully considered.

9 Febrile Neutropenia

In children receiving treatment for malignancy, febrile neutropenia is a significant
cause of morbidity and mortality. Over time, outcome has improved dramatically
but it still remains a frequent reason for hospitalization. It has been shown that
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empiric use of antibiotics decreases mortality (Schmipff et al., 1971); hence, empiric
antibiotics have become a standard part of treatment for children and adults with
febrile neutropenia.

Fever with neutropenia in any immunocompromised child should be acted on
promptly. However, exactly how this is defined and what is appropriate management
varies widely. This was highlighted by a recent review of febrile neutropenia man-
agement in the United Kingdom Children’s Cancer Study Group centers (Phillips
et al., 2007). There was wide variation in the definition of fever (from persis-
tent temperature higher than 37.5◦C to a single reading of 39◦C) and neutropenia
(absolute neutrophil count <1 × 109, < 0.75 × 109 or < 0.5 × 109). Empirical antibi-
otic regimes also varied greatly, including aminoglycosides plus a second agent
(piperacillin based, cephalosporin or carbapenem), carbapenem alone or, in two
cases, cefuroxime plus flucloxacillin and ciprofloxacin plus ceftazidime. Timing of
the anti-fungal therapy was even more variable, in terms of when to start and the
duration of empirical treatment. Some of this variation can be explained by vari-
ations in organisms isolated and antibiotic sensitivity from unit to unit, but this
does not seem to account for all the differences in practice. Therefore, although
local findings should influence presenting patterns, further work is required to
devise a framework within which local policies that target specific patient popu-
lations and microbiological flora are implemented. A specimen protocol is shown
in Fig. 3

10 Conclusions

Infections in immunocompromised children offer a variety of challenges in both
diagnosis and management. Organisms that result in mild, self-limiting illness in an
immunocompetent host can have catastrophic effects on an immunocompromised
child. Signs and symptoms are often less specific and finding a causative organism
can be more difficult. It is important to have a low threshold for thinking about
infections and looking for them. Negative tests should not be taken to be reassuring
if there is clinical suspicion and it may be necessary to look further and more closely.
It is important to develop a good relationship with local microbiology and virology
laboratories to aid this process. Once an infection is identified, it must be acted upon
quickly as delay may be disastrous. Treatment of any infection in an immunocom-
promised child is likely to be more intense and prolonged than in a child with a
fully functioning immune system. It is also important to consider prophylaxis for
specific patient groups in specific situations (e.g. post HSCT) and each unit should
have defined policies and guidelines to follow for these patients.

In summary, when dealing with an immunocompromised child, for whatever rea-
son, when there is suspicion about infection, think early, look carefully and treat
now!
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Host Biomarkers and Paediatric Infectious
Diseases: From Molecular Profiles to Clinical
Application

H.K. Brand, P.W.M. Hermans, and R. de Groot

1 Introduction

Infectious diseases are an important cause of death among children under the age
of 5 (Stein et al., 2004). Most of these deaths are caused by preventable or curable
infections. Limited access to medical care, antibiotics, and vaccinations remains
a major problem in developing countries. But infectious diseases also continue to
be an important public health issue in developed countries. With the help of mod-
ern technologies, some infections have been effectively controlled; however, new
diseases such as SARS and West Nile virus infections are constantly emerging. In
addition, other diseases such as malaria, tuberculosis, and bacterial pneumonia are
increasingly resistant to antimicrobial treatment.

The physician who manages pediatric patients with infectious diseases is con-
fronted with several related challenges. First, one should establish a specific
diagnosis, preferably early in the course of disease. Despite improvements in culture
and non-culture diagnostics, in many cases, the causative micro-organism remains
unknown. Consequent delays in initiation of appropriate treatment can contribute to
the emergence of antibiotic resistance.

A second challenge is to identify those patients most likely to develop severe
disease. To date, physicians have little information on prognosis and likely disease
outcome in the individual patient. It would be extremely useful to be able to identify
patients at risk of more severe disease (e.g., secondary bacterial infection dur-
ing viral respiratory tract infection), as such prediction could inform management
decisions.

The third associated challenge is to select the most appropriate treatment strategy
for an individual patient. While some patients require intensive support, others will
recover without additional medication or supportive care. To date, few tools are
available to monitor the course of disease after initiation of medical treatment.
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Biomarkers have been used for years to help clinical decision-making. C-reactive
protein (CRP) is probably the best known marker used to monitor infection.
Although useful, it does not reliably distinguish viral from bacterial infections. More
recently-developed markers such as procalcitonin seem promising, with detectable
rises early in the course of infection and high negative predictive value as seen in
children with fever of unknown origin (van Rossum et al., 2004; Galetto-Lacour
et al., 2003; Herd, 2007). However, this marker has also insufficient power to
discriminate between viral and bacterial infections. Additionally, these conven-
tional biomarkers for infectious diseases do not provide microorganism-specific
prognostic information.

The completion of the Human Genome Project and the introduction of pow-
erful DNA microarray chips and proteomic technologies in the mid-1990s have
created the opportunity to identify genes and proteins that may serve as biomarkers
in infectious diseases. The identification of biomarkers may enable the develop-
ment of exciting potential clinical applications in which genes and proteins that
are differentially expressed in healthy and infected individuals can be investigated
(The International HapMap Project, 2003). These approaches may provide detailed
insight into the pathogenesis of disease, host pathogen interactions, and disease-
specific expression patterns. In addition, diagnostic and prognostic biomarkers and
markers that monitor disease or response to therapy may be developed using these
technologies.

This chapter describes recent advances in genomics and proteomics in the field
of biomarkers for infectious diseases and summarizes current clinical applications
and future perspectives.

2 Molecular Profiling: Current Techniques

2.1 Genomics

Single nucleotide polymorphisms (SNPs), single base pair changes at specific spots
in the genome, are the most common type of genetic variation. The human genome
carries over 10 million nucleotides that vary in at least 1% of the population.
Currently, approximately 6 million nucleotides have been validated and this number
is still growing (Bryant et al., 2004; Walker and Siminovitch, 2007). Although SNPs
are the changes most frequently explored using high throughput technologies, other
genetic variations are also common in the human genome and may influence the
individual’s susceptibility to disease. These include variations in gene copy number,
repeating sequence motifs, insertions, and deletions (Crawford et al., 2005).

The completion of the human genome map in combination with the develop-
ment of microarray-based comparative genomic hybridization and genome-wide
SNP platforms have permitted the screening of the entire genome to identify genetic
loci linked to certain diseases, susceptibility to disease or response to therapy (Feuk
et al., 2006). These genome wide association studies allow identification of genetic
risk factors for a wide variety of common and more complex diseases by measuring
hundreds of thousands of genetic variants simultaneously.
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Using SNP platforms, MalariaGen (2009), a genomic epidemiological network,
and the Wellcome Trust Case-Control Consortium (WTCCC, 2006) have performed
a large scale study on disease susceptibility. Both consortia have analyzed up
to 500,000 SNPs in thousands of African individuals diagnosed with malaria or
tuberculosis between 2006 and 2008. In addition, the WTCCC will include approxi-
mately 2,000 cases and 3,000 controls for 8 other diseases, which makes it one of the
biggest projects aimed at the identification of genetic variations that may predispose
a patient to disease (Genome-wide Association Study, 2007). These genome-wide
analyses may contribute to the identification of individuals at risk and produce more
effective prevention strategies and individual treatment strategies.

2.2 Transcriptomics

Where genomics provides information on genetic susceptibility to certain infec-
tious diseases, transcriptomics provides information on the activity of genes at a
certain moment under certain conditions. It is the study of the complete set of RNA
transcripts produced by the genome. During all biological processes, part of the
genome is specifically transcribed into messenger RNA (mRNA, transcriptome)
and translated to proteins (proteome). The transcriptome can be analyzed using
gene expression microarrays. These chips contain either the whole genome or a
subset of specific genes. mRNA is extracted from experimental samples, reverse
transcribed and labeled with fluorescent dyes. The extracted labeled cDNA is then
hybridized with the microarray and the fluorescence of the array is determined using
an array scanner. Following image analysis, the data are subjected to bioinformat-
ics processes to identify statistically significant changes in gene expression between
different samples. The technique can be used to characterize gene expression in
both pathogen and host, providing detailed insight into host-pathogen interactions
during infection (Liu et al., 2006). To study them on a molecular level, Kawada et al.
generated gene-expression profiles in peripheral blood mononuclear cells (PBMCs)
isolated from children with influenza virus infection. Many genes associated with
the immune response such as interferon regulated genes appeared to be strongly
upregulated during influenza infection. In addition, they compared gene expression
profiles of influenza-infected children with and without convulsions. They found
that transcription levels of pro-inflammatory cytokine genes in patients with a febrile
convulsion were not significantly different from those in patients without febrile
convulsion. This kind of approach may help to clarify the pathogenesis of influenza
and its neurological complications (Kawada et al., 2006).

2.3 Proteomics

While gene expression profiles may not completely correlate with intracellular pro-
tein content, proteomics can provide insight into the structure and dynamics of the
end product, proteins. Proteomics is the study of the proteome, the complete set of
proteins, their modifications, interactions, and localization. Proteomic technologies



22 H.K. Brand et al.

enable detailed analyses of protein expression and evaluation of post-translational
modification and protein stability and turnover that cannot be assessed by genomic
and transcriptomic profiling alone. For many years, two-dimensional gel elec-
trophoresis has been the standard technology to isolate specific proteins and allow
protein identification by subsequent mass spectrometry. During the past decade,
mass spectrometry has improved and now enables the analysis of protein expression,
structure, and function without the need for labor intensive and time consuming
electrophoresis (Graves and Haystead, 2002; Patterson and Aebersold, 2003). In
addition, several mass spectrometry-based approaches have been developed that
allow the relative or absolute quantification of proteins.

In an attempt to identify biomarkers and to develop screening tools with high sen-
sitivity and specificity, proteomics technology has been applied to analyze biofluids
such as serum, saliva, or urine. A commonly used technique is a surface enhanced
laser desorption/ionization time-of-flight (SELDI-TOF), which is a proteomics tech-
nique that allows the identification of large numbers of proteins in a short period of
time. This technique provides a specific mass spectral profile from each analyzed
protein sample. By comparing profiles from affected individuals to those derived
from healthy controls, a specific protein signature is obtained (Coombes et al., 2005;
Hodgetts et al., 2007). Agranoff and colleagues have used it to characterise distinct
profiles for several microbial infections and to investigate serum responsiveness to
M. tuberculosis identifying serum biomarkers from patients with advanced tuber-
culosis. SELDI-TOF has the potential to identify tuberculosis at an early stage,
assisting early diagnosis and therapy, which is important for favorable outcome
(Agranoff et al., 2005).

3 Clinical Applications in Pediatric Infectious Diseases

The recent advances in proteomic and genomic technologies have allowed the iden-
tification of genes and proteins that may serve as biomarkers for the diagnosis and
monitoring of infectious diseases. Application of knowledge from these technolo-
gies into clinical practice is still at an early stage. In the following sections, we will
first discuss current literature on the contribution of the aforementioned technolo-
gies for the determination of disease pathogenesis, for the susceptibility to infection,
and for diagnostics. In the next section, we will discuss clinical applications of pro-
teomic and transcriptomic technologies, and, in the last section, we will focus on
their future perspectives.

3.1 What Has Been Studied up to now?

With increasing use of genomic and proteomic technologies, more insight has been
obtained into host-pathogen interactions and pathogenesis of infectious diseases.
The response of the host to pathogens is reflected in changes in gene expression
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and can be measured by microarray based gene expression technologies. Likewise,
transcriptional profiling studies have proven to be a powerful approach for analyz-
ing and understanding host–pathogen interactions. Based upon the host response to
various pathogens, Jenner et al. have identified common and more specific gene
expression patterns. They collected and systematically compared transcriptional
profiling datasets from 32 published microarray-based in vitro studies which col-
lectively examined 77 different host-pathogen interactions. In response to this wide
variety of pathogens, they identified a cluster of 511 genes that share a common
response upon infection with a pathogen. According to the localization of the cell in
which they function, these genes have been clustered into different functional groups
in order to provide an overview of cellular physiology involved in the common
host response. Moreover, analyzing different transcriptional profiling studies also
revealed pathogen specific gene expression patterns. Several host genes of the afore-
mentioned common host response were found to be downregulated in the presence
of pathogens or specific pathogen proteins. These transcriptional profiling studies
has provided insight into how micro-organisms alter host gene expression patterns
to subvert the immune responses. For example, transcriptional profiling has identi-
fied that viruses such as herpes simplex virus (HSV)-1, human cytomegalovirus, and
human papillomavirus-31 are partially or completely able to inhibit the induction of
Interferon stimulated genes, which have a central role in the defense against viruses
(Jenner and Young, 2005).

Streptococcus pneumoniae and influenza virus are the most common causes of
pneumonia. Consequently, they contribute to substantial morbidity and mortality
worldwide. It has been known for years that influenza infection predisposes to sec-
ondary bacterial infection, mainly caused by S. pneumoniae and S. aureus. The
catastrophic influenza A pandemic in 1918 in which approximately 40–50 million
persons were killed, may have involved synergy between influenza and pneumococ-
cal infections. Gene expression profiling is a powerful tool to explore the molecular
mechanism of synergy between pathogens. By host gene expression analyses of
the lungs in mice, Rousseau et al. differentiated pneumococcal infections from
influenza. Rosseau et al., have also identified common gene expression patterns in
infectious disease as well as unique pathogen-specific gene expression signatures
that may help clarify the mechanisms behind the synergy between influenza virus
and S. pneumoniae (Rosseau et al., 2007). In response to influenza infection, Tong
et al. performed gene expression analyses of middle ear epithelial cells (Tong et al.,
2004). Tong et al. suggest that increased expression of inflammatory mediator genes
such as IP-10 and CXCL11 could lead to a shift in S. pneumoniae adherence by acti-
vation of host epithelial and endothelial cells, providing a favorable environment in
the middle ear cavity for a secondary bacterial infection with S. pneumoniae.

The response upon exposure to pathogens varies widely between individuals.
Some people are more susceptible to a certain infection than others. This differen-
tial susceptibility is partly caused by genetic variations between individuals that may
predispose either to development of disease or to a more severe course. Although
the large variation in clinical responses among individuals, also depends upon envi-
ronmental and microbial factors. The classic example of host genetic susceptibility
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is the resistance of heterozygous hemoglobin S individuals to malaria infection
(caused by Plasmodium falciparum) (Allison, 1954). Other approaches used to elu-
cidate genetic and environmental effects on infections include studies in identical
and non-identical twins (Hill, 1998; Jepson et al., 2001; Jepson et al., 1995) and
comparisons of risk in adopted children and their biological and adoptive parents.
One such study suggested that adopted children with a biological parent who died
early of an infectious disease had a higher risk of mortality from similar infections
while the death of an adoptive parent due to infection had no influence on the risk
of disease in the children (Sorensen et al., 1988).

Recent advances in microarray technologies have enabled genome wide searches
for genes influencing susceptibility to infectious diseases. Analysis of genetic sus-
ceptibility aims to link the genetic code (genotype) to the risk of a certain disease
state (phenotype). Given the large number of human genes, many with unknown
function, genome wide studies have the advantage that previously unconsidered
genes can be identified and provide more sensitivity for the detection of sub-
tle genetic effects and gene recruitment in affected individuals. However, many
reported genetic associations have not been replicated in subsequent studies, and,
for secure results, large numbers of affected and unaffected individuals are required.
Furthermore, because of the complexity of data analysis, microarray technologies
are time and labor intensive (Xavier and Rioux, 2008; Cooke and Hill, 2001;
Hirschhorn and Daly, 2005). Nevertheless, several large scale population based
studies have been performed and support the role of genome wide searches in the
identification of genes influencing disease susceptibility (WTCCC, 2006; O’Brien
and Nelson, 2004; An et al., 2007; Hill, 2006). For example, a genetic association
study performed by O’Brien et al. has led to the identification of various genetic fac-
tors that affect HIV-1/AIDS. Genetic association analysis of several large cohorts of
HIV infected individuals resulted in the identification of 14 AIDS restriction genes,
which are human genes with polymorphic variants that influence the outcome of
HIV-1 exposure or infection. The study of O’Brien et al., illustrates the discov-
ery of previously unknown genes involved in susceptibility to infection using SNP
haplotype-based association studies in clinically well-described epidemiological
cohorts (O’Brien and Nelson, 2004).

Another potential application of microarray technologies is diagnosis of infection
both by direct and indirect identification of pathogens. For example, microarrays
composed of DNA sequences of various pathogens allow the identification of
many organisms in a single test. Wang et al. developed an array composed of all
fully sequenced reference viral genomes that allows the detection of approximately
1000 viruses (Wang et al., 2002). Moreover, by sequencing hybridized material of
unknown pathogens, this array permits identification of new viruses, and, in 2003,
it proved successful in the global effort to identify the novel corona virus associated
with severe acute respiratory syndrome (SARS) (Wang et al., 2002; Ksiazek et al.,
2003).

In contrast to direct identification, infections can also be characterised indirectly
through specific host responses. An advantage of such pathogen-specific molecu-
lar signatures in the host is that they may be present at various stages of infection,
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even when the pathogen is not detectable using standard or direct diagnostic tests.
Ramilo et al. (2007), used gene expression analysis to diagnose different pathogen
fingerprints in pediatric patients with respiratory infections caused by influenza
A virus and Gram-negative (E.coli) or Gram-positive (Staphylococcus aureus and
Streptococcus pneumoniae) bacteria. Classifier genes, which discriminate influenza
A from bacterial infections (S. pneumoniae and S. aureus) and E. coli from S. aureus
infections, were identified and validated. Another example of “–omic” technology
use in diagnosing infection is the development of a protein based signature for diag-
nosing trypanosomiasis or sleeping sickness, which affects half a million people
yearly in sub-Saharan Africa. Trypanosomiasis, if left untreated, is a debilitating
disease with a lethaloutcome; it was successfully controlled in the past, but, since
the 1970s, has re-emerged as an epidemic of immense proportions causing huge,
yet widely underestimated morbidity and mortality of up to 50,000 cases every
year (Stich et al., 2002). Establishing the diagnosis remains complicated, as cur-
rent diagnostic tests lack the sensitivity to detect low parasite loads in peripheral
blood. Papadopoulos et al. analyzed serum samples from patients and controls using
SELDI –TOF mass spectrometry and identified distinct serum proteomic signa-
tures in both groups (Papadopoulos et al., 2004). After depleting serum samples of
antibody components, the authors identified two prominent protein peaks at 23/24
and 47 kDa in patients. These proteomic signatures may provide the basis for new
diagnostic tests and alternative methods to monitor the host response to treatment.
Moreover, additional characterization of these differentially expressed proteins may
allow the development of simpler, cheaper antibody based tests (Papadopoulos et al.,
2004; Agranoff et al., 2005).

3.2 Current and Potential Clinical Applications of “–omic”
Technologies

More than 50% of all children admitted to the hospital have fever or other non-
specific symptoms related to infection (Schaad, 1997). Although not necessarily
suffering from bacterial infection, a significant proportion of these children will
receive antibiotics. Although clinical history, physical examination and conventional
diagnostic investigations (e.g., x-rays, blood tests) may point to an extent towards
cause, pathogen identification remains difficult or even impossible. During episodes
of acute fever, clinicians prefer to rely on cultures taken from the site of infection.
However, such cultures often cannot be obtained at the right time or from the rel-
evant site (e.g., middle ear or lungs) and results are not available for at least 24 h
after sampling so that pathogens often remain undetected. Furthermore, contami-
nation and colonization, particularly in upper airway samples, can obscure results.
Gene expression profiles may identify bacterial pathogens and discriminate between
bacterial infections, infections caused by other pathogens, and non-infectious
causes of fever (like auto-inflammatory diseases). Using microarrays, organisms
can be identified either directly or indirectly through their effects on host gene
expression.
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Tang et al. showed that gene expression profiling of neutrophils can distinguish
sepsis from non-infectious inflammation (e.g., Systematic Inflammatory Response
Syndrome, SIRS) in intensive care patients. They performed microarrays on a cohort
of septic (N=71) and non-septic (N=23) patients and identified 50 classifier genes
differentially expressed between the two groups, which are involved in inflam-
matory responses, immune regulation, and mitochondrial function. Broadly genes
involved in the upregulation of immune responses were expressed less in patients
with sepsis than in control patients, whereas genes involved in down regulation were
expressed more, suggesting that sepsis may have an inhibitory effect on immune reg-
ulation. Pathway analyses support the finding that the immune regulation is inhibited
during sepsis by showing that genes involved in the NF-B pathway were expressed
less in patients with sepsis, whereas the inhibitory gene NFKBIA was expressed
more. A prediction model for disease severity was developed from these data and
validated in a second more heterogeneous patient group (Tang et al., 2007). A major
advantage of gene expression profiling is that it may enable the development of less
expensive diagnostic tools such as quantitative real time-polymerase chain reaction
(RT-PCR) detection and quantification of specific DNA sequences in septic patients
instead of entire gene expression profiles.

Children with auto-inflammatory diseases often present with non-specific sys-
temic symptoms like rash and fever, which precede more specific symptoms like
arthritis. Diagnosis of inflammatory diseases is often difficult due to the presenta-
tion with non-specific symptoms and the low incidence of these disease. Patients
are often empirically treated for more likely causes of symptoms, including infec-
tions. Such delay in diagnosis and initiation of appropriate treatment is suboptimal
for the child and may also result in misuse of antibiotics, contributing to emergence
of antibiotic resistance. To differentiate patients with auto-inflammatory diseases
(e.g., systemic onset juvenile idiopathic arthritis) from patients with acute viral and
bacterial infections Allantez et al. analyzed leukocyte gene expression profiles of
different blood leukocyte subpopulations that were obtained from these patients.
Based on their results, a specific blood signature was developed that enabled differ-
entiation between infection and other febrile inflammatory diseases (Allantaz et al.,
2007).

Along with permitting characterization of infections when pathogens are not
directly detectable, measurement of specific gene expression by the host can
potentially permit distinction between colonization and infection with pathogenic
micro-organisms. For example, bacterial secondary infections in children with pri-
mary viral lower respiratory tract infections are often diagnosed based on cultures
from upper airway samples. The question remains whether the detected organism
is really the cause of infection or whether it is just a contaminant from the upper
airway (Jacobs and Dagan, 2004). The development of a diagnostic test based on
gene expression patterns in the host may provide more specific information. In the
future, the development of such diagnostic tools may help the clinician choose an
effective treatment strategy and reduce inappropriate antibiotic use.

A diagnostic delay in infectious diseases can lead to delayed initiation of therapy,
severe complications, and long term consequences that may include death. Such a
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delay in diagnosis may be prevented by the development of diagnostic biomarkers.
Encephalitis, for example, is a complex, severe, neurological syndrome associated
with significant morbidity and mortality. It is characterized by inflammation of the
brain parenchyma, and children often present with drowsiness, fever, headache,
seizures, or focal neurological signs. A delay in treatment may lead to irreversible
brain damage. Diagnosis is often presumptive and based on clinical characteristics
or increased serological antibody titers. Unfortunately, the causative pathogen is
often hard to detect in the central nervous system itself. The final diagnosis is some-
times based on the detection of pathogens in cultures from other sites such as the
respiratory tract (Glaser et al., 2006). Indirectly diagnosing encephalitis based on
respiratory samples is rather inaccurate and demonstrates the need for new and bet-
ter diagnostic tools. New microarray and proteomics technologies may contribute
to improved diagnosis and treatment. Microarrays have been developed to simulta-
neously identify different viral and bacterial pathogens in cerebrospinal fluid (CSF)
(Boriskin et al., 2004; Ben et al., 2008). To our knowledge, gene expression studies
for differentiating pathogens based on the host response have not yet been per-
formed. The differentiation of pathogens based on the host response may provide
better insight in pathogenesis and disease specific profiles in blood or cerebrospinal
fluid; it may also prove useful in diagnosing encephalitis. The identification of
biomarkers related to clinical profiles or recognition of subgroups in encephalitis
may help predict outcome and provide insight into the efficacy of therapy.

Another infection in which diagnostic difficulties often lead to a delay in
appropriate therapy is infective endocarditis. The clinical diagnosis of infective
endocarditis may be difficult, as fever can be the only symptom. Rapid diagnosis
followed by appropriate treatment is of critical importance for survival. However, in
3–31% of patients, causative pathogens remain undetected. Fenollar et al. analyzed
serum samples from 88 patients with a clinical suspicion of endocarditis. They iden-
tified 66 different protein peaks in patients with confirmed endocarditis as compared
to those in whom the diagnosis was excluded (Fenollar et al., 2006). From these 66,
they developed a diagnostic assay based on 7 protein peaks. Despite this limited
number of differentially expressed proteins, the test was still able to classify the
majority (88%) of patients correctly.

3.3 Future Perspectives for Biomarker Development

Proteomic and genomic technologies have been shown to contribute to improved
insight into disease pathogenesis and may be useful in diagnosing infections and
providing information about disease susceptibility. However, clinical application of
these technologies has not yet been developed. Future research should focus on the
validation of previously identified biomarkers as well as the development of new
diagnostic assays.

The relationship between gene expression profiles and disease outcome is
another interesting field of research. Prognostic biomarkers could be import in
infectious diseases, helping predict likely disease course and a selection of patients
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most likely to benefit from treatment. At present, their clinical use is limited to the
field of cancer research where several studies suggest that molecular classification
of tumors, based on gene expression, may identify distinct prognostic subtypes.
Alizedah et al. have detected two subtypes of diffuse B-cell lymphoma with differ-
ent survival patterns (Alizadeh et al., 2000). The Mamma print, a test developed by
the Dutch Cancer Institute, identifies different breast cancer subtypes by analysis of
expression profiles involving 70 genes indicative of poor prognosis (van’t Veer et al.,
2002; van’t Veer and Bernards, 2008). These studies are based on hierarchical clus-
tering of subgroups with similar gene expression profiles. Hierarchical clustering
methods in gene expression analyses might prove useful in pediatric infectious dis-
eases; although to date, few studies have been done. Chaussabel et al. have generated
a potentially useful framework for the visualization and functional interpretation
of microarray based disease-specific transcriptional signatures (Chaussabel et al.,
2008), and, in addition, to the identification of biomarkers for monitoring inflamma-
tory disease activity (in SLE) showed its potential value in the evaluation of disease
progression and thus prognosis (Chaussabel et al., 2008).

In our department, we are currently conducting a clinical study to identify clas-
sifier genes that predict outcome in children suffering from lower respiratory tract
viral infections (VIRGO study). Using microarray analyses of blood leukocytes and
respiratory samples, we aim to identify biomarkers that distinguish children with a
relatively mild course of disease from those who will deteriorate and require sup-
plemental oxygen or mechanical ventilation. In the early phase of infection, these
biomarkers may help decide whether a child needs to be hospitalized.

Another potential application is to guide treatment by allowing therapy to be
tailored both to the specific pathogen, including its antimicrobial resistance prop-
erties and to host characteristics, including the immune response, which leads to
more focused drug use and improved outcome. An early example of genotype-
guided, individualized treatment strategy is the adjustment of isoniazid dosing
regimen in adults with tuberculosis. N-acetyltransferase type 2 (NAT2) plays an
important role in isoniazid metabolism and genetic polymorphisms of this enzyme
can alter the response to the drug. Determining the NAT2 genotype prior to isoni-
azid administration can predict pharmacokinetic variability and therapeutic response
(Kinzig-Schippers et al., 2005).

Individualized treatment strategies will be extremely helpful in treating tubercu-
losis in children. At present, children with tuberculosis are treated with up to four
tuberculostatic agents for two months followed by a two drug regimen during a
4 month continuation phase. To date, there is no laboratory tool to monitor response
to therapy. Moreover, difficulties in identification of M. tuberculosis from, for exam-
ple, induced sputum or gastric lavage, contribute to diagnostic and therapeutic
uncertainty (Newton et al., 2008). Consequently, non-specific clinical features such
as symptom improvement, weight gain, and radiological features of chest disease
are used as markers for therapeutic response (Donald and Schaff, 2007). The iden-
tification of biomarkers for tuberculosis disease activity may provide more specific
monitoring strategies leading to more focused prescribing, fewer adverse effects,
and less multidrug resistance.
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4 Conclusions

Diagnostic uncertainty in infectious disease may lead to delayed diagnosis and
inappropriate use of antibiotics. The development of diagnostic biomarkers for
infectious diseases may result in more rapid diagnosis, more reliable discrimina-
tion between infection and non-infectious diseases, more improved management,
better course and outcomes, and less inappropriate use of antibiotics.

Microarrays and proteomic technologies are beginning to contribute to improved
understanding of the pathogenesis of a wide variety of infectious diseases and have
great prospects for the future. These technologies can be targeted both at direct
pathogen detection and at characterization of the host response, which may also
assist in diagnosis and disease monitoring as well as predicting the individual’s sus-
ceptibility to disease, response to medical therapy, and overall prognosis. Although
promising, the clinical application of these technologies in infectious diseases is
limited at present. Current research focuses on sophisticated highly specialized tech-
niques, but future work will need to be directed at clinical validation studies to
collect data on clinical applicability, accuracy and cost effectiveness. Translating
biomarker research into clinically useful tests will be difficult and time and labor
intensive. The ultimate goal is to develop clinically relevant, cheap, rapid diagnostic
and prognostic biomarker tests which use biological samples that are easy to obtain
from the patient and which generate reliable and easily interpreted results.
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The Epidemiology and Management of Non
Typhoidal Salmonella Infections

Yamikani Chimalizeni, Kondwani Kawaza, and Elizabeth Molyneux

1 Introduction

Non typhoidal salmonella (NTS) infections affect children all over the world. In well
resourced countries they usually present as mild gastro-enteritis, which resolves in
a few days without active treatment (Jones et al., 2008; Gordon, 2008). In poorer,
often crowded parts of the world, NTS causes serious invasive disease (Diez et al.,
2004; Ruiz et al., 2000; Ailal et al., 2004; Preveden et al., 2001; Bahwere
et al., 2001; Kariuki et al., 2006a; Enwere et al., 2006; Molyneux et al., 1998; Hill
et al., 2007; Berkley et al., 2005; Walsh et al., 2000; Phetsouvahn et al., 2006).

The annual incidence of NTS worldwide is 1.3 billion cases, of whom approxi-
mately three million die (O’Ryan et al., 2005). In well resourced parts of the world,
where invasive disease is uncommon (less than 5% of all infections), the mortal-
ity is less than 2% (Jones et al., 2008; Patrick et al., 2004; Papaevangelou et al.,
2004; Galanakis et al., 2007; Weinberger and Keller, 2005). In resource-constrained
countries with frequent invasive infections, the mortality is 18–24% (Gordon 2008;
Graham et al., 2000a; Nathoo et al., 1996; Lee et al., 2000; Blomberg et al., 2005;
Chatterjee et al., 2003; Green and Cheesbrough, 1993).

Over the last 30 years, there has been a worldwide epidemic of NTS, although
this now appears to be waning (Patrick et al., 2004; Weinberger and Keller, 2005;
Centers for Disease Control and Prevention (CDC), 2000; Centers for Disease
Control and Prevention (CDC), 2003; Kariuki et al., 2006b). The prevalence and
NTS serovar types are monitored and reported at sentinel sites in several countries
(WHO, 2006). While well resourced countries are over-represented, several patterns
emerge (Fig. 1).

Unlike typhoid, NTS is found in non-human, as well as human samples. The
prevalence in non-human and human reservoirs differs, as does the frequency of
different serovars (Fig. 2).
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Galanis E et al.  EID 2006

Fig. 1 Proportion of most common serotypes reported in humans. Salmonella isolates by world
regions 2002. (Galanis et al., 2006)

Galanis E et al.  EID 2006

Fig. 2 Proportion of most common serotypes reported in animals. Salmonella isolates by world
regions 2002. (Galanis et al., 2006)

The epidemic of NTS has been due to Salmonella enterica sub sp. enterica
Salmonella Typhimurium DT 104. It has spread rapidly throughout the world. It is
a multidrug-resistant serovar and the pattern of resistance has remained unchanged,
globally (Butaye et al., 2006). More recently, it is on the decline, although there
has been an increase in the prevalence of Salmonella enterica sub sp. enterica
Salmonella Enteritidis (Gordon, 2008; Graham et al., 2000b).

There are a number of other monitoring systems, augmenting the aforemen-
tioned sentinel sites. The CDC has a monitoring network in the United States (Jones
et al., 2008). Food Net in the United States now includes reference laboratories
from different states. The World Health Organization has established monitoring
and training sites on every continent. Eighty four percent of these laboratories report
S. Typhimurium and S. Enteritidis; 50% report S. infantis and S. heidelberg, and 25%
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find cases caused by S. Newport (WHO, 2006). These sites over-represent the devel-
oped world, where laboratory facilities are available for this monitoring task (WHO,
2006; Helms et al., 2005).

Some serovars are more common in one part of the globe than another; others
are geographically limited (Galanis et al., 2006; Jones et al., 2008). For instance,
S. Enteritidis is the most common serovar in Europe, but in Africa, S. Typhimurium
is much more common. S. Javiana is found only in North America. S. Weltevreden
is found in seafood and vegetables in South East Asia but is seldom found elsewhere
(Wittler and Bass, 1989; Thong et al., 2002).

S. Choleraesuis and S. Dublin cause more invasive disease than many other
serovars, including S. Typhimurium (Jones et al., 2008; Gordon, 2008). In the USA,
Jones reports that in the years 1996–2006, S. Typhimurium caused 6% of inva-
sive disease, but S. Choleraesuis caused 57% and S. Dublin, 64% (Jones et al.,
2008).

The epidemic of NTS across the world has lead to a rapid rise in mul-
tidrug resistance (MDR). Resistance to ampicillin, chloramphenicol, streptomycin,
sulphonamides and tetracyclines, (ACSSuT) is now widespread, with sentinel sites
reporting 5–80% of all NTS as MDR serovars (Fig. 3).

In Kenya, a rapid rise in the antimicrobial resistance pattern was followed by an
equally unaccountable fall in resistance, from 69% in 1994–97 to 11% in 2002–04,

UK
Southern Europe

USA

Eastern Asia

Fig. 3 Multidrug resistant S. enterica serovar S. Typhimurium as percentage of all S. Typhimurium
in 9 world regions 1992–2001. (Helms et al., 2005)
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despite the continued use of drugs to which the NTS was resistant (Kariuki et al.,
2006b). In Malawi, MDR S. Enteritidis preceded a similar pattern in S. Typhimurium
(Fig. 4).
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Fig. 4 Non Typhoidal salmonella resistance pattern to chloraphenical 1996–2006 in children in
Blantyre, Malawi. (Wilson et al., 2006, unpublished)

Resistance appears to be waning here as well. The development of extended-
spectrum beta lactam (ESBL) resistance is of great concern. NTS strains that are
resistant to quinolones and third-generation cephalosporins have been identified
in most parts of the world, including South Africa, Europe, and North and South
America (Zaidi et al., 2008; Said et al., 2005) (Fig. 5).

This reduces the availability of suitable, inexpensive antimicrobial therapy in
many parts of the world. Despite the dramatic increase in resistance to antimicrobial
therapy, the mortality from invasive infections has remained unchanged. It has been
suggested that this may be because the more resistant bacteria are less pathogenic
(Gordon et al., 2008).

The intestinal form of NTS is an acute ulcerative colitis and does not lead to
chronic infection. S. Typhi, on the other hand, affects the small bowel, may cause a
chronic cholecystitis and 2% of infected people become chronic carriers or “super
shedders” (Gordon, 2008). The most common sites of invasive disease are the blood
stream, joints, bones, meninges and soft tissues (Preveden et al., 2001; Molyneux
et al., 1998; Berkley et al., 2005; Walsh et al., 2000; Galanakis et al., 2007; Graham
et al., 2000a; Lee et al., 2000; Green and Cheesbrough, 1993; Yagupsky et al., 2002;
Zaidi et al., 1999; Lee et al., 1998; Srifuengfung et al., 2005; Molyneux et al., 2000;
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Fig. 5 Proportion of multidrug resistant S. enterica serovar S. Typhimurium also resistant to
quinolones, cephalosporins and trimethoprin 1992–2001. (Helms et al., 2005)

Lavy et al., 1995; Rodríguez et al., 1998). In North America, 2.5% of NTS infections
were extra intestinal and many of these were in immunocompromised patients, the
very young or the old (Jones et al., 2008). In Spain, the figure was eight percent
(Rodríguez et al., 1998) and, in Kuala Lumpur, 5.3% (Lee et al., 1998) of infections
are invasive.

In sub-Saharan Africa, NTS has emerged as a common cause of invasive dis-
ease (Gordon, 2008; Kariuki et al., 2006a; Molyneux et al., 1998; Hill et al.,
2007; Berkley et al., 2005; Walsh et al., 2000; Graham et al., 2000a; Green and
Cheesbrough, 1993; Graham et al., 2000b; Oundo et al., 2000; Bachou et al., 2006;
Bronzan et al., 2007). In Kenya, in one hospital, 40% of febrile children had NTS in
stool samples and 60% of positive blood cultures grew NTS (Noorani et al., 2005).
In Malawi 40% of positive blood cultures, 38% of joint cultures and 6% of cases of
meningitis grew NTS (Graham et al., 2000a). From the Congo (now the Democratic
Republic of Congo), percentages of NTS in blood, joint aspiration and CSF samples
were 73, 7, and 5, respectively (Green and Cheesebrough, 1993). Invasive infection
occurs notably in the young, (less than 2 years of age), after malarial anemia, and
in children who are malnourished (Graham et al., 2000a; Graham et al., 2000b;
Bronzan et al., 2007; Noorani et al., 2000; Oundo et al., 2002). NTS is seasonal and
is most frequently found at the end of the rainy season, when malarial anemia and
malnutrition are also common (Graham et al., 2000b; Maclennan et al., 2008). HIV
infection is an underlying factor in NTS invasive disease but it is not as important as
anemia and malnutrition (Bachou et al., 2006; Bronzan et al., 2007; Noorani et al.,
2005; Oundo et al., 2002; Archibald et al., 2003).

In North America and Europe, the source of NTS infection is foodstuffs. Eggs
have been implicated, as have meats (Centers for Disease Control and Prevention
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(CDC), 2000; Centers for Disease Control and Prevention (CDC), 2003; McPherson
et al., 2006). In Guam, the soil is infected with NTS (Haddock and Nocon, 1986).
In the Republic of South Africa, river sediment and water have been found to be
reservoirs of NTS pathogenic to humans (Said et al., 2005). In Java, 48% of river
water samples were contaminated with NTS (Gracey et al., 1979). In other parts of
the world there is more human-to-human spread (Kariuki et al., 2006c; Vaagland
et al., 2004; Gracey et al., 1973). Aboriginal children in Australia, Uruguayan chil-
dren and Kenyans with NTS invasive disease all carry NTS in their oropharynx
(Gracey et al., 1973; Hormaeche and Peluffo, 1941; Kariuki et al., 2002). In Kenya
and in Mexico, asymptomatic children are carriers of NTS (Kariuki et al., 2006c;
Zaidi et al., 2008).

Invasive NTS disease may be focal – with abscess formation in bone, joint infec-
tions or meningitis (Srifuengfung et al., 2005; Molyneux et al., 2000; Lavy et al.,
1995); however, it very often presents as a fever with no focal lesions. In Malawi,
32% of children with NTS bacteremia were admitted with a diagnosis of malaria;
5% with pneumonia; 11% with gastro-enteritis; 10% with anemia and 10% with
sepsis (Graham, 2002). In Gambia, 50% of the cases of NTS septicemia and, in
Kenya, 46.5% of cases fitted the WHO criteria for pneumonia (O’Dempsey et al.,
1994; Brent et al., 2006).

2 Seasonality of NTS infections

Figure 6 shows how NTS infections are more common in the malaria season
and peak towards the end of, and just after the rains have finished. This is also
the “hungry season,” when the old harvest has finished and the new harvest is
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(Gordon et al., 2008)
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awaited (Gordon, 2008; Maclennan et al., 2008). In Denmark, NTS causes a summer
outbreak of diarrhea and vomiting (Gradel et al., 2007).

3 Malaria, Anemia and NTS infection

The association between malaria and NTS infections in children has been known for
a long time. Duggan and Beyer reported the striking number of NTS infections in
patients with malaria and especially those with malarial anemia (Duggan and Beyer,
1975). In 1972, Greenwood described the inhibition of Salmonella “O” antigen in
malaria (Greenwood et al., 1972). In Blantyre, Malawi, of the blood cultures positive
in children with malaria, 36% were due to NTS, compared with 5% of S. Typhi and
11–29% of other infections (Graham et al., 2000a). This discrepancy is noted in
other countries with endemic malaria (Walsh et al., 2000; Oundo et al., 2002).

Why is this so? Malaria causes haemolysis and reduced erythropoesis with an
increase in circulating immune complexes and decreased complement, leading to
inhibition of Fc receptor mediated phagocytosis (Graham et al., 2000a; Greenwood
et al., 1978). Increased erythrophagocytosis of parasitized and non-parasitized red
cells alters macrophage and splenic function. Furthermore, unbound iron, released
from haemolysed red cells, favours NTS proliferation (Graham et al., 2000a).

NTS infections peak toward the end of the rainy season, which is when the num-
ber of cases of malaria decline and anemia caused by malaria is greatest. NTS has
been reported to cause 78% of all post-transfusion bacteremia. It is only found in
1% of cases of cerebral malaria but 7% of malarial anemia cases (Graham et al.,
2000b), and is especially common in severe anemia (Haematocrit <15%) (Table 1).

Table 1 Anemia and NTS in Blantyre, Malawi. (Graham et al., 2000b; Bronzan et al., 2007)

Hct <25% <15%
Non typhoidal salmonellae 66% 30%
Salmonella typhi 40% 4%
Gram negative bacteria other than salmonellae 39% 4%
Streptococcus pneumoniae 28% 5%

Hct = haematocrit

Nine (31%) of 29 cases of NTS meningitis in Malawian children followed a
blood transfusion, compared with 10 (1.8%) of 568 cases who developed meningitis
from other causes (Graham et al., 2000c).

4 Malnutrition and NTS Infection

From South Africa in the 1980s, Berkowitz described a higher mortality of NTS
with malnutrition (38.7%), compared with 14.5% in the well nourished (Berkowitz,
1992). In 1983, Lloyd Evans et al. in Nigeria, reported that 28.7% of malnour-
ished children compared with 5.3% of normally nourished children excreted NTS
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over several weeks (Lloyd Evans et al., 1983). Norton et al. in a hospital study
from Lilongwe, Malawi, found that malnutrition and not HIV infection was asso-
ciated with NTS bacteremia (Norton et al., 2004). In a report of bacteremia in
malnourished Ugandan children, those with severe malnutrition were more likely
to have a bacteremia, and the cause was more likely to be a NTS (OR 5.4, CI 1.6–
17.4) (Bachou et al., 2006). In another study from Mulago, Uganda, 22% of 134
malnourished children aged 6–59 months, 44% of whom were HIV infected, had
a bacteremia. More than 70% were caused by Gram-negative bacteria, of which
67% were either salmonellae or E. coli. Hypoglycemia was a strong predictor of
bacteremia. p 0.007 (Babirekere–Iriso et al., 2006)

5 HIV and NTS infection

In adults, the association of HIV infection and NTS is well recognized (Gordon,
2008; Gordon et al., 2002). An HIV-infected adult with a CD4 count of less than
200/ml is 48 times more likely to have invasive NTS disease than an uninfected
adult (Gordon, 2008). Of 68 blood isolates, 13.2% of 168 HIV-positive children
grew NTS, compared with 3.6% of 28 blood isolates of 161 HIV negative controls
(Nathoo et al., 1996). Several studies have reported the association of advanced HIV
disease with NTS infection in children (Bachou et al., 2006; Bronzan et al., 2007;
Chierakul et al., 2004).

6 NTS Recurrence and Relapse

Nearly half (19/44; 43%) of adult HIV-infected patients had a first recurrence of
NTS infection within 3–186 days. Five of 19 had multiple recurrences (Gordon,
2008). Of 61 Malawian children with NTS meningitis, two recurred or relapsed.
Relapses were almost unknown in other HIV-uninfected children (Molyneux
et al., 2000).

7 Treatment of NTS Infections

Simple febrile gastro-enteritis caused by NTS in the otherwise well nourished and
immune-efficient child requires no antimicrobial therapy. Antibiotics may prolong
the illness and the excretion of bacteria (Jones et al., 2008).

It is notably difficult to clear salmonella CNS infections, and prolonged treat-
ment is recommended to try to overcome the problem (American Academy of
Pediatrics, Committee on Infectious Diseases, 2000; Price et al., 2000). The
American Academy of Pediatrics recommends four weeks of antimicrobial therapy
for meningitis, and still records a significant relapse. Complications are common
even in immunocompetent children (American Academy of Pediatrics Committee
on Infectious Diseases, 2000; Price et al., 2000). In immunodeficient patients,
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recurrence is common and the serovar is the same for each infectious episode
(Gordon, 2008).

Treatment depends on the focus of infection, the age of the child, the severity
of the illness, the presence of underlying immunosuppression and the local pat-
tern of antimicrobial resistance. In invasive disease where most NTS are known
to be resistant to chloramphenicol, and especially in meningitis, it is safer to initi-
ate treatment with an effective antibiotic such as a third-generation cephalosporin
(Kinsella et al., 1987). The AAP recommends four weeks of antibiotic treatment.
Ceftriaxone (substituted with cefotaxime in neonates) and ciprofloxacin are used
in combination therapy (Eliopoulos and Eliopoulos, 1989). Both drugs have good
blood-brain barrier and intracellular penetration (Price et al., 2000; Eliopoulos and
Eliopoulos, 1989; Hampel et al., 1997; Jick, 1997; Green et al., 1993; Scheld,
1989). Ciprofloxacin achieves rather poor CSF drug levels and is best not used
in isolation. Meropenem, imopenem and, more recently, trovofloxacin have been
used with excellent results (Price et al., 2000; Koc et al., 1997; Sáez-Llorens
et al., 2002).

Joint infections often involve the shoulder. This occurs especially in toddlers
who are carried on their mothers’ backs and are swung into position by the mother
grasping the upper arm and pivoting the child’s body weight on the shoulder joint.
Minor local trauma may lead to seeding of NTS in the presence of a low-grade
bacteremia (Molyneux and French, 1982). Joint infections require antibiotic therapy
and surgical intervention. The intervention depends on the specialty of the physician
caring for the child and may require arthroscopic washouts, or aspiration and/or
incision and drainage, followed by about four weeks of antibiotics. Most clinicians
give intravenous antibiotics until the systemic symptoms settle and then change, or
oral therapy for the rest of the course (Lavy, 2007).

Bacteremia requires a seven-day course of antibiotics, but this may need to be
prolonged in children with immunosuppression.

Ciprofloxacin has been given prophylactically to HIV-infected patients who have
frequent relapses of NTS bacteremia, but with antiretroviral treatment available, this
should be commenced as soon as possible.

An effective vaccine would prevent many infections and deaths. The oral typhoid
vaccines have shown some coincidental protection from NTS infections, but a more
directed vaccine is required (Levine et al., 2007; Maclennan et al., 2008).
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Where Does Campylobacter Come From?
A Molecular Odyssey

Alison J. Cody, Frances M. Colles, Samuel K. Sheppard,
and Martin C.J. Maiden

1 Introduction

Campylobacter is the most common bacterial cause of gastroenteritis, worldwide.
Since the first description of the disease in the 1970s (Skirrow, 1977), the incidence
of human campylobacteriosis in the UK, measured in terms of laboratory reports,
has risen steadily, peaking at 57,674 reports in the year 2000; with 46,603 reports
in 2006 (http://www.hpa.org.uk). Although generally self limiting, this disease has
an important economic impact (Skirrow and Blaser, 1992). More serious complica-
tions, such as motor neurone paralysis, arise in 1–2 cases per 100,000 people in the
UK and USA (Nachamkin et al., 1998). The disease also has an appreciable, yet less
defined, impact in developing countries. Approximately 90% of human infection is
caused by C. jejuni, with C. coli accounting for much of the rest (Gillespie et al.,
2002).

C. jejuni, and C. coli are Gram-negative curved rods with polar flagella and
are highly motile (Ketley, 1997). In common with other members of the genus
Campylobacter they are fastidious bacteria that are best isolated in a microaerophilic
atmosphere using specific complex media, since they lack many of the genes needed
to degrade carbohydrates or amino acids. Unlike most other Campylobacter species,
they show optimum growth at 42◦C, perhaps as a consequence of their association
with avian species. It is thought that where campylobacters become environmen-
tally stressed they enter a viable non-culturable state, in which case pre-incubation
in an enrichment broth may help to recover the organism (Humphrey, 1989; Ketley,
1997).

Campylobacter are ubiquitous, being commensal members of the gastrointestinal
microbiota of poultry and other farm, animals, as well as many wild species. Such
animal infection is rarely symptomatic, but provides sources of contamination, both
directly and via the consumption of the afflicted animal. Run-off from farmland
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leads to the contamination of ground-water sources, acting as a source of infec-
tion for animals, birds and humans, if consumed (Hopkins et al., 1984; Peabody
et al., 1997). However, human campylobacteriosis is most commonly associated
with the consumption of chicken or chicken products (Adak et al., 2005). Ingestion
of Campylobacter by humans may cause disease resulting from the invasion of the
intestinal epithelial layer, leading to localized inflammation and diarrhea (Young
et al., 2007).

The multiple potential reservoirs for human infection, together with the high lev-
els of genetic diversity of these bacteria, have combined to complicate understand-
ing of the relative contributions of different infection sources to the human disease
burden – an essential prerequisite to effective disease control. Here, we illustrate
how molecular epidemiological techniques, especially those based on nucleotide
sequence determination, have contributed to unravelling the epidemiology of these
important human pathogens.

2 Campylobacter Typing and Population Structure

Multi-locus sequence typing (MLST) is a method of unambiguously indexing
genetic variation among bacterial isolates (Maiden, 2006). For every isolate inves-
tigated, nucleotide sequence data are obtained for an internal fragment of each
of seven housekeeping loci. Genetic variation in housekeeping genes is indexed
as the variation is present in all isolates and is under stabilising selection for the
conservation of metabolic function. This allows for the monitoring of long-term
evolutionary events (Dingle et al., 2001). Nucleotide sequence lengths of ∼500 bp
are usually employed, since accurate data can be readily obtained by the use of a
single primer extension for each DNA strand. For each locus, every unique gene
fragment sequence (or MLST allele) is assigned a unique but arbitrary number,
regardless of whether allele differences have occurred as a result of a single or mul-
tiple base changes – an important criterion when analyzing highly recombinogenic
bacteria (Maiden, 2006). Consequently, each isolate investigated has an “allelic
profile” or “sequence type” (ST), consisting of seven integers which, in the case
of the Campylobacter scheme, represents 3,309 bp of unique nucleotide sequence
from multiple loci around the genome. Genetic relationships between isolates can be
determined from these data since closely related isolates have identical STs or allelic
profiles differing at few loci, while the profiles of unrelated isolates are different.

Examination of C. jejuni and C. coli collections by MLST has confirmed these
organisms to be genetically diverse, with a semi-clonal population structure (Dingle
et al., 2001, 2005). Such bacterial populations contain clusters of related isolates
but, as in other highly recombinogenic bacteria, phylogenetic relationships among
clusters cannot be determined, due to the reassortment of alleles by frequent recom-
bination (Holmes et al., 1999). These clusters are referred to as clonal complexes
and in the case of Campylobacter are pragmatically defined as those isolates shar-
ing four or more alleles with a central genotype, after which the complex is named
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(Dingle et al., 2001). As observed in other bacteria (Maiden, 2006), the central
genotypes of Campylobacter clonal complexes have a higher prevalence than other
STs in population samples and are stable during global spread over time (Dingle
et al., 2002). An example of this is the ST-45 clonal complex, in which the central
genotype is the most abundant; with the majority of other STs observed much less
frequently, in many cases only once. Clonal complexes have become the main unit
of analysis of Campylobacter genotypes for epidemiological investigations (Dingle
et al., 2002).

3 Epidemiology of Human Infection

Prior to the development of MLST, immunological typing methods, predominantly
targeted to lipooligosacharide (LOS) variants and capsular antigens, were used for
the characterization of Campylobacter isolates (Penner et al., 1983) but these meth-
ods failed to advance understanding of Campylobacter epidemiology. The reasons
for this failure became clear on comparison of serotyping and MLST data. Firstly,
particular serotypes can be associated with more than one ST or clonal complex;
furthermore, a given genotype can contain isolates expressing various serotypes
(Dingle et al., 2002; Wareing et al., 2003). This lack of association of serotype
with genotype is due both to recombinational reassortment of antigen genes among
genotypes and to phase variation, so that the same isolate may express very different
serotypes at different times (Parkhill et al., 2000).

A major advantage of MLST is that the results are highly reproducible and the
technique is portable, enabling data collected in different laboratories to be readily
compared. MLST data available via the Internet at the PubMLST database web-
site (http://pubmlst.org/Campylobacter) show that while Campylobacter genotyopes
have a global distribution, their prevalence among human disease is not uniform
worldwide (Dingle et al., 2008). The distribution of clonal complexes among dis-
ease isolates from two regions of the UK might be similar, for example (Dingle
et al., 2002; Sopwith et al., 2006), but might differ from those seen among disease
isolates collected in Australia (Mickan et al., 2007). Intriguingly, the disease isolates
from the UK and Australia are more similar to each other than they are to isolates
obtained from cases in the Dutch West Indies (Duim et al., 2003) (Fig. 1). These
findings probably reflect different dietary infection sources in different countries.
Of particular note is the similarity of the genotypes recovered from poultry meat
and human disease, which is consistent with contaminated poultry being a major
source of human infection (Dingle et al., 2002; Colles et al., 2008).

Outbreaks of human Campylobacter infection are identified infrequently due to
the relatively long incubation period, lack of accurate epidemiological information,
and the high incidence and wide distribution of human-disease related central geno-
types. The application of a ten-locus typing scheme that combines MLST data and
nucleotide sequences of flaA, flaB and porA antigen genes, enhances discrimination
among isolates. In a study of 620 isolates collected over a one-year period from
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Fig. 1 Human clinical isolates in geographically distinct locations. The relative abundance of
the clonal complexes detected in Oxfordshire, UK during a one-year study (Dingle et al., 2008).
Comparison with the clonal complexes detected in three other studies of human Campylobacter
infections in NW England, UK (Sopwith et al., 2006) Curaçao, (Duim et al., 2003) and New South
Wales, Australia (Mickan et al., 2007)

Oxfordshire, UK the discriminatory index (DI) was increased from 0.976 achieved
by MLST alone to 0.992 by achieved with ten-locus typing. This greatly enhanced
the ability to detect outbreaks, although the contribution of such outbreaks to overall
disease burden does, indeed, appear to be low (Dingle et al., 2008).

In addition to being useful in the study of human disease epidemiology,
clonal complexes have provided information about the association of particu-
lar Campylobacter genotypes with particular animal hosts. In an analysis of
814 Campylobacter isolates from diverse sources, including farm and wild animals,
as well as human disease, the ST-21 complex was isolated from all the sources;
ST-45 and ST-257 complex predominantly from human disease or poultry; ST-
61 and ST-48 complexes mainly from human disease, cattle and sheep, whereas
ST-177 and ST-179 complexes were exclusively isolated from beach sand, presum-
ably ultimately coming from wild birds. These findings suggest that the frequency
distribution of some clonal complexes is in part associated with the environment
from which isolates are obtained and that their persistence in particular hosts may
be a result of niche adaptation (Dingle et al., 2002).
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4 Host Association Studies of Chickens, Geese and Starlings

Understanding patterns of host association of different Campylobacter genotypes is
important in elucidating the ecology of this food-borne zoonotic infection. If partic-
ular genotypes are associated with particular host species, it becomes possible to use
genetic data to attribute cases of human infection to particular host sources. Initial
investigations with MLST suggested that Campylobacter genotypes associated with
human disease are found in the farm environment (Colles et al., 2003; French et al.,
2005), indicating as obvious transmission routes to humans contaminated food that
has been inadequately prepared.

Analysis of Campylobacter isolates obtained from 975 individual chickens rep-
resenting 64 free-range broiler flocks, 331 wild geese and 964 wild starlings at the
University farm in Oxfordshire between 2002 and 2005 enabled host association
and transmission in a single farm to be investigated (Colles et al., 2008). There
were some significant differences in the carriage rate and species distribution of
the organism between the broiler chickens and wild birds. The average shedding
rate was much higher amongst the broiler chickens (90.4%) compared to the wild
geese (50.5%) and wild starlings (30.4%). In addition, C. coli was isolated much
more commonly from the broiler chickens (50.9% of isolates) compared to the
geese (0.6% of isolates) and starlings (1.7% of isolates). The results were consistent
with those from other studies suggesting that C. coli is a later coloniser of chick-
ens than C. jejuni and is thus commonly isolated from free-range fowl and poultry
organically reared over a longer period of time (El-Shibiny et al., 2005).

Further comparison of the Campylobacter genotypes recovered revealed strong
host association, with little overlap between the different host sources. Only five
clonal complexes and four STs overlapped amongst the chickens and wild birds,
and only two Campylobacter isolates with identical ST and flaA SVR type were iso-
lated from the chickens and starlings, although the time period was 6 months apart.
Both Fisher’s statistic, used to compare the gene flow between Campylobacter pop-
ulations, and analysis using the software package Structure (Falush et al., 2003) to
predict the host source from an allelic profile employing probabilistic methods, sup-
ported a strong association of particular Campylobacter genotypes with certain hosts
(Fig. 2). This finding was consistent with mapping genealogical data to host source,

0

0.5
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Origin: Geese Chickens Starlings

Probabilisitic assignment:

Fig. 2 Probabilistic assignment of the Campylobacter jejuni allelic profiles isolated from geese
(blue), chickens (yellow) and starlings (red), using the software package Structure. Each vertical
bar represents an allelic profile and gives the estimated probability that it comes from each of the
sources
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which shows an overrepresentation of the same genotypes in farm – specifically
poultry – sources and human disease (Fig. 3). This association of genotypes with
hosts and human disease supports the use of genetic methods to determine major
sources of human infection.
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Fig. 3 Comparison of human Campylobacter jejuni isolates with those from poultry, ovine/bovine
and environmental sources. The phylogenetic trees were constructed using ClonalFrame software
and the ST-based clonal complexes are indicated. The shaded area of the pie charts is proportional
to the frequency that each clonal complex occurs in comparison of scaled data sets (n = 765)

Molecular epidemiology can also be used to track infection on-farm. The free-
range poultry flocks examined in the Oxfordshire study were on a rolling production
system using 16 different plots at two different farm sites. Plots were fallow for
7 weeks between successive flocks and a total of four flocks was raised per plot over
the study period. The number of occasions in which an identical Campylobacter
genotype was identified on the same plot was unpredictable and no different to that
which might expected by chance, despite the inevitable contamination that would
result from the previous flocks. Similarly, the extent of ranging behaviour showed
no correlation with the shedding rate of Campylobacter or the diversity of geno-
types. Higher rates of genotypic diversity were, however, linked with lower growth
rates and better hock health. Genotypes were clustered over time, independently of
farm site and plot, suggesting that the flocks were contaminated from a common
source over a period of time. Taken together these data suggest that wild birds are
not a common source of contamination for the free-range poultry but imply that
Campylobacter genotypes may be circulating within the poultry industry (Colles
et al., 2008).
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5 Genetics of Host Association and Speciation

A further application of MLST data has been the investigation of the evolutionary
processes underlying host adaptation. A particular conundrum is how distinct geno-
types can emerge in the face of the high rates of recombination in Campylobacter
populations. Specifically, the persistence of different host-adapted genotypes, and
indeed the two species, seem to be inconsistent with the apparently high rates of
genetic exchange (Fraser et al., 2007). The existence of distinct groups suggests the
presence of effective barriers to gene flow (Lawrence, 2002). This can be (i) mecha-
nistic – imposed by homology dependence of recombination (Fraser et al., 2007) or
other factors promoting DNA specificity (Eggleston and West, 1997) such as restric-
tion/modification systems; (ii) ecological – a consequence of physical separation of
bacterial populations in distinct niches; (iii) adaptive – implying selection against
hybrid genotypes (Zhu et al., 2001). For many bacteria, observed levels of genetic
exchange should prevent divergence of subpopulations (Gupta and Maiden, 2001;
Cohan, 2002; Hanage et al., 2006).

In Campylobacter there is evidence of the mechanisms of adaptation and it has
been suggested that C. jejuni and C. coli are despeciating as a result of expansion
into an agricultural niche (Sheppard et al., 2008). As livestock farming became an
increasingly important part of human food production, natural barriers to bacte-
rial recombination became less rigid. Animals with undomesticated predecessors,
from whom they were separated in the wild, were brought together at high stocking
densities with rapid generation times. The convergence of Campylobacter species
in this new niche demonstrates that bacterial evolution can occur by mechanisms
analogous to those in sexual eukaryotic populations, such as Darwin’s Finches,
where ecological factors can generate and maintain incipient species associated with
distinct niches (Grant and Grant, 1992; Mallet, 2007).

6 Conclusion – Impact of Molecular Epidemiology on Control
of Human Infection

Molecular epidemiological studies have contributed to our understanding of
the biology of Campylobacter infection, and indeed help to elucidate where
Campylobacter comes from, in a number of important ways. MLST and related
typing techniques have provided a robust typing tool that has enabled data from
multiple laboratories to be compared. The clonal complex has emerged as a practi-
cal, yet biologically based, unit of epidemiological analysis. Enhancement of these
data with additional loci encoding more variable genes has provided robust tools for
contact tracing and outbreak investigation. MLST has also enabled the association
of particular genotypes with particular host species, further confirming the impor-
tant role of poultry as a source of human disease and indicating that the animals,
themselves, have Campylobacter populations distinct from those found among wild
birds such as geese and starlings. Finally the data have helped us to understand the
evolutionary processes whereby distinct genotypes arise and are maintained.
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In practical terms, much emphasis has been placed on reducing the number of
Campylobacter organisms reaching the consumer, since is directly proportional to
the risk of infection (Newell and Fearnley, 2003; Lindqvist and Lindblad, 2008).
In order to achieve this reduction, research has largely concentrated on three main
areas; on-farm biosecurity, hygiene during the slaughter process and hygiene during
food preparation. Although some progress has been made, further improvement is
needed to meet the target set by the UK Food Standards Agency in 2005 to achieve
a 50% reduction in Campylobacter-infected UK-produced chickens by 2010. The
results of the molecular epidemiological studies suggest that two additional areas
could be targeted in the future: improved animal welfare and the impact of inten-
sive farming (Fig. 4) (Humphrey, 2006; Colles et al., 2008; Sheppard et al., 2008).
This illustrates how molecular epidemiological and population genetic studies are
important in shedding light on the best means to reduce the incidence of this major
pathogen.

Wild bird
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Chicken
Chicken

meat
Man

Improved
chicken
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Fig. 4 Schematic representation of intervention points for reducing rates of human infection,
suggested by molecular epidemiology investigations
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Why Are Some Babies Still Being Infected
with HIV in the UK?

Aubrey Cunnington, Sanjay Patel, and Hermione Lyall

1 Introduction

The risk of transmission of HIV from a mother to her baby can be reduced from
35%, in the absence of interventions, to 0.1% with optimal management and exclu-
sion of breastfeeding. However, the reality is that transmission rates in the UK and
Ireland are 10 fold higher at approximately 1%. The underlying reasons are com-
plex, but mainly they reflect a failure to detect all women with HIV in pregnancy
and system failures that result in missed opportunities for risk reduction. Here we
review the mechanisms and risk factors for mother to child transmission (MTCT)
of HIV, the current guidelines for prevention of MTCT, and the results and rec-
ommendations from a recent study of cases of MTCT in the UK. Finally, we use
an instructive clinical scenario to illustrate the need for all healthcare workers to be
aware of the guidelines for prevention of MTCT of HIV when dealing with pregnant
women and their babies.

2 Risk Factors for Transmission

In the absence of any interventions, up to 35% of breastfed infants born to HIV-1
infected mothers will acquire HIV infection (Peckham and Gibb 1995; Newell,
1998; Lehman and Farquhar 2007). HIV can be transmitted by the passage of
cell free or cell-associated virus from mother to child (John et al., 2001; Tuomala
et al., 2003; Koulinska et al., 2006); it is present in maternal blood, vaginal secre-
tions, and breast milk (Dickover et al., 1996; Nielsen et al., 1996; Tuomala et al.,
2003; Koulinska et al., 2006), and it may pass into the fetus by direct transmission
across the placenta or through contact with epithelial surfaces (Bryson et al., 1992;
Mandelbrot et al., 1996; Nielsen et al., 1996; Kwiek et al., 2006). The infant may
also be infected by ingestion of breast milk.
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The timing of vertical infection is usually considered as either in utero, intra-
partum or postpartum (due to breastfeeding) (Bryson et al., 1992; Lehman and
Farquhar 2007). It is difficult to be precise about the timing or mechanisms of
vertical infection around delivery because many different exposures occur within
a short time period. Differentiating between late in utero, intrapartum, and early
breastfeeding transmission is impossible in practice. However, observational stud-
ies, mathematical modeling, and data derived from intervention studies suggest
that in utero infection is uncommon but increases toward term; intrapartum trans-
mission accounts for around two-thirds of infections; and breastfeeding accounts
for the remainder (Peckham and Gibb 1995; Newell 1998; Lehman and Farquhar
2007). In the absence of interventions, 5–10% of infants would be infected in utero,
10–20% intrapartum, and 10–20% by breastfeeding. Conventionally, infants who
test HIV DNA PCR positive in the first 48 h of life are considered to have been
infected in utero, while those who are infected at birth are usually still HIV DNA
PCR negative in peripheral blood lymphocytes at this time (Bryson et al., 1992).

The risk of transmission of HIV to the fetus or infant is influenced by the intensity
and duration of exposure to HIV and how readily the virus can cross the placental or
epithelial barriers. Advanced maternal disease with high viral load (VL) in mater-
nal plasma is a consistent risk factor for transmission of HIV in utero, intrapartum,
and through breastfeeding (Dickover et al., 1996; John et al., 2001; Rousseau et al.,
2003; Coutsoudis et al., 2004). Similarly, viral loads in vaginal fluid and in breast
milk are correlated with the risk of transmission, and the presence of HIV in amni-
otic fluid is likely to increase the risk of in utero infection (Mandelbrot et al., 1996;
John et al., 2001; Rousseau et al., 2003). Other infections affecting the mother may
increase local concentrations of cell free or cell associated HIV. Thus chorioam-
nionitis and sexually transmitted infections during pregnancy, active genital herpes,
other ulcerative sexually transmitted infections at the time of delivery, and mastitis
during breast feeding have all been reported to increase transmission of HIV(Burns
et al., 1994; Landesman et al., 1996; John et al., 2001).

In utero infection may occur due to HIV crossing the placenta and entering the
fetal circulation, or through amniotic fluid bringing virus into contact with fetal
mucosal surfaces. Disruption of the integrity of the placenta or amniotic membranes
probably increases the risk of transmission (Mandelbrot et al., 1996). Smoking and
illicit drug use can compromise the placental integrity, as can amniocentesis or phys-
ical damage to the placenta (Burns et al., 1994; Landesman et al., 1996; Mandelbrot
et al., 1996). Other acute infections in pregnancy (e.g. malaria or syphilis), which
compromise the integrity of the placenta, may also increase the risk of in utero
transmission (Mwapasa et al., 2006; Brahmbhatt et al., 2008).

The risk of intrapartum infection is clearly influenced by the duration of rupture
of membranes, with the relative risk of transmission increasing by approximately
2% per hour during the first 24 h (Landesman et al., 1996; International Perinatal
HIV Group, 2001). Premature delivery is an independent risk factor for trans-
mission (Landesman et al., 1996; Mandelbrot et al., 1996; Kuhn et al., 1997).
Transplacental materno-fetal microtransfusions, which can be quantified by measur-
ing placental alkaline phosphatase or maternal DNA in umbilical cord blood, show a
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dose-response relationship with risk of transmission (Kwiek et al., 2006, 2008).
Maternal haemorrhage during labour and damage to fetal skin also increase the
chance of transmission (Mandelbrot et al., 1996; Maiques et al., 1999).

The risk of transmission associated with breast feeding is related to the duration
of breast feeding (Coutsoudis et al., 2004; Coovadia et al., 2007). Almost two-thirds
of transmission by this route occurs in the first 6 weeks. Thereafter the risk per
month of breastfeeding is lower but remains fairly constant. Exclusive breast feeding
is thought to be safer than mixed breast and bottle feeding, perhaps because gut
mucosal integrity is impaired by introduction of other feeds, which may facilitate
entry of HIV (Kourtis et al., 2003).

3 British HIV Association Guidelines – 2008

The remainder of this review concentrates on the prevention of MTCT of HIV in
a resource rich setting, focusing primarily on the UK. Further details can be found
in the British HIV Association guidelines (de Ruiter et al., 2008). The standard of
care expected for a pregnant HIV infected woman and her newborn child has greatly
exceeded the evidence available from randomised controlled trials of interventions
but is based on simple general principles and supported by the impressive declines
observed in a number of countries in the rate of mother to child transmission.

The first and most important step in this process is the aim to diagnose every
pregnant woman who has HIV. Since 2000, routine HIV testing during pregnancy
has been offered in the UK. Therefore all women, at the start of their antenatal care,
should be recommended antenatal testing for HIV alongside testing for other infec-
tions (syphilis, hepatitis, rubella). Women who decline and those at ongoing risk
of infection should be offered testing again later in pregnancy. Women presenting
without previous antenatal care late in pregnancy or at delivery should be offered a
rapid test so that treatment can be initiated immediately.

The health of the mother must be considered and treatment should be started if
she requires it either because of symptomatic HIV or a low CD4 count. If the mother
requires treatment, it should be highly active antiretroviral therapy (HAART), ide-
ally begun after the first trimester. If she does not require treatment for her own
health, then treatment options to reduce transmission to the infant include either
of the following: zidovudine monotherapy with planned pre-labour caesarean sec-
tion for women with CD4 counts >200 cells/mm3 and HIV VL <5,000–10,000
copies/ml; or short-term combination antiretroviral therapy (START) for any CD4
count or VL. With START, and adherence to treatment, the VL should be <50
copies/ml before delivery, and, in this instance, women can choose whether to go
ahead with a vaginal birth.

Choice of antiretrovirals in pregnancy should take account of potential toxicities
to both mother and fetus and whether transplacental passage of the drugs is desir-
able. Potential teratogenic effects of HAART exposure are prospectively monitored
through voluntary reporting to the international antiretroviral pregnancy registry at



60 A. Cunnington et al.

the following address: www.apregistry.com. To date, the overall rate of congenital
abnormalities for infants born to mothers who were exposed to HAART in the
first trimester is equivalent to the background population rate of 3% (Antiretroviral
Pregnancy Registry Steering Committee, 2008). A slight increase in a number of
different abnormalities has been noted following didanosine exposure (4–5%), but
this drug is rarely used in pregnant women now. Due to the teratogenic effects of
efavirenz on the central nervous system (noted in 3 of 20 efavirenz-treated cynomol-
gus monkeys compared to 0 of 20 untreated controls), this drug has been assigned
an FDA category D (positive evidence of risk in pregnancy) and contra-indicated for
pregnant women and women who are of childbearing age. However, to date, of 407
pregnancies reported to the registry after first trimester exposures to efavirenz, there
have been only 13 (3.2%) congenital abnormalities, including only one case each of
myeolmenigocele and anopthalmia. All women who conceive on any combination
of HAART should be recommended to have a fetal ultrasound scan at 20 weeks to
detect anomalies. Maternal HAART has been demonstrated to increase the risk of
pre-term delivery in a number of European studies (Thorne et al., 2004; Townsend
et al., 2007).

Antiretrovirals differ in their passage across the placenta. Nevirapine has excel-
lent transfer across the placenta and a long half life such that even a single dose
given to the mother at least 2 h before delivery provides an effective loading dose
to the infant, which remains at a therapeutic level for up to 7 days after delivery
(Musoke et al., 1999). The nucleosides zidovudine, lamivudine, and tenofovir also
cross the placenta efficiently; however, most of the protease inhibitors do not cross
the placenta to any significant extent (Pacifici, 2006; Hirt et al., 2009).

Maternal plasma VL at 36 weeks gestation is an important guide for the man-
agement of the delivery and the neonate. If the VL is detectable, then delivery by
pre-labour Caesarean section is advised, as is the case for mothers receiving zidovu-
dine monotherapy. Pre-labour Caesarean section is also advised for women with
adherence difficulties or resistant virus where complete suppression of virus may
not be possible.

Management of complications of pregnancy must balance risk of transmission
with risks of interventions to mother and fetus. This is particularly important with
the management of preterm rupture of membranes where expedited delivery may
carry a significant risk of morbidity and mortality associated with prematurity, but
delay increases the risk of HIV transmission, especially if the mother is not on
HAART and has a detectable VL.

Finally, management of the newborn is determined by whether maternal VL is
fully suppressed (<50 copies/ml) or not and by events at delivery. If delivery does
not occur as planned and there is increased risk of transmission such as spontaneous
delivery before the date of planned pre-labour Caesarean section, then the infant
should receive post-exposure prophylaxis (PEP) with three antiretrovirals rather
than the planned single drug treatment (which is only sufficient when maternal VL is
fully suppressed). Figure 1a, b summarise the current UK guidelines, although ref-
erence regarding patient management should be made to the comprehensive British
HIV Association guidelines (de Ruiter et al., 2008).
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Fig. 1 Flowcharts to summarise the 2008 BHIVA guidelines for the management of HIV in preg-
nancy. ART, antiretroviral therapy; AZT, zidovudine; CS, caesarean section; HAART, highly active
antiretroviral therapy; IV, intravenous; NNRTI, non-nucleoside reverse transcriptase inhibitor;
NRTI, nucleoside reverse transcriptase inhibitor; PEP, post exposure prohylaxis; PI, protease
inhibitor; PLSCS, pre-labour caesarean section; START, short term antiretroviral therapy; sd
NVP, single dose nevirapine; SVD, spontaneous vaginal delivery, ∗if no evidence of resistance
to zidovudine
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4 Transmission in the Era of HAART

Strategies to reduce mother to child transmission have evolved, as risk factors for
transmission have been identified and new antiretroviral drugs have become avail-
able (Foster and Lyall 2006). These developments resulted in the current low rates
of perinatal transmission (Fig. 2) (Townsend et al., 2008a, b).

0%

20%

40%

60%

80%

100%

1990 1992 1994 1996 1998 2000 2002 2004 2006
Year of delivery

Pe
rc

en
t

Untreated
Monotherapy
Dual therapy
HAART
MTCT rate

Fig. 2 Use of antiretroviral
therapy in pregnancy by year
of delivery in the UK and
Ireland. Printed with
permission of Dr Pat Tookey

Data from the UK and French perinatal cohorts demonstrate that the longer the
mother has been treated with HAART the lower the risk of transmission, allow-
ing vertical transmission rates to be brought down as low as 0.1–0.4% in infants
with maternal HIV-1 VL <50 copies/ml (Townsend et al., 2008a; Warszawski et al.,
2008). Table 1 shows transmission rates for the UK cohort; however, the overall
rate of vertical transmission in infected women delivering in developed countries
remains around 1%.

Table 1 UK cohort data for mother to child transmission of HIV (Townsend et al., 2008a). MTCT,
mother to child transmission; ART, antiretroviral therapy; HAART, highly active antiretroviral
therapy; CS, caesarean section; ZDV mono, zidovudine monotherapy

MTCT rate 95% CI n infected Total

Overall 1.2 (0.9–1.5) 61 5151
2000–2002 1.6 (1.0–2.4) 23 1456
2003–2006 1.0 (0.7–1.4) 38 3695
At least 14 days of ART 0.8 (0.6–1.1) 40 4864

ART and mode of delivery
HAART + elective CS 0.7 (0.4–1.2) 17 2337
HAART + planned vaginal 0.7 (0.2–1.8) 4 565
HAART + emergency CS 1.7 (1.0–2.8) 15 877
ZDV mono + elective CS 0.0 (0.0–0.8) 0 467
HAART 1.0 (0.7–1.3) 40 4120
HAART from conception 0.1 (0.0–0.6) 1 928
HAART + VL<50 copies/ml 0.1 (0.0–0.4) 3 2117

The reasons for ongoing infant HIV infection, despite high antenatal detection
rates (>95% before delivery) and a high uptake of effective interventions (>95%),
were specifically addressed in The Audit for Perinatal Transmission of HIV in
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England, 2002–2005 (Anonymous, 2007). This study investigated cases of vertically
infected children and identified potential risk factors for transmission, aiming to pro-
vide recommendations to reduce future transmission rates. The impact of failing to
diagnose women prior to delivery was clearly demonstrated in this study. Fifty-four
of the 87 children with HIV were born to women whose HIV infection was undi-
agnosed. Mortality in the first 2 years of life from an AIDS related condition was
17% in the undiagnosed group, with 60% of the survivors having an AIDS defining
illness as compared to a 6% mortality rate in the diagnosed group. Although more
than a third of these 54 mothers declined HIV testing during pregnancy, at least 20%
of them are likely to have seroconverted during pregnancy, indicating a possible role
for repeat HIV testing in the third trimester as well as a need for good sexual health
advice for pregnant and lactating women.

How can mothers who initially decline HIV testing be encouraged to reconsider
their decision? Patients with complex social needs should be discussed within a
multidisciplinary forum, and repeat offers of the test should be made by experi-
enced members of the team; social support should also be offered where required.
Obviously, the team’s principal aim is to identify infected mothers prior to the third
trimester, enabling timely access to treatment to achieve viral suppression prior to
delivery. If this identification has not been achieved, even making a diagnosis dur-
ing labour can allow interventions, which can both significantly reduce the rate of
MTCT and also identify babies who will need to be followed up (Nesheim et al.,
2007). Point of care HIV tests should be available on all labour wards (Rahangdale
and Cohan 2008). These should be used for untested or unbooked mothers prior
to delivery as well as for at risk mothers who may have contracted HIV during
pregnancy. Assuming that a mother who tested negative at booking is still negative
during labour may be a costly mistake. Partner testing (Walmsley, 2003) and repeat
testing of pregnant women in the third trimester also have the potential to reduce
transmission rates, although cost-benefit analysis for both of these interventions is
required before introducing them as a routine measure. It is important to ensure
that HIV positive pregnant asylum seekers and their infants receive all appropriate
interventions to prevent MTCT (British Medical Association, 2008).

The audit findings in the 33 infected babies born to mothers diagnosed with HIV
prior to delivery are also concerning. In a number of cases, system failures such
as delays in antenatal testing, laboratory delays in reporting positive HIV results,
delays in initiating antiretroviral treatment, and inadequate diagnosis and manage-
ment of concurrent sexually transmitted infections may have contributed to babies
being vertically infected. The findings from the audit underline the importance
of providing patients with results in a timely manner, appropriate management of
suboptimal viral loads, and the establishment of well defined communication path-
ways between healthcare professionals. To achieve these essential standards, each
region needs to accept its collective responsibility by having a named HIV lead
clinician for both obstetrics and paediatrics responsible for putting birth plans into
place and also for ensuring that the management of each pregnancy complies with
current national guidelines (de Ruiter et al., 2008). Effectively implementing the
current national guidelines is a priority to reduce vertical transmission to the lowest
possible rate.
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Finally, earlier use of HAART has been proposed to reduce in utero transmission
(Warszawski et al., 2008). Although transmission seems to be significantly reduced
if HAART is used for at least 12 weeks, the benefits of extending the length of
antenatal HAART beyond this period needs to be carefully evaluated against the
risks of toxicities such as mitochondrial dysfunction, neonatal malformations, and
prematurity (Tuomala et al., 2002; Watts et al., 2004).

In summary, in the UK, despite the universal availability of HAART for pregnant
women with HIV, the rate of vertical transmission remains relatively static at 1%.
To improve this rate, we must implement a robust system to ensure correct and
consistent adherence to the current British HIV Association (BHIVA) guidelines.
Once this has been achieved, further changes may need to be considered to further
reduce the rate of vertical transmission.

5 Clinical Scenario – Emergency Management of a New
Diagnosis of Maternal HIV at Delivery

You are called by the labour ward coordinator because a mother who has had no
prior antenatal care has presented in early labour at term. The mother arrived in the
UK from Sub-Saharan Africa about 6 months ago. A HIV point-of-care test has just
been done and the result is positive.

5.1 What Should be Done Before the Baby Is Born?

While a laboratory HIV test should confirm the result of the point-of-care test, a false
positive result is less likely in a high-risk case such as this one. In this emergency
situation, the team should assume that the woman has HIV, as there is insufficient
time to wait for a confirmatory result. The mother should be informed of the result
of her test as sensitively as possible and advised that interventions are necessary
to reduce the risk of transmission to the baby. A short history should be taken to
determine the following: if she had in fact been aware of her diagnosis previously, if
she had ever received antiretroviral treatment and whether she may have any other
infections which may pose a risk to her baby. Confirmatory HIV serology should be
requested as well as hepatitis B, C, syphilis, and rubella serology. A baseline sample
should be sent for HIV viral load, HIV resistance testing, and CD4 count.

The mother should be commenced urgently on protease inhibitor based HAART
and receive a stat dose of nevirapine and intravenous zidovudine. The mother should
be counseled that an emergency Caesarean section at least 2 h after she has taken
nevirapine is the safest option for her baby (Fig. 1b).

5.2 Which Antiretrovirals Should be Started for the Baby?

Post-exposure prophylaxis (PEP) must be started for the baby as soon as possible
after delivery. If the mother is treatment naïve, then the current recommendation
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is to start the baby on zidovudine, lamivudine, and nevirapine (de Ruiter et al.,
2008). The neonatal doses for these antiretrovirals and their side-effects are listed
in Table 2. Nevirapine is given at a lower dose for the first week, which is then
increased in the second week to compensate for cytochrome p450 induction that
increases its metabolism. Nevirapine is stopped after 2 weeks while the other two
antiretrovirals continue for the full 4 weeks. This staggered stop is to cover the long
half life of nevirapine, so avoiding a period of monotherapy and consequent risk of
inducing resistance (Mackie et al., 2004).

If the mother is known or strongly suspected to have resistant virus, then the
neonate needs to be treated with a regimen that will effectively treat this resistant
virus. Urgent expert advice should be obtained, because for many drugs there is very
little pharmacokinetic data for neonates, and new classes of drugs may be used with
only pharmacokinetic data from adult studies as a guide.

Table 2 Antiretroviral drug doses for neonates and possible side effects (de Ruiter et al., 2008)

Drug Dose Side effects

Zidovudine
(AZT/ZDV)

Oral
Term (>34 weeks)
4 mg/kg bd
2 mg/kg qds
Premature (30–34 weeks)
2 mg/kg bd for 2 weeks then
2 mg/kg tds for 2 weeks
Premature (<30 weeks)
2 mg/kg bd for 4 weeks
Intravenous
Term (>34 weeks)
1.5 mg/kg qds
Premature (<34 weeks)
1.5 mg/kg bd

Anaemia, neutropenia
Concerns about
mitochondrial toxicity

Lamivudine (3TC) Baby
2 mg/kg bd

Anaemia, neutropenia
Concerns about
mitochondrial toxicity
Asymptomatic
transient
hyperlactataemia

Nevirapine
(NVP)

Mother
200 mg in labour
Baby
2 mg/kg od for first week followed
by 4 mg/kg od for second week,
then stop
(use 4 mg/kg od for 2 weeks if the
mother has received >3 days NVP)

Co-trimoxazole <6 months
120 mg od Mon/Wed/Fri

Rash, bone marrow
suppression (especially
neutropenia)
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5.3 What Should be Done if the Mother is in Premature Labour?

Again, the mother should receive a single dose of nevirapine at least 2 h prior to
delivery to provide a loading dose for the fetus. Intravenous zidovudine should
also be administered, and the mother should be started on HAART. There are no
contraindications to giving antenatal steroids to promote lung maturation if the ges-
tation is less than 34 weeks (de Ruiter et al., 2008). The decision about whether or
not to deliver by emergency-Caesarean section or to allow the baby to be delivered
vaginally depends on the obstetric considerations, on the gestation and size of the
baby. In view of the high risk of infection, the baby should ideally be started on
PEP; however, often the degree of prematurity prevents oral medication from being
given, and zidovudine is the only antiretroviral that is available for sick or premature
babies who are unable to tolerate oral medication (Capparelli et al., 2003).

5.4 How Should the Infant be Tested for HIV?

The gold standard for diagnosing HIV in infancy is HIV proviral DNA PCR (sent
in an EDTA sample), as opposed to HIV serology which is used in adults. Neonates
should be tested on the first day of life to distinguish between in utero and intra-
partum transmission. In addition, it is advised to send an accompanying maternal
sample at this time to confirm that the primers being used are able to amplify the
maternal virus. If this is found not to be the case, then a different primer set must
be used to avoid falsely reassuring negative results in the baby. Neonatal ART can
delay the detection of HIV DNA and therefore a second HIV test is performed at
6 weeks of age, 2 weeks after neonatal PEP has been stopped (Prasitwattanaseree
et al., 2004). If the third PCR at 12 weeks in a non-breastfed baby is also nega-
tive, then the parents can be reassured that the baby is very unlikely to be infected.
Absence of HIV infection in the infant is confirmed with a negative HIV antibody
result at 18 months of age.

In a high-risk infant (as in this scenario) an additional PCR can be sent at 2–
3 weeks of age, and the results of the day 1 and week 2 to 3 PCR assays should
be requested urgently. If the infant is found to be infected, then the baby should
commence on HAART as soon as possible to reduce the risk of rapid HIV disease
progression in the first year of life (Violari et al., 2008).

5.5 When Should Cotrimoxazole Prophylaxis be Started?

Before interventions to reduce MTCT were widely available, infection with
Pneumocystis jirovecii was a common AIDS presentation in the first year of life,
although very few cases occurred before 2 months of age (Simonds et al., 1995;
Williams et al., 2001). Cotrimoxazole prophylaxis was shown to reduce the risk
of P. jirovecii pneumonia (PCP) (Thea et al., 1996), and routine prophylaxis was
previously recommended for all exposed infants starting at 4–6 weeks of age and
continuing until their HIV infection status could be determined (CDC, 1995). The
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recommendation of 4–6 weeks treatment is based on the rarity of PCP before
2 months of age and the possibility that adverse effects will be more common
in neonates, especially if taking zidovudine monotherapy or combination therapy
(Chokephaibulkit et al., 2000; Bhana et al., 2002). With substantial reductions in
MTCT and improvements in diagnosis of HIV infected infants by HIV DNA PCR, it
is very unlikely that a low risk infant who has negative HIV DNA PCR tests at birth
and 6 weeks will be HIV infected (Benjamin et al., 2001). If these results are avail-
able in a timely fashion and satisfactory follow-up can be ensured, then these infants
will not require cotrimoxazole prophylaxis unless they are subsequently shown to
be infected. For infants at higher risk of transmission, as in this clinical scenario,
cotrimoxazole prophylaxis is recommended from 4 to 6 weeks of age until a third
HIV DNA PCR at 3 months of age is confirmed to be negative. For infants with
indeterminate status due to missed tests or conflicting test results, cotrimoxazole
prophylaxis should be considered from 4 to 6 weeks and continued until HIV sta-
tus is confirmed. For infants proven to be HIV infected, cotrimoxazole prophylaxis
should be continued for the first year of life and then may be discontinued pro-
vided that the CD4+ T-cell count is satisfactory according to UK national guidelines
(Chakraborty and Shingadia 2006).

5.6 What Is the Appropriate Management of a Mother Diagnosed
with HIV Antenatally Who Has Refused Any Interventions?

Rarely, and usually for social or religious reasons, some women when diagnosed
with HIV in pregnancy will deny their infection and refuse interventions. This is a
challenging situation, and a successful outcome for the infant depends on the stren-
uous efforts of the multidisciplinary team to build a relationship with the woman
before the delivery. Very often, over time, the woman can be encouraged to engage
and to develop trust and confidence in the team and to finally undertake a package
of appropriate care for herself and for her infant. This process often involves close
liaison between the primary care team, the midwifery team, and social services to
offer support where needed.

Where engagement does not occur, despite all the team’s efforts, and the woman
continues to refuse all interventions, then a pre-birth planning meeting with social
services should be undertaken with the aim of safe guarding the child’s future health.
At this meeting, the woman should be informed that although she does not want
treatment for herself, treatment should be made available to her infant at birth, and,
at delivery, legal permission will be sought from a judge for the infant to be started
as soon as possible on PEP and for breast feeding to be prevented. Sometimes this
meeting will be sufficient to change the woman’s view and engage her in treatment,
but if not then legal intervention may be required (de Ruiter et al., 2008). Several
such cases have been presented to the court over the last few years and infants have
been successfully treated. Throughout these difficult situations all members of the
team should try to remain supportive such that the woman can eventually accept her
diagnosis, seek treatment for her own health, and remain well to look after her child.
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6 Conclusions

The prevention of MTCT of HIV is the collective responsibility of many individuals
and organisations involved in the provision of healthcare as well as the responsibil-
ity of the expectant mother. Changes in the way HIV testing is offered in pregnancy
will be necessary to detect all women with HIV, including those seroconverting dur-
ing pregnancy. Communication at all stages of management needs to be optimised
so that there are no possibilities for system failures resulting in MTCT. Cases of
transmission should be investigated to determine what went wrong as well as “near
miss” cases of suboptimal management, as these will be far more frequent than
actual transmissions. Paediatricians need to refer carefully to the BHIVA guidelines
for all infants born to HIV infected mothers, and they need to be aware of any case
where there is a potential increased risk of transmission so that expert advice can be
sought and appropriate interventions can be undertaken.
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The Use and Abuse of Antibiotics
and the Development of Antibiotic Resistance

B. Keith English and Aditya H. Gaur

1 Introduction

The growing problem of antibiotic resistance has made the formerly routine ther-
apy of many infectious diseases challenging, and, in rare cases, impossible. The
widespread nature of the problem has led some experts to speculate about a “post-
antibiotic era.” Furthermore, though antibiotic resistance occurs in nature and is an
inevitable consequence of even the most prudent antibiotic use, it is clear that our
overuse and misuse of antibiotics is responsible for most of the recent increases
in antibiotic resistance (McGowan, 1983; Austin et al., 1999; Arnold and Straus,
2005). Judicious and rational antibiotic use has the potential to limit the emergence
of clinically important antibiotic resistance and may be able to reduce the impact of
resistance that has already developed, effectively prolonging the shelf life of today’s
(and tomorrow’s) antibiotics (Dowell et al., 1988). Nonetheless, the threat posed
by antibiotic-resistant pathogens has been a wakeup call for modern medicine –
developing new antibiotics is important but strategies to prevent infectious diseases
(by immunization or other public health measures) will always be preferable when
feasible.

In pediatrics, important recent developments in the area of antibiotic resistance
have been the emergence of clinically relevant resistance to beta-lactam antibiotics
(including cefotaxime and ceftriaxone) in Streptococcus pneumoniae (Bradley and
Connor, 1991; Sloas et al., 1992; Adam, 2002; Klugman, 2002), and the emergence
and spread of infections caused by community-acquired strains of methicillin-
resistant Staphylococcus aureus (MRSA) (Herold et al., 1998; Hunt et al., 1999;
Kaplan, 2006). In both pediatric and adult medicine, the development of resistance
to multiple classes of antibiotics has transformed the lowly enterococcus from a
“second-rate pathogen to a first-rate problem” (Barbara Murray) (Murray, 1990,
2000; Moellering, 1992; English, 2009).
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2 Antibiotic Resistance Is Inevitable

In 1939, the microbiologist Rene Dubos discovered gramicidin, the first clinically
tested antibiotic (it cured mice but proved too toxic for use as systemic treatment in
humans, though topical gramicidin was used for many years) (Van Epps, 2006).
However, Dubos’ work with gramicidin encouraged Howard Florey at Oxford
University to continue his work with penicillin, which had been discovered a decade
before that by Alexander Fleming. Dubos’ in vitro studies of these and other antimi-
crobial agents led to a landmark observation that was to prove to be of enormous
clinical importance – that the exposure of bacteria to antibiotics over time often
resulted in the development of antibiotic-resistant strains. Or, as Dubos put it in
1942, “susceptible bacterial species often give rise by ‘training’ to variants endowed
with great resistance to these agents” (Moberg, 1996; Van Epps, 2006).

Ecological studies and studies of the bacterial flora of humans and animals living
in areas with no exposure to antibiotics indicate that only low levels of antibiotic
resistance are found in the absence of antibiotic exposure. For example, in the stud-
ies of Solomon Island natives, performed by Robert Moellering and colleagues, the
microbial flora of these antibiotic-naïve individuals consisted largely of beta-lactam
susceptible coliforms and streptococci (Gardner et al., 1969, 1970). Although the
penicillin MICs of the enterococci isolated from these individuals were higher than
those of the streptococcal isolates, the highest MIC observed in this group of isolates
was 8 μg/mL (range 0.4–8 μg/mL) (Moellering et al., 1970). Studies of other sim-
ilarly antibiotic-naïve human populations have provided comparable results (Davis
and Anandan, 1970).

Ecologic studies of the bacterial flora of wild mammals have occasionally
detected substantial rates of antimicrobial resistance in these animals, but these stud-
ies likely reflect exposure to humans and/or farm animals that have been treated with
antibiotics. For example, while one group of researchers reported finding relatively
high levels of antimicrobial resistance in commensal enterobacteria isolated from
wild rodents in the British countryside (Gilliver et al, 1999), (suggesting that the
development of resistance might be common in the absence of antibiotic exposure),
other groups have failed to detect antibiotic resistance in E. coli isolated from wild
animals in much more remote locations (e.g., northern Finland) where prior expo-
sure to antimicrobials is extremely unlikely (Osterblad et al., 2001) (Fig. 1). Thus it
seems likely that antimicrobial exposure (“pressure”) is the prime mover behind the
emergence of most clinically significant antimicrobial resistance.

• 90% R to amoxicillin
and cefuroxime (voles
and wood mice, Wirral
peninsula in NW
England)
(Gilliver et al, Nature 401:233,
1999)

• 0% R to amoxicillin and
cefuroxime (voles,
moose, white-tailed
deer, two remote areas
in Finland)
(Osterblad et al, Nature 409: 38,
2001) 

Fig. 1 Antibiotic-resistant
E. coli in animal feces
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3 Antibiotic Overuse and Misuse Is a Major Problem

The evidence that antibiotics are overused and misused is incontrovertible (Dowell
et al., 1998; Gaur and English, 2006). Misuse of antibiotics is inevitable in countries
where antibiotics are available over the counter without a prescription (Gaur and
English, 2006), but, clearly, the overuse and misuse of antibiotics is also a major
problem in countries with the most sophisticated health care systems (Dowell et al.,
1998; Arnold and Straus, 2005; Gaur and English, 2006).

Early discussions of antibiotic misuse in the United States and Europe often
focused on the failure of the patient and family to facilitate “rational” antibi-
otic use, possibly because of the poor adherence to prescribed regimens and the
stockpiling of antibiotics for later (usually inappropriate) use, etc. (Dowell et al.,
1998). As guidelines promoting the “judicious” use of antibiotics by physicians
have been promulgated, more recently, the focus has shifted to the prescriber,
(Tomasz 1994; Dowell et al., 1998; Polk, 1999; Schwartz, 1999; Gaur and English,
2006). The judicious use of antibiotics requires more than a decision to prescribe
or not prescribe an antimicrobial agent. The judicious health care provider uses an
antibiotic only when indicated, chooses a cost-effective agent which provides appro-
priate antimicrobial coverage for the diagnosis that is suspected, and prescribes
the optimal dose and duration of that antimicrobial based on the best available
evidence (Gaur and English, 2006). The WHO Global Strategy for Containment
of Antimicrobial Resistance defines the appropriate use of antimicrobials as
the cost-effective use that maximizes clinical therapeutic effect while minimiz-
ing both drug-related toxicity and the development of antimicrobial resistance
(http://www.who.int/drugresistance/WHO_Global_Strategy_English.pdf).

4 Antibiotic Use (and Abuse) Drives the Development
of Resistance

Although antibiotic resistance may develop in the absence of antibiotic pressure,
there is no doubt that antimicrobial usage drives the development of resistance in
most cases (Tomasz, 1994; Dowell et al., 1998; Austin et al., 1999; Pichichero,
1999; Gaur and English, 2006).

Even optimal antibiotic use often leads to the development of resistance, and
the diagnostic uncertainty of everyday clinical practice guarantees that some antibi-
otic “overuse” will occur even in optimal circumstances (Pichichero, 1999; Arnold
et al., 2005). However, there is no question that the overuse and inappropriate use
of antibiotics greatly contributes to the growing problem of antibiotic resistance
(McGowan, 1983; Dowell et al., 1998; Arnold and Straus, 2005). In addition, efforts
to promote both rational and judicious antibiotic use have clearly paid dividends in
some settings. For example, a nationwide effort to reduce macrolide prescribing in
Finland was associated with a decline in erythromycin resistance amongst group
A streptococcal isolates (Seppala et al., 1997). Unfortunately, both mathematical
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models (Austin et al., 1999) and clinical experience (Belongia et al., 2001; Gaur and
English, 2006) indicate that it takes much longer for reductions in antibiotic overuse
to lead to reductions in antibiotic resistance than it takes for antibiotic overuse to
trigger that resistance in the first place.

5 The Role of Antibiotic Use and Overuse in Facilitating
the Emergence and Spread of Antibiotic-Resistant
Pathogens Is Complex

While antibiotic exposure likely contributes to the development of all clinically-
significant antibiotic resistance in bacteria, the effects are not uniform, and they
vary with the organism and the mechanisms of antibiotic resistance. Ecological
studies of staphylococci, pneumococci, and other bacteria indicate that resistance
to particular antibiotics increases when the amount of that drug being used in that
area increases (e.g., erythromycin resistance in Staphylococcus aureus in the 1950s
and 1960s, beta-lactam resistance in the pneumococcus in the past two decades)
(Arnold and Straus, 2005; Gaur and English, 2006). Widespread use of antibiotics
in feed animals has been clearly associated with increasing rates of antimicrobial
resistance in pathogens such as Salmonella and Campylobacter (Fey et al., 2000;
Gorbach, 2001; White et al., 2001; Gerner-Smidt and Whichard, 2008). Use of the
glycopeptide antibiotic avoparcin in animal feed in Europe has been associated with
widespread human carriage of vancomycin-resistant enterococci. Similarly, the use
of the streptogramin antibiotic virginiamycin in animal feed in the US has been asso-
ciated with the emergence of enterococci resistant to the streptogramin combination
quinupristin-dalfopristin in chickens and humans (McDonald et al., 2001).

In addition, the use of topical antibiotics in certain hospital settings has been
strongly associated with the rapid emergence of resistance to the particular agent
(e.g., development of gentamicin resistance in strains of Pseudomonas aeruginosa
found in burns units) (reviewed by Gaur and English, 2006).

6 The Role of Antibiotic Use and Overuse in Facilitating
the Emergence and Spread of Specific Antibiotic-Resistant
Gram-Positive Pathogens in Pediatrics – Pneumococci,
Staphylococci and Enterococci

6.1 Penicillin and Cephalosporin-Resistant Streptococcus
pneumoniae

In the United States, clinically significant resistance to penicillins and ceph-
alosporins in the pneumococcus was first clearly associated with cefotaxime/
ceftriaxone treatment failure in children with bacterial meningitis caused by these



The Use and Abuse of Antibiotics and the Development 77

strains (Bradley and Connor, 1991; Sloas et al., 1992). Since that time, beta-lactam
resistance amongst pneumococci has become a major clinical problem and has been
clearly been linked to treatment failure in both invasive (meningitis) and focal (oti-
tis media) pneumococcal infections (McCracken, 1995; Adam, 2002; Schrag et al.,
2004). It is likely that some patients with severe pneumococcal pneumonia also fail
therapy with these cephalosporins (Feikin et al., 2000; English and Buckingham,
2006), but this appears to be rare and may only apply to infections caused by isolates
with unusually high cefotaxime/ceftriaxone MICs. Less than 1% of pneumococci
isolated from US patients with invasive disease have very-high-level penicillin resis-
tance (MIC 8 μg/mL or higher), but larger percentages of isolates with high-level
resistance to penicillin have been reported in some regions (e.g., 3.8% in Tennessee)
(Schrag et al., 2004).

It seems likely that decades of exposure of Streptococcus pneumoniae to
beta-lactam antibiotics have resulted in the sequential acquisition of multiple muta-
tions in the peptidoglycan-assembling proteins that microbiologists refer to as
“penicillin-binding proteins.” These mutations eventually resulted in the emergence
of clinically significant resistance to both penicillin and cephalosporin antibiotics.

In the community setting, many cross-sectional and case-control studies have
shown that recent exposure to beta-lactam antibiotics is strongly associated with
both nasopharyngeal carriage of resistant pneumococci and local or invasive dis-
ease caused by antibiotic-resistant pneumococci (reviewed by Arnold and Straus,
2005). These two phenomena – carriage and infection/disease – are of course closely
related, as many previous studies have clearly indicated that pneumococcal infec-
tions are likely to develop within the first few weeks after acquisition of the carriage
of a new strain. Thus antibiotic exposure appears to play important roles both in
acquisition of pneumococcal carriage of and in pneumococcal disease caused by
resistant organisms. However, the mechanism(s) that facilitate such colonization are
poorly understood and may be different from those that promote such disease. For
example, a recent serial cross-sectional study of nasopharyngeal pneumococcal car-
riage in children found that recent use of a cephalosporin by patients or siblings was
associated with increased carriage of beta-lactam resistant pneumococci but had
no effect on the carriage of susceptible pneumococci. Meanwhile, recent exposure
to penicillins was associated with decreased carriage of susceptible pneumococcal
isolates but not with increased carriage of resistant ones! (Samore et al., 2005).

6.2 Community-Associated, Methicillin-Resistant
Staphylococcus aureus (CA-MRSA)

Methicillin-resistant strains of Staphylococcus aureus (MRSA) were first described
in 1961 and Barrett and colleagues first reported hospital-associated infections
caused by MRSA in the United States in 1968 (Barrett et al., 1968). Until recently,
most serious infections caused by MRSA were nosocomial (Martin, 1994; Lowy,
1998), though community-acquired infections caused by MRSA have been reported
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since the 1970s. Recently, infections caused by community-associated strains of
MRSA (CA-MRSA) have emerged as important causes of both minor and life-
threatening infections in children and adults (Kaplan, 2006). Though first observed
by Herold and colleagues in Chicago in the mid-1990s (Herold et al., 1998), the
problem came to national attention in the United States in 1999 when the CDC
reported four deaths resulting from CA-MRSA infections in children living in
Minnesota and North Dakota (Hunt et al., 1999).

Though there is evidence that the use and misuse of antibiotics has facilitated
the emergence and dissemination of CA-MRSA strains (Moran et al., 2006; Shorr,
2007), it is not clear that antibiotic pressure has played a major role in the rapid
spread of dominant CA-MRSA strains such as those in the USA300 group. On
the otherhand the use and misuse of antibiotics clearly played important roles in
the previous emergence and spread of both penicillin resistance (in the 1950s) and
nosocomial methicillin resistance (in the 1960s) in Staphylococcus aureus (Martin,
1994; Lowy, 1998). In fact, CA-MRSA infections emerged and spread rapidly in
many communities at a time when a variety of efforts were being made (with vari-
able degrees of success) to reduce unnecessary antibiotic use (Arnold and Straus,
2005).

6.3 Vancomycin-Resistant Enterococci (VRE)

The emergence of VRE as an important nosocomial pathogen (Schaberg et al., 1991;
Moellering, 1992) has occurred almost entirely because of intrinsic and acquired
resistance to antibiotics. Enterococci generally are organisms of low virulence, and
antibiotic resistance has allowed them to persist both in the environment around and
the gastrointestinal tracts of high-risk patients (mainly in the intensive care units
of large teaching hospitals, in cancer centers, newborn ICUs, etc.) and to cause
disease in immunocompromised patients who have received broad-spectrum antibi-
otics, which are effective against most other pathogens (and most “normal flora”)
(reviewed by English and Shenep, 2009).

Enterococci are intrinsically less susceptible to penicillin compared with strep-
tococci and are “tolerant” to all beta-lactams. This intrinsic resistance and tolerance
had a major clinical impact after the discovery of penicillin, as this “wonder drug”
that cured many bacterial diseases (including almost all cases of endocarditis caused
by viridans streptococci) failed to cure up to 2/3 of patients with enterococcal
endocarditis (Hunter, 1947; Murray, 1990). Enterococci are intrinsically resistant to
cephalosporins, and the widespread empiric use of broad-spectrum cephalosporins
has played a major role in the emergence of VRE as a clinical problem (Murray,
2000; English and Shenep, 2009).

Furthermore, over the past four decades, enterococci have acquired high-level
resistance to ampicillin, aminoglycosides, and glycopeptides. The overuse of antibi-
otics clearly contributed to the acquisition and persistence of these types of acquired
resistance, but the effects of different types of antibiotics were not uniform. For
example, many studies indicate that vancomycin overuse/misuse has played an
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important role in the emergence and spread of VRE, but recent data suggest that
overuse of two other classes of antibiotics played a more important role. Exposure
to broad-spectrum antibiotics that lack activity against enterococci (e.g., 3rd gen-
eration cephalosporins and carbapenems) has been associated with acquisition of
VRE colonization. However, antibiotics that kill the anaerobic flora of the intestine
promote high-grade and prolonged colonization with VRE (even if they have anti-
enterococcal activity), likely playing a critical role in promoting invasive disease in
immunocompromised patients (reviewed by English and Shenep, 2009).

7 Promoting Rational and Judicious Antibiotic Use;
Is This a Pipe Dream?

In 1998, the Centers for Disease Control and the American Academy of Pediatrics
argued that “Children can be protected from resistant bacteria through the judi-
cious use of antimicrobial agents by their physicians” (Dowell et al., 1998). Can
this “advocacy to protect our children from the spectre of the post-antibiotic era”
really work or are we dreaming?

The answer to this question must come in two parts: First, will reducing unnec-
essary antibiotic use really help impede the emergence of resistance and/or reduce
current rates of resistance? The answer to these questions is yes; however, the impact
will vary by pathogen, by situation (e.g., hospital or community), and by antibiotic
(Guillemot et al., 2005; Arnold and Straus, 2005). Importantly, preventing the emer-
gence of resistance is always preferable to trying to reduce or eliminate it once it has
occurred! (Austin et al., 1999; Belongia et al., 2001). Second, is it possible to iden-
tify strategies that can effectively change physician prescribing behavior? If we can,
do we have the will (and the resources) to ensure that such strategies will be imple-
mented? While efforts are underway to address the over-prescription of antibiotics
by physicians (Arnold and Straus, 2005), we believe the answers to these critical
questions remain uncertain.

As discussed above and at length elsewhere (Arnold and Straus, 2005; Gaur and
English, 2006), the scope of the problem is vast. Examples of inappropriate use of
antibiotics abound in the literature. For example, the landmark report by McCaig
and Hughes (1995) found that there were almost 20 million antibiotic prescriptions
for “upper respiratory infection” in the US in 1992. The factors accounting for the
inappropriate use of antibiotics are not always clear, but recent efforts to understand
this phenomenon are bearing fruit (Schwartz et al., 1997; Bauchner et al., 1999;
Mangione-Smith et al., 1999; Hare et al., 2006; Arnold and Straus, 2005; Gaur and
English, 2006).

One consistent result in these studies is that a physicians perception of what par-
ents or patients desire often influences prescribing behavior – and those perceptions
are often incorrect! (Mangione-Smith et al., 1999). Other misconceptions by physi-
cians also influence prescribing behavior – e.g., the commonly-held, but probably
incorrect, notion that it is more time-consuming to explain why an antibiotic is not
indicated than to quickly prescribe one (Hare et al., 2006).
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8 Summary, Conclusions, and Recommendations

There is clear evidence that antibiotic resistance develops under antibiotic pres-
sure.While this may not be the only factor contributing to the development of
antibiotic resistance and reduction in antibiotic use may not always be followed
by a decrease in resistance, a decrease in antibiotic overuse will remain the
number one intervention in our attempts towards slowing down the develop-
ment of antimicrobial resistance. There are multitudes of patient and provider
related factors that drive antibiotic use and overuse. While even the prudent,
rational and judicious use of antibiotics can eventually lead to the emergence of
antibiotic resistance in many cases, we can at least limit the development and
spread of antibiotic resistance in clinical pratice by avoiding the unnecessary
and inappropriate use of these important drugs. A number of interventions have
been tried to promote judicious use of antibiotics around the world. many of
them are discussed in the WHO Global strategy for containment of antimicrobial
resistance (http://www.who.int/drugresistance/WHO_Global_Strategy_English.pdf).
The applicability of these interventions differs not only based on the clinical setting
of antibiotic use i.e. management of acute infections in an outpatient setting vs.
inpatient setting vs. treatment of chronic infections, but also on a number of other
factors such as site characteristics (private practise vs. academic setting), available
resources (such as electronic data management and electronic prescriptions) and
patient characteristics (literacy, cultural beliefs, socioeconomic status). No single
intervention is likely to have a significant impact by itself and a combined approach
using multiple interventions is necessary. Additionally, while the enormity of the
problem and the degree to which it has become pervasive in society, especially in
some countries maybe daunting, every effort that is made to promote judicious
antibiotic use will have some benefit.
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Vaccination Against Varicella: What’s the Point?

Anne A. Gershon

1 Introduction

Live attenuated varicella vaccine was developed in Japan in the early 1970s as a
means to prevent varicella primary infection with varicella-zoster virus (VZV) in
healthy and immunocompromised individuals (Takahashi et al., 1974). Takahashi
had attenuated the virus by passage in various cell cultures using different propaga-
tion temperatures and produced a candidate vaccine virus that proved to be both safe
and immunogenic. Initially, there was great controversy as to whether it was likely to
be safe to develop a vaccine that had the potential to become latent after immuniza-
tion and that might even be oncogenic (Brunell, 1977, 1978). It was also questioned
as to whether varicella was a serious enough disease to be worth preventing.

Despite numerous objections, during the 1980s, a number of clinical trials in
leukemic and healthy varicella-susceptible children and adults were undertaken,
culminating in 1995, in the licensure of varicella vaccine and its recommendation
as a routine childhood immunisation in the United States (Gershon et al., 2008).
Clinical trials indicated that the Takahashi vaccine strain Oka was highly immuno-
genic, safe, and produced long-term immunity in healthy children and selected
immunocompromised children. By the turn of the century, most of the published
data on varicella vaccine had emanated from the United States, following com-
mencement of routine administration (Centers for Disease Control, 1996). This
manuscript discusses recent data on the saga of live attenuated varicella vaccine
use in healthy children following its licensure in the United States.

By way of background, varicella is a generalized illness with a moderately
long incubation period (2 weeks) and viremic phases as the rash develops. It rep-
resents primary infection with VZV. During varicella, latent infection with VZV
develops in dorsal root ganglia (DRG) and cranial nerve ganglia (CNG). For the
lifetime of most individuals the virus remains quiescent, but about 30% go on
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to manifest clinical zoster, usually in the 6th to the 8th decade of life when cell
mediated immunity (CMI) to VZV wanes due to normal aging (Oxman et al.,
2005). Zoster is a secondary infection with VZV, due to the same virus that was
acquired during varicella (Breuer, 2003). Simply stated, varicella develops in per-
sons with no humoral immunity to VZV; zoster develops in persons lacking CMI
to VZV.

The Oka strain of live attenuated varicella virus was developed in the 1970s by
Takahashi and his colleagues in Osaka, Japan (Takahashi et al., 1974). It was sub-
jected to small studies there, and there seemed to be interest in bringing the vaccine
to the west. In 1978, an international conference was held at NIH that included out-
standing basic and clinical virologists of the era, to discuss whether varicella vaccine
should be studied in the United States. A plethora of clinical trials in leukemic chil-
dren and healthy adults and children soon followed, and, in 1995, as a result of their
success regarding safety, immunogenicity, and protection, the vaccine was licensed
in the United States (Gershon et al., 2008, 1984). One dose was recommended for
children less than 13 years old, and two doses (at least 1 month apart) was rec-
ommended for older susceptible individuals. Routine immunisation was begun for
children between the ages of 12 and 18 months.

At present, there is no question that this vaccine is highly effective. The inci-
dence of varicella in the vaccinated and unvaccinated has decreased by about 80%
as have hospitalizations for chickenpox and mortality from them (Gershon et al.,
2008; Seward et al., 2002). A case control study indicated that not only was the vac-
cine about 85% protective from clinical varicella but also, with tine over 8 years after
vaccination, there was no loss of immunity. (Gershon et al., 2007; Vazquez et al.,
2001; 2004). While an epidemiologic study suggested that there might be waning
immunity after varicella vaccination, it did not consider the potential importance
of primary vaccine failure that might be confused with secondary vaccine failure
(Gershon et al., 2007; Chaves et al., 2007). A number of other studies also indicated
that the vaccine was about 85% effective in preventing varicella (Gershon et al.,
2008). However, it was disconcerting, that despite high rates of vaccine coverage,
outbreaks of chickenpox still occurred in schools. When vaccine efficacy was cal-
culated during these outbreaks, it was reported to vary from 44 to 100%, with an
average of about 80%. The vaccine was not proving to be as effective as it had been
projected from clinical trials (Gershon et al., 2008).

An additional potential concern about the vaccine was whether there would be an
increase in the incidence of varicella in young adults who were not vaccinated, who
had never achieved immunity after vaccination, or who had became only temporarily
immune to varicella. Another concern was whether there would be a serious increase
in the incidence of zoster in individuals who had experienced natural varicella in the
past but lost CMI due to a decrease in re-exposure to VZV because vaccination
resulted in decreased circulation of the virus.

Understanding basic aspects of the natural history of VZV infection is helpful in
understanding the pathogenesis of both varicella and zoster. VZV is a highly cell-
associated virus when propagated in cell culture. It does not emerge in infectious
form from the cells in which it grows, and therefore its only means of spread is from
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one cell to another (Chen et al., 2004). In the human body, VZV spreads by the same
means, slowly from one cell to another. This slow spread from cell to cell explains
why the humoral antibody response has little impact on recovery from varicella; cell
free virions, which can be neutralized by specific antibodies, do not develop in the
body as VZV spreads. In order to defend against VZV that is spreading in the body,
CMI is required. However, there is one place in the body where cell-free virus is
released from infected cells, and this is in the superficial epidermis, where one of
the receptors of VZV that confines it to cells is not synthesized; as a result, VZV
is able to escape from the cell in infectious form. VZV in vesicle fluid is cell free,
well formed, and highly infectious; it is also capable of causing latent infection.
Because latent virus can remain safe for decades in a host and later emerge and
infect a whole new population of younger individuals who have never previously
seen this virus and are therefore susceptible to it, this has enormous significance
for the biology and survival of VZV. In turn, these younger individuals, develop
chickenpox followed by latency, and the virus survives for another generation.

There is evidence that preventing VZV from infecting the skin can decrease the
incidence of zoster. Children with underlying leukemia have a high incidence of
zoster during their chemotherapeutic treatment if they have had varicella. In con-
trast, vaccinated leukemic children have a lower incidence of development of zoster,
although those with a history of a vaccine associated VZV rash are more likely to
develop zoster than vaccinees with no rash (Hardy et al., 1991). Hypothesis exist that
there is less zoster because most vaccinated children do not develop VZV rashes.
In vitro studies of the Oka strain of VZV indicate that it is quite capable of causing
latent infection with VZV (Chen et al., 2003). It seems likely that varicella vaccine
is not only effective in preventing varicella but also in preventing zoster. The lower
incidence of zoster in vaccinees as compared to those with previous natural infection
has been found in leukemic children following renal transplantation and in children
with HIV infection (Gershon et al., 2008). Whether this will also be true for healthy
children will not be known for certain for decades when these children, vaccinated
in the mid-1990s, become older adults.

How can we explain the failure of 15% of vaccinated children to develop pro-
tective immunity to varicella after vaccination? This level of protection is lower
than that seen after measles and rubella immunization. Could it be due to the fact
that VZV causes latent infection? Is there another factor that is involved, and what
might this be?

At one time, it was thought that the dose of virus in a live vaccine was unimpor-
tant as long as the virus could multiply in the host in order to stimulate the immune
system. However, studies with measles vaccine failed to confirm this hypothesis
(Aaby et al., 1996). We now know that generally speaking for varicella vaccine,
the higher the immunizing dose the stronger the immune response (Krause and
Klinman, 1995). Nevertheless, when varicella vaccine was being developed, it was
common to determine the lowest dose that would stimulate an antibody response.
Possibly the dose of virus in the licensed vaccine in the US is on the low side for
stimulation of immunity to VZV. Although clinical trials suggested that this dose
stimulated humoral immunity in about 95% of children, the test that was used
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yielded false positive results when low levels of immunity were being assessed
(Provost et al., 1989, 1991). In contrast, a group of 138 children in New York,
Tennessee, and California were tested for seroconversion after receiving 1 dose of
the vaccine licensed in the United States, using the fluorescent antibody to mem-
brane antigen (FAMA) assay, which is the “gold standard” (Williams et al., 1974);
only 76% of these children seroconverted (Michalik et al., 2008). These results were
one of the reasons that a second dose of varicella vaccine was mandated in 2006 by
the Centers for Disease Control and Prevention (CDC) for all children. At present,
studies in the US are underway to determine whether the second dose confers more
protection than only 1 dose.

It is projected that 2 doses will provide more protection than 1 dose, and that
use of 2 doses of measles-mumps-rubella-varicella vaccine will be even more effec-
tive against varicella than two doses of the monovalent vaccine (Kuter et al., 2004;
Shinefield et al., 2006). The goal is to decrease circulation of VZV to the lowest
possible levels and to have a highly immunized population in order to decrease both
varicella and zoster. Judicious use of the zoster vaccine may also help to achieve
this goal (Oxman et al., 2005).
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What Can We Learn from the Retina
in Severe Malaria?

Simon J. Glover, Kondwani Kawaza, Yamikani Chimalizeni,
and Malcolm E. Molyneux

1 Introduction

Plasmodium falciparum malaria can cause death through a variety of complications,
an important one of these being cerebral malaria (CM). In areas where P. falciparum
transmission is intense, deaths from CM tend to occur in children under the age
of 8 years – older people being protected by partial immunity. In an endemic area,
asymptomatic P. falciparum parasitaemia is common. Therefore, among individuals
with any clinical syndrome, a considerable proportion may have parasitaemia that is
incidental and not causally related to the illness (Koram and Molyneux, 2007). This
frequently leads to diagnostic difficulty. Children presenting with encephalopathy
(altered consciousness with or without convulsions), who are parasitaemic may be
suffering from cerebral malaria or may have another cause of encephalopathy (e.g.
viral or metabolic) with incidental parasitaemia.

In view of the clinical diagnostic and, therefore, management dilemmas sur-
rounding cerebral malaria, studies have focussed on finding features that occur
specifically in cerebral malaria that may help distinguish CM from other causes
of coma.

Malarial retinopathy is a recently described collection of signs that can be
identified with the ophthalmoscope in patients with CM, but not in patients with
encephalopathy of other causes. Being specifically associated with malaria, the
presence of the distinctive retinopathy in a patient can add confidence to a clini-
cal diagnosis of CM. This may be of value for clinical management, for designing
entry and endpoint criteria in clinical trials, and for describing the disease burden
attributable to malaria in a population.
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2 Malarial Retinopathy – The Components

Malarial retinopathy is unique to severe malaria and is commonly found in chil-
dren with CM. Malarial retinopathy consists of a collection of signs, some of which
are individually pathognomonic. A retina affected by malaria may have one or any
combination of the following components: retinal whitening; hemorrhages; vessel
changes, and swelling of the optic disc.

Retinal whitening consists of irregular, patchy areas that may be localized or
may be widely distributed in all segments of the retina. The color of affected retina
varies from subtle pallor to dense white. The pattern of retinal whitening in CM
is distinctive in its distribution, usually affecting both the central macula (Fig. 1)
and peripheral retina, although macular and peripheral whitening can occur inde-
pendently of each other. There is often whitening along the temporal raphe (Fig. 2),
i.e. on the same horizontal level as the fovea, but just lateral to the macula. (This is
a watershed area for the retinal circulation).

Fig. 1 Macular whitening
centered around the fovea, the
center of the fovea is the
central circular dark area on
this photograph

Hemorrhages are typically white-centered (Fig. 2) and can be of any size, posi-
tion and number in the fundus. In a comatose child with P. falciparum parasitaemia,
white-centered hemorrhages are highly suggestive of CM, although they may occur
with other conditions, such as subacute bacterial endocarditis. Anemia can cause
retinal hemorrhages, and patients with CM are often anaemic. However, hemor-
rhages are less commonly found and are fewer in number, in patients with severe
malarial anemia (SMA) than in patients with CM (Beare et al., 2004a).

Vessel changes are pathognomonic of severe malaria. Large and medium-sized
vessels may appear white or orange, while capillaries look white. Changes in larger
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Fig. 2 Macular whitening,
whitening along the temporal
raphe, and white-centered
retinal hemorrhages (at the
inferior left-hand corner of
the picture)

vessels are commonly segmental (Fig. 3), affecting variable lengths of scattered
arterioles and venules, but capillary whitening can affect large areas of the fundus,
often co-localizing with retinal whitening.

Optic disc swelling is not unique to CM and may occur in a variety of conditions
that can cause raised intracranial pressure. The presence of papilloedema in the
absence of other features of malarial retinopathy in a comatose patient increases the
likelihood that there is a cause of raised intracranial pressure other than malaria.

It is important to differentiate clinically between optic disc swelling and optic
disc hyperemia, the latter not being associated with high intracranial pressure.
Optic disc hyperemia may be seen in various conditions, including meningitis and
in CM. It may be a conspicuous feature, with the disc turning bright red, but its
distinguishing feature is that the disc remains flat.

Retinal signs in survivors resolve over – one to four weeks, with no visual seque-
lae identifiable using currently available techniques (Beare et al., 2004a, 2004b). In
endemic areas CM is uncommon in adults, but when it occurs, malaria retinopathy
may be observed (Beare et al., 2003).
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Fig. 3 White segment in a
retinal blood vessel

3 How to See Malarial Retinopathy

As with any retinal condition, malarial retinopathy is seen better after the pupil has
been dilated with eye drops.

Atropine should not be used, because its action is prolonged and there is a theo-
retical risk of inducing amblyopia in a child who recovers quickly. Cyclopentolate
is often used in pediatric eye clinics, as it has a much shorter duration of action than
atropine and also has the useful secondary effect of causing cycloplegia, thus allow-
ing more accurate testing for glasses in children. This is not necessary for diagnostic
examinations. A useful degree of brief, reversible pupil dilatation can be achieved
using a combination of tropicamide and phenylephrine. The African-pigmented iris
does not respond to mydriatic drops as well as paler irides and therefore, tropi-
camide alone does not usually give enough mydriasis to be useful. Tropicamide 1%,
in combination with phenylephrine, 2.5% is usually effective.

It is important to remember to examine the pupils for size and reactions before
applying the eye drops, as this cannot be done afterwards for a few hours. Clearly
mark in the patient’s notes that mydriatic drops have been given. The disadvantage
of temporarily losing the pupil reactions for diagnostic or monitoring purposes is
usually compensated for by the useful diagnostic information gained. But if pupil-
lary reactions are critical for the assessment of your patient over the next few hours,
you may have to avoid applying mydriatic drops.
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Most clinicians are familiar with using the direct ophthalmoscope. With this
instrument, central retinal signs are easier to locate and identify than peripheral
changes. Most cases of malarial retinopathy can be diagnosed in this fashion, as
the central retina is affected in the majority of cases. Indirect ophthalmoscopy pro-
vides a fuller and quicker view of the retina and allows a more accurate assessment
of disc swelling. Ideally, both methods should be used, but many pediatricians and
general physicians do not have the facilities or the training to make use of indirect
ophthalmoscopy.

4 The Prognostic Value of Retinopathy

In CM, the presence and severity of malarial retinopathy is related to length of
coma in survivors and risk of death (Beare et al., 2004a; Lewallen et al., 1996).
In a child with clinically defined CM, the presence of any malarial retinopathy car-
ries a relative risk for death of 3.7 (95% confidence interval 1.6–8.5). Retinopathy
is present in a significantly higher proportion of those who die than in survivors
(p = 0.001). Increasing severity of retinal signs is related to increasing risk of a fatal
outcome (p < 0.05). In survivors, retinal signs are associated with prolonged time to
recovery of consciousness (p < 0.001). Papilloedema has the greatest relative risk of
death, followed by vessel changes, retinal hemorrhages, peripheral retinal whitening
and macular whitening (Beare et al., 2004a).

5 Malarial Retinopathy in Clinical Practice and Research

The retinopathy described above appears to be specific to severe malaria. Children
with proven bacterial meningitis, viral meningoencephalitis or other causes of coma
do not have these retinal signs. In an autopsy study of children dying with clinically
diagnosed CM (unrousable coma, parasitemia and no other evident cause of the ill-
ness), post-mortem examination revealed that 24 of 31 had a pathological diagnosis
of CM – i.e. there was sequestration of P. falciparum parasites in cerebral vessels
and no alternative cause of death was found. The remaining seven had few or no
P. falciparum parasites in brain microvessels and, in these, a likely alternative cause
of death was identified. In that study, retinopathy (recorded during the illness) was
found to be better than any other clinical or laboratory feature in distinguishing
patients with CM from those with other pathologically identified diagnoses (Taylor
et al., 2004).

For the clinician managing a patient with coma and parasitemia, antimalarial-
specific and supportive treatment must be given, whether there is retinopathy or
not, and alternative or additional diagnoses must be considered, irrespective of the
presence or absence of retinal changes. But finding malarial retinopathy greatly
increases the likelihood that CM is the correct diagnosis.
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Malarial retinopathy has great potential for use in research studies of the patho-
genesis or treatment of CM. If some of the patients enrolled to such studies do not
have CM, the accuracy of findings will be compromised. In large-scale studies of
anti-malarial interventions, the incidence of CM in trial populations may be used
as an endpoint in the assessment of efficacy or effectiveness. Again, the capacity to
identify CM accurately, using retinopathy as a confirmation of the diagnosis, may
enhance the accuracy of the study’s findings.

6 Retinal Angiography in CM

The injection of fluorescein into a peripheral vein makes it possible to obtain pho-
tographs of the retinal vascular tree, and in particular to study the contours, patency
and integrity of retinal vessels.

(a) Vessel contours. In many patients with malarial retinopathy, vessel contours
appear normal, but, in some, it is possible to detect filling defects and irregular-
ity of vessel walls (Fig. 4). It seems likely that these abnormalities are due to the
presence of sequestered parasites and sometimes microthrombi, as seen on retinal
and cerebral histology in fatal cases.

Fig. 4 Irregularity of vessel
walls and intravascular filling
defects – retinal angiogram

(b) Vessel patency. In some patients with retinopathy, some vessel segments are
shown by angiography to be entirely occluded, with no passage of fluorescein.
Blocked vessels coincide with vessels or segments that appear white on ophthal-
moscopy. Mapping of unperfused areas has shown that they coincide precisely with
areas of retinal whitening visible at ophthalmoscopy (Figs. 5 and 6) (Beare et al.,
2009).

(c) Vessel integrity. Angiography sometimes shows leakage of fluorescein out of the
intravascular compartment into the surrounding retina.
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Fig. 5 Non perfusion in the
center of the macula and at its
periphery. The isolated area
of non perfusion at the
periphery of the macula and
the periphery of this picture
(upper left), is in exactly the
same position as an area of
retinal whitening shown in
Fig. 6

7 Pathogenesis of Retinal Findings and Potential Relevance
to the Pathogenesis of Cerebral Disease

In embryogenesis, the retina develops as an extension of the diencephalon, and
retinal and cerebral vessels share a similar developmental pattern. The retinal
microvasculature has a blood-retinal barrier similar to the blood-brain barrier
(Patton et al., 2005). In fatal CM, histopathological changes in the retina resemble
those in the brain, including sequestration of parasitized erythrocytes, microthrombi
and petechial hemorrhages (Lewallen et al., 2000).

Analysis of ophthalmoscopic appearances, angiographic findings and (in a few
fatal cases) retinal histopathology has provided some likely explanations for the
characteristic changes of malarial retinopathy. The orange or white discoloration of
vessels is probably due to the sequestration of parasitized erythrocytes containing
little residual hemoglobin, and each incorporating a granule of hemozoin, the by-
product of hemoglobin that has been digested by a P. falciparum trophozoite. Some
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Fig. 6 The retinal whitening
at the center of this picture is
in exactly the same place as
the area of non-perfusion of
the peripheral macula shown
in Fig. 5. There is also an area
of dense whitening inferior
and to the left of the fovea,
which matches the unusually
large area of peri-foveal non
perfusion also shown in Fig. 5

affected vessels are shown by angiography to be occluded, while others are patent.
Retinal whitening co-localizes with areas of angiographic non-perfusion, and there-
fore probably results from retinal hypoxia or ischaemia. Microhemorrhages occur
at sites of capillary rupture, sometimes, but not always, accompanied by the pres-
ence of a microthrombus in the affected vessel. In patients who have undergone both
ophthalmoscopy during their illness and subsequent autopsy, the numbers of retinal
and intracerebral hemorrhages correlate closely (White et al., 2001).

8 Summary

A characteristic retinopathy can be found by ophthalmoscopy in patients with cere-
bral malaria (CM). The presence of this retinopathy enhances the confidence with
which a diagnosis of CM can be made. Fundoscopy can improve accurate enroll-
ment of cases for studies of malaria pathogenesis or treatment, and can strengthen
identification of CM as an endpoint in preventive interventions against malaria.
Retinal changes may be instructive about pathological changes that are otherwise
unobservable within the brain, and the retina offers the advantage that it can be
directly observed during life. With the addition of angiography, retinal studies
suggest that CNS microvessels are commonly occluded in CM, and also that the



What Can We Learn from the Retina in Severe Malaria? 97

blood-retinal barrier is sometimes breached; an observation that is in keeping with
the cerebral edema commonly identified at autopsy in fatal pediatric malaria.
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Epidemiology and Prevention of Neonatal
Candidiasis: Fluconazole for All Neonates?

David A. Kaufman

1 Scope of the Problem

The epidemiology and prevention of invasive Candida infections (ICI) depends
largely on risk factors and the role they play in infection control and identi-
fying high-risk patients for prevention. Prevention of ICI is critical, as there is
significant mortality and even with successful eradication, neurodevelopmental
impairment occurs in 57% of survivors weighing less than1000 g (Stoll et al.,
2004; Benjamin et al., 2006). It is important to know local invasive fungal infec-
tion data in your unit, as the incidence in available literature lacks important
key information regarding practices that may increase or decrease the incidence.
This includes resuscitation practices than may limit the number of infants below
25 weeks gestational age, surgical subpopulations (necrotizing enterocolitis, focal
bowel perforation, gastroschisis), use of antifungals, and feeding practices. Single-
and multi-center studies as well as meta-analyses, including the Cochrane review,
have demonstrated significant efficacy with fluconazole prophylaxis in preterm
infants (Kaufman, 2008c; Clerihew et al., 2007). Antifungal prophylaxis with nys-
tatin still needs further study in extremely preterm infants. With local infection data
and evidenced-based prevention, ICI can be nearly eliminated in every NICU.

2 Risk Factors for ICI

The major risk factors for ICI are outlined in Table 1. Candida can colonize, prolif-
erate and disseminate from many sites: skin, gastrointestinal tract, respiratory tract,
and central venous catheters. Specifically, yeasts adhere to catheters, organizing as
biofilms. Facilitating this process, parenteral nutrition and lipid emulsions serve as
growth media. Antibiotic and medication practices can increase infection as broad
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Table 1 Risk factors

In preterm infants
Extreme prematurity
Colonization
Central venous catheter
Prior bacterial bloodstream infection
Antibiotic and Medication Practices
Enteral feedings practices
Duration of mechanical ventilation
(Chronic Lung Disease ± postnatal steroids)

In any age neonate
Complicated gastrointestinal (GI) disease

spectrum antibiotics, such as third- and fourth-generation cephalosporins and car-
bapenems, can achieve high concentrations in the bile and significantly decrease
the gram-negative and anaerobic competitive microflora of the gastrointestinal tract,
enabling fungal colonization, proliferation and dissemination. The acidity of the
stomach helps control the burden of yeast colonization, and H2 antagonists are asso-
ciated with increased risk for infection, as well necrotizing enterocolitis (Stoll et al.,
1999; Cotton et al., 2006; Guillet et al., 2006). The immunomodulation by post-
natal steroids also plays a role in increasing risk for infections (Stoll et al., 1999;
Makhoul et al., 2007). In addition, BPD only and BPD with postnatal-steroid ther-
apy are independently associated with an increased risk for Candida BSI (Makhoul
et al., 2007). Factors that may decrease infection include breast milk, probiotics,
lactoferrin, feeding practices and antifungal prophylaxis, which will be discussed
further below (Manzoni et al., 2006d; Hylander et al., 1998).

Changes to the microflora of the skin, gastrointestinal and respiratory tracts play
a significant role in the pathogenesis of ICI (Kaufman et al., 2001; 2006; Manzoni
et al., 2006; Manzoni et al., 2006; Saiman et al., 2001). Prior bacterial BSI, exposure
to 2 or more antibiotics, broad spectrum antibiotics as mentioned above (third gen-
eration cephalosporins, carbapenems) lack of enteral feedings, ileus, blood pressure
or respiratory instability, or gastrointestinal disease, endotracheal tube intubation
and duration of mechanical ventilation have been associated with increased risk
for colonization or infection (Benjamin et al., 2006; Makhoul et al., 2007; Saiman
et al., 2000; Benjamin et al., 2003; Feja et al., 2005). While these risk factors are
important, the majority of colonization occurs in the first two weeks of life and anti-
fungal prophylaxis and prevention are significantly more effective when started in
the first 48 hours of life (Kaufman et al., 2001; 2005; Manzoni et al., 2007b; Ozturk
et al., 2006). Prophylaxis is most effective when started early, as it prevents infec-
tion by inhibiting colonization (skin, gastrointestinal, respiratory, and central venous
catheter) and multisite colonization (Kaufman et al., 2001; Manzoni et al., 2006). In
infants weighing less than 1000 g on the third day of life, the following were asso-
ciated with increased or decreased incidence of candidemia or Candida meningitis:
lack of enteral feeding (8.7%) compared to receiving enteral feeding (3.4%), and
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exposure to third generation cephalosporins (15.3%) compared to other antibiotics
(5.6%) or no antibiotics (0.9%) (Benjamin et al., 2006).

3 Incidence of ICI

Several studies have examined ICI in neonates reporting a varying incidence
between centers and a change of incidence over time. In the largest analysis, data
from the National Nosocomial Surveillance System Hospitals (NNIS) from 1995 to
2004 [132 neonatal intensive care units (NICUs) and 130,523 neonates] indicated
that for infants weighing less than 1000 g at birth, 50% of NICUs had fungal blood-
stream infection rates of greater than 7.5% and 25% had rates greater than 13.5%
(Table 2) (Fridkin et al., 2006). However, there was considerable variation between
NICUs ranging from 3 to 23% for the 10th and 90th percentiles. During a shorter
time period (1998–2001) a smaller multi-center study reported similar results when
examining BSI and meningitis (Cotton et al., 2006). Rates may differ due largely
to the demographics of admitted patients, resuscitation practices, surgical popula-
tion, feeding and antibiotic practices; unfortunately one or more of these factors are
lacking from all epidemiologic studies to date. This is exemplified in two recent
studies in the United Kingdom (UK). While overall rates of ICI in infants weighing
less than 1000 g were reported to be 2.1% in the UK, antifungal prophylaxis was
not ascertained for that study, but in a follow up survey almost 30% of UK NICUs
used antifungal prophylaxis (Clerihew et al., 2006; Clerihew and McGuire, 2007).
These were also the larger NICUs and possibly represent a higher percentage of the
UK’s extremely preterm infants. Therefore, due to the use of antifungal prophylaxis,
the rates of infection in the UK may be lower than in the United States and other
studies.

Table 2 Incidence of Candida bloodstream infections (%) by birth weight groups23

Percentiles 3rd 10th 50th 75th 90th

<1000 g 3 4.6 7.5 13.5 23
1000–1500 g 0 0 0.7 2.7 5.6
1501–2500 g 0 0 0 0.5 1.1
>2500 g 0 0 0 0.4 0.8

4 ICI Variation Among NICUs

Most studies only report BSIs, and fail to account for meningitis, urinary tract
infections (UTIs), of which one-third have renal abscess involvement, and ster-
ile body fluids such as peritoneal infections complicating NEC and focal bowel
perforations. Weitkamp et al. recently reported the importance of examining ICI
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incidence in each NICU, as many flaws exist when relying solely on literature for
the condition (Weitkamp et al., 2008). This NICU reported that while their rate
of Candida BSIs was 6.8%, the rate of all ICI was 10% for infants weighing less
than 1000 g.

Gestational age has a more linear relationship to ICI compared to birth weight
and it aids in defining the highest risk patients (Makhoul et al., 2007; Clerihew et al.,
2006; Johnsson and Ewald, 2004; Hack, 2006). For example, growth charts demon-
strate that a 24-week gestation infant could be between 468 and 940 g (3rd to 97th
percentiles) (Kramer et al., 2001). Examining the incidence of ICI by each gesta-
tional age as well as by birth weight (by each 100 g), NICUs should be able to see
where their rates fall to zero. Table 3 is an example of an infectious control approach
for each NICU to analyze its incidence of ICI with infection-related mortality and
neurodevelopmental impairment.

Table 3 Invasive Candida infection (ICI) surveillance chart

Gestational
age

All ICI
(%) Mortality NDI

Bloodstream
infections (%) UTI (%)

Meningitis
(%) Othera (%)

22
23
24
25
26
27
28
29
30

ICI, Invasive Candida Infections: Bloodstream, Urinary tract infections (UTIs), Meningitis, and
aOther infections (Peritoneal and/or other sterile body fluid). NDI, Neurodevelopmental impair-
ment (one or more of the following: psychomotor or mental developmental index of less than 70;
Cerebral Palsy; Blindness; Deafness)

5 Candida Species and ICI

The majority (90%) of ICI are due to C. albicans and C. parapsilosis (Benjamin
et al., 2006; Clerihew et al., 2006; Burwell et al., 2006). While the incidence of
C. parapsilosis has increased over the past 15 years, C. albicans still comprises more
than 50% of cases. From the NNIS study discussed above, Candida BSI distribution
was as follows: C. albicans 58%, C. parapsilosis 34%, C. tropicalis 4%, C. glabrata
2%, C. lusitaniae 2%, and C. krusei 0.2%. Some NICUs have reported higher rates
of C. glabrata (Parikh et al., 2007; Fairchild et al., 2002). These data are important
in choosing the correct antifungal for treatment as well as prophylaxis.
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6 Neurodevelopmental Impairment

In a multi-center analysis by the National Institute of Child Health and Human
Development (NICHD) in infants weighing less than 1000 g, neurodevelopmental
impairment occurred in 57% of survivors with Candida BSI and 53% with menin-
gitis (Benjamin et al., 2006). Compared to other infections, Candida BSIs have the
highest associated neurodevelopmental impairment (Figure 1) (Stoll et al., 2004).

Fig. 1 Neurodevelopmental Impairment and Bloodstream Infection in Infants Weighing Less
Than 1000 g.∗ P less than 0.001 compared to no infection group. Neurodevelopmental impair-
ment: one or more of the following: psychomotor or mental developmental index of less than 70;
Cerebral Palsy; visual or hearing impairment. Clinical Infection: late-onset infection with negative
cultures with antibiotic treatment for more than 5 days. CoNS: Coagulase-negative staphylococci

7 Mortality

In infants weighing less than 1000 g, with ICI, mortality rates range from 23 to 66%
of the control patients in the prophylaxis studies (Kaufman et al., 2001; Manzoni
et al., 2006; Kaufman et al., 2005; Weitkamp et al., 2008; Kicklighter et al., 2001;
Healy et al., 2005; Bertini et al., 2005; Manzoni et al., 2007; Uko et al., 2006;
Aghai et al., 2006; Healy et al., 2008). In epidemiologic studies, mortality has
been reported in several different ways, including overall, attributable, early (within
3–7 days of diagnosis), and infection-related, with rates ranging from 13 to 26%
(Benjamin et al., 2004; 2005; Stoll et al., 2002; Makhoul et al., 2005; Zaoutis
et al., 2007).

Variability in the incidence of mortality has also been noted with some single-
center studies reporting no mortality in preterm infants. These differences may be
due to standardization of diagnosis, initial antifungal dosing, empiric antifungal use
and prompt removal of central catheters. Additionally, there is a marked difference
in mortality between infants weighing less than 1000 g and larger infants with ICI
in multi-center studies. A recent analysis using ICD-9 codes reported an overall
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mortality rate in infants weighing less than 1000 g of 26%, compared to 13% without
candidiasis and for infants weighing more than 1000 g with ICI, mortality was 2%
compared to 0.4% among infants without candidiasis (Fridkin et al., 2006; Zaoutis
et al., 2007; Smith et al., 2007).

8 Costs of ICI

In additional to the morbidity and mortality, two recent case-controlled studies have
examined the effect of ICI on cost of hospitalization and length of hospital stay
(Zaoutis et al., 2007; Smith et al., 2007). The mean increase in hospital costs was
$39,045 for infants weighing less than 1000 g with no difference in length of stay,
and for infants weighing 1000 g or more, there was an increase of $122,302 with an
additional length of stay of 16 days (Zaoutis et al., 2007).

9 Prompt and Empiric Treatment of ICI

Several studies have advocated empiric antifungal therapy in high-risk patients,
with a resulting improvement in mortality in infants weighing less than 1500 g
(Procianoy et al., 2006; Makhoul et al., 2002); however, in a multi-center study,
for infants weighing less than 1000 g prompt or empiric therapy did not decrease
neurodevelopmental impairment or mortality (Benjamin et al., 2006). Therefore,
while prompt and empiric treatment is important, prevention should be paramount
in each NICU to eliminate ICI as a cause of neurodevelopmental impairment or
mortality.

10 Prophylaxis

10.1 Fluconazole

Fluconazole prophylaxis targets all sites of potential colonization and dissemination,
e.g. skin, gastrointestinal tract, respiratory tract and intravenous catheters – central
or peripheral – when given intravenously, via a central venous catheter, if present
(Kaufman et al., 2001). The mechanisms of action as a prophylaxis agent are sum-
marized in Table 4. Fluconazole prophylaxis may achieve even greater efficacy and
safety in neonates compared with pediatric and adult immunocompromised patients
due to the ability to start prophylaxis shortly after birth on day of life one (prior to
colonization and proliferation) and the need for a much shorter duration of prophy-
laxis (4–6 weeks in neonates compared to 75–100 days in bone marrow transplant
patients).
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Table 4 Fluconazole prophylaxis and the prevention of invasive Candida infections

Pharmacokinetics (Walsh et al., 2000; Vaden et al., 1997; Koks et al., 2001)
• High tissue and body fluid concentrations (compared to plasma concentrations)

1. Skin levels are 10–40 times greater
2. Mucosal levels are 120–140%
3. Urine concentrations are 10 times greater
4. CSF penetration is 70–90%

• Long half-life
1. Persistent Mucocutaneous Concentrations
2. Skin and mucosal concentrations last 3–7 days after one dose

• Low lipophilicity
• Low protein binding
• 80% is excreted unchanged in the urine.
• These characteristics allow for long dosing intervals, excellent tissue penetration, easy

elimination, with lower than treatment doses to achieve prevention

Animal and in vitro DataBU (Kojic and Darouiche, 2004; Ellepola and Samaranayake,
1998; Vaden et al., 1997; Hazen et al., 2000; Ghannoum et al., 1992; Houang et al., 1990;
Schuman et al., 1997; Faergemann and Laufen, 1993)

Candida killing
• Fungal eradication
• Render fungi more susceptible to host defensesa

o Even at sub therapeutic concentrations

Inhibits biofilms
• Inhibition of biofilm formation with central catheters

Impairs fungal adherence
• Candida adhesion is impaired

o Epithelium
o Endothelium (even at sub therapeutic concentrations)

In Preterm Infants: (Kaufman et al., 2001; Manzoni et al., 2006a; Manzoni et al., 2006b,
Kicklighter et al., 2001; Manzoni et al., 2007a; Manzoni et al., 2007b)

Prevention and reduction of colonization

• Prevents colonization
o Skin
o Respiratory tract
o Gastrointestinal tract
o Central venous catheter

• Limits colonization/proliferation
o Decreases number of sites colonized

aEnhanced phagocytosis and monocyte killing.

The efficacy and safety of fluconazole prophylaxis in preterm infants has
been reported in more than 2600 patients from four randomized, controlled trials
(Kaufman et al., 2001; 2005; Kicklighter et al., 2001; Manzoni et al., 2007b) and
seven retrospective studies (Manzoni et al., 2006; Weitkamp et al., 2008; Healy
et al., 2005; Bertini et al., 2005; Uko et al., 2006; Aghai et al., 2006; Healy et al.,
2008) without any significant adverse effects or emergence of resistance (Table 5)
(Kaufman, 2008a; Kaufman, 2008c).
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The first RCT targeted high-risk infants weighing less than 1000 g with a cen-
tral venous catheter or endotracheal tube in place during the first five days of life
(mean time of enrollment being less than 48 hours old) and continued prophylaxis
while they still needed intravenous access (peripheral or central) for up to 6 weeks
(Kaufman et al., 2001). ICI occurred in none of the fluconazole-treated, compared
with 20% of the placebo-treated patients (P = 0.008). Sub-analysis demonstrated
efficacy even in the most extremely preterm infants. Nine percent of study infants
were less than 24 weeks gestation and fluconazole prophylaxis was effective in
preventing ICI in this group (P = 0.04). Furthermore, even when these extremely
high-risk patients were removed from the analysis, fluconazole prophylaxis was still
effective in decreasing the incidence of ICI (P = 0.01). Recently, a multi-center
RCT in 322 neonates weighing less than 1500 g, enrolled by 48 h of life, demon-
strated a decrease in the ICI in the fluconazole-treated infants (odds ratio 0.25; 95%
confidence interval, 0.10–0.59; P = 0.001) (Manzoni et al., 2007b). In a secondary
analysis, prophylaxis was efficacious for infants of less than 27 weeks gestation
(P = 0.007) and <1000 g (P = 0.02).

An important feature of these RCTs was the use primarily of a different anti-
fungal agent (amphotericin B) than fluconazole for treatment of documented fungal
infections (as well as suspected or empiric treatment) for any infant in the NICU.
This reduces the overall exposure of fungi to fluconazole and the potential of
resistance to develop (Clancy et al., 2006). It also assures appropriate antifun-
gal therapy if an infant on prophylaxis develops an infection due to a resistant
organism.

10.2 Combined Outcome of ICI or Mortality

Analysis of all the randomized controlled trials demonstrates a significant
decrease in the combined outcome of ICI or mortality which occurred in 34
of 319 (10%) fluconazole-treated patients, compared to 51 of 206 (25%) in the
placebo group (odds ratio 0.36; 95% confidence interval, 0.23–0.58; P < 0.0001)
(Kaufman, 2008).

10.3 Meta-Analysis and Cochrane Review

Meta-analysis using Mantel-Haenszel methods of the studies from 2001 to 2007
demonstrated that fluconazole prophylaxis reduced the risk of developing ICI in
high-risk infants weighing less than 1000 g by 91% (odds ratio 0.09; 95% confi-
dence interval, 0.04–0.24; P = 0.0004) and all infants weighing less than 1500 g by
85% (odds ratio 0.15; 95% confidence interval, 0.08–0.26; P < 0.0001) (Kaufman
et al., 2001; Manzoni et al., 2006a; Kaufman et al., 2005; Kicklighter et al., 2001;
Healy et al., 2005; Bertini et al., 2005; Uko et al., 2006; Aghai et al., 2006; Kaufman
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et al., 2008c; Manzoni et al., 2007b). Candida-related mortality was decreased by
96% (odds ratio 0.04; 95% confidence interval, 0.01–0.31; P = 0.0055) and overall
mortality rate by 25% (11% in the fluconazole-treated infants compared with 16.3%
in the control patients) (odds ratio 0.75; 95% confidence interval, 0.58–0.97; P =
0.029). Healy et al. also reported the elimination of Candida-related mortality in any
patient in their NICU when fluconazole prophylaxis was targeted to infants weigh-
ing less than 1000 g (Healy et al., 2005; 2008). Finally, the Cochrane data revealed a
statistically significant reduction in ICI in infants who received prophylaxis (typical
relative risk: 0.23; 95% confidence interval, 0.11–0.46), with the number needed to
treat of nine (95% confidence interval 6–17) (Clerihew et al., 2007).

10.4 Resistance and Safety

Some of the issues related to prophylaxis include side effects and resistance. With
any antimicrobial therapy, resistance needs to be examined. There are important
differences between development of resistance in bacteria and fungi. Most impor-
tantly, fungi do not have mechanisms of transferring resistance to other fungi and
lower dosing is not associated with emergence of resistance (White et al., 1998;
Hof, 2008). In bone marrow transplant patients fluconazole prophylaxis has been
successful for nearly 20 years in decreasing both ICI and mortality, while azole-
resistant isolates have remained low (approximately 5%) (Marr et al., 2000a; Marr
et al., 2000b). Resistance has been observed in adult studies (HIV-positive patients)
with prolonged courses (3–24 months) of fluconazole treatment and when escalat-
ing to higher doses (400–800 mg) (White et al., 1998). In contrast, adult studies
employing lower doses (150–200 mg) and weekly doses have been successful in
preventing fungal infections without the development of resistance (Pappas et al.,
2004; Sobel et al., 2004).

Neonatal prophylaxis studies have not reported any significant change or emer-
gence of resistant species over the course of prophylaxis, during the study periods
of 2–3 years, or over a five-year period encompassing two studies (Kaufman et al.,
2001; 2005). Furthermore, there was no emergence or increase in the incidence of
colonization or infection due to C. glabrata or C. krusei reported in any studies as
well as a recent single center ten-year analysis (four years prior to and six years
following fluconazole prophylaxis) (Manzoni et al., 2008).

Fluconazole prophylaxis at doses 6 mg/kg or greater and increased frequency
may be associated with the development of some resistance (Sarvikivi et al., 2005;
Yoder et al., 2004). Two studies in preterm infants and one in preterm baboons have
reported this association (Parikh et al., 2007; Sarvikivi et al., 2005; Yoder et al.,
2004). Sarvikivi et al. have reported on the use of fluconazole prophylaxis over a
12-year period, finding no C. glabrata or C. krusei infections and only two cases
of resistant C. parapsilosis BSIs. In their NICU, between 1991 and 2000, flucona-
zole prophylaxis was most commonly administered daily in doses of 6–12 mg/kg
to infants weighing less than 1000 g and less than 30 weeks gestation. No fungal
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resistance was detected during that time period, however, in 2000, when the use
of fluconazole was broadened to the entire NICU, the emergence of resistance was
noted and associated with the two BSIs (Sarvikivi et al., 2005). Both patients were
infected with the endemic C. parapsilosis strain that had previously been suscepti-
ble. One important distinction in this series was that fluconazole was used both for
prophylaxis and treatment of fungal infections in this NICU. Furthermore, higher
doses of daily fluconazole are associated with development of resistance and may
have been a factor in this study (White et al., 1998). These observations suggest
that lower and less frequent dosing (3 mg/kg twice a week) may delay or attenuate
the development of resistance and still prevent serious infections (Kaufman et al.,
2005).

Parikh et al. recently reported in a single center study that fluconazole prophy-
laxis (at 6 mg/kg every 72 h until day seven, then daily until day 28) decreased
colonization but not ICI, with non-albicans species responsible for 96.8% of infec-
tions and the majority due to C. glabrata. Prior to their prophylaxis study period,
fluconazole was used for treatment in their NICU with rates of ICI at approx-
imately 25% in infants weighing less than 1500 g, meaning that there was a
high exposure rate of treatment doses per patient and it is possible that this
total dose exposure in their NICU correlated with the selection of C. glabrata or
other species with decreased susceptibility to fluconazole. Therefore, if a NICU
has been primarily using fluconazole for treatment or empiric therapy and has
high rates of infection, fluconazole prophylaxis may not be effective. Changing
primary treatment and empiric therapy to one of the amphotericin B formu-
lations for 6–12 months before instituting prophylaxis may change the NICU
Candida flora, as resistance to azoles decreases when fungi are not continuously
exposed to them (Hof, 2008). Additionally, amphotericin B may also eradicate
some of the resistant species from the horizontally transmitted flora. In those
NICUs, nystatin prophylaxis may be a better alternative, and its efficacy further
studied.

These findings suggest that it is important to focus fluconazole prophylaxis use in
only select high-risk NICU patients and primarily for prophylaxis, with a different
antifungal chosen for treatment or empiric therapy, such as amphotericin B when
able, as this will limit overall fungal exposure to fluconazole, and possibly prevent
the emergence of resistance (Clancy et al., 2006).

10.5 Side Effects of Fluconazole Prophylaxis

In the randomized controlled trials (RCTs) there were no significant differences in
bacterial infections, necrotizing enterocolitis, or liver function. There are no adverse
effects on long-term neurodevelopmental outcomes (Kaufman et al., 2003). One
of the retrospective studies reported a higher incidence of cholestasis in the flu-
conazole prophylaxis patients that was transient, with no difference at discharge,
while another retrospective study demonstrated a lower incidence of cholestasis
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(Uko et al., 2006; Aghai et al., 2006). Since there were no significant differences
in direct bilirubin or liver enzymes in the four randomized placebo-controlled trials,
it may be that other factors present during the study period increased the likelihood
of cholestasis (Healy et al., 2008).

10.6 Cost-Benefit Ratio

Fluconazole prophylaxis is extremely cost effective. Uko et al. examined the cost
with fluconazole prophylaxis and showed a significant cost benefit of U.S. $516,702
over 18 months in their NICU (Uko et al., 2006). At our institution, pharmacy cost
of one dose is $18 (Marcia Buck, PharmD, personal communication), making the
cost of the average time of prophylaxis of 4–6 weeks (8–12 doses) between $144
and $216, per patient.

11 Nystatin

Non-absorbable nystatin prophylaxis is used to prevent or reduce gastrointestinal
tract fungal colonization. The first RCT of nystatin prophylaxis (100,000 units
orally, three times a day) was studied in ventilated preterm infants weighing less
than 1250 g until 1 week after extubation and demonstrated a decrease in Candida
UTI, but was underpowered to show an effect on the incidence of fungal BSI on
subanalysis (Sims et al., 1988). Candida BSI occurred in none of the 33 nystatin-
treated patients compared to two of 34 (6%) placebo-treated patients (P = 0.25).
Fungal UTI occurred in two (6%) nystatin and 10 (29%) control patients (P = 0.01).

A recent prospective single-center study examined nystatin prophylaxis (100,000
units three times a day orally, or via nasogastric tube) in both preterm and term
NICU patients, excluding infants with congenital defects requiring surgery (Ozturk
et al., 2006). Examining the study infants by birth weight, 24% (n = 948) were less
than 1500 g; 8.7% (n = 349) were less than 1000 g and 0.8% (n = 30) were less than
750 g. Infants were randomized into two groups: Group A had oral fungal cultures
performed and received nystatin prophylaxis only if oral Candida colonization was
isolated. In Group B, all infants were given prophylaxis, regardless of colonization
status. In Group A, infants weighing less than 1500 g who did not receive nys-
tatin prophylaxis had a 36% rate of candidemia (131 of 358), compared with an
incidence of 13.9% (16 of 115) of Group A infants given prophylaxis only if oral
colonization was detected (p ≤ 0.001). In Group B, where nystatin prophylaxis was
started in the first 72 h of life, regardless of the colonization status, only 3.6% (17 of
475) developed invasive infection (p ≤ 0.001 compared to the Group A infants who
received nystatin prophylaxis if colonization was detected). Nystatin was started
at 12.6 ± 2.4 (mean ± sd) days in the subgroup of Group A receiving prophylaxis,
compared to 2 ± 0.5 days in Group B. Prophylaxis was shown not to decrease infec-
tion in infants weighing more than 1500 g at birth. Nystatin prophylaxis initiated
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in the first 72 h of life showed lower rates of infection, compared to starting nys-
tatin prophylaxis after oral colonization was detected (3.6% vs. 13.9%; p = 0.01),
demonstrating the added benefit of using prophylaxis early after birth and thus prior
to most colonization. This decreased efficacy of nystatin prophylaxis when initiated
after colonization has also been reported in other studies (Leibovitz et al., 1992;
Weitkamp et al., 1998; El Masry et al., 2002; Johnson et al., 1984). Limitations of
the study included the lack of a placebo group. There were few infants weighing less
than 750 g, and infants with congenital defects (e.g. gastroschisis) requiring surgery
were excluded. These are high-risk groups in which efficacy needs to be studied.

12 Fluconazole or Nystatin?

From the data above, there is overwhelming evidence (Class 1) to support flu-
conazole prophylaxis and is consistent with the recent Cochrane review (Kaufman,
2008c; Clerihew et al., 2007). Further study of nystatin prophylaxis is needed in
extremely preterm infants, as we only have one RCT in intubated infants weighing
less than 1250 g.

12.1 Class 1 Evidence for the Use of Fluconazole Prophylaxis

The studies and meta-analysis of the fluconazole prophylaxis would be classified as
Class 1 Evidence defined as (1) definitely recommended; (2) definitive excellent evi-
dence provides support from one or more Level 1 Studies (RCTs or meta-analyses of
multiple clinical trials with substantial treatment effects) with (2) Study results con-
sistently positive and compelling, always acceptable and safe, and definitely useful.
From the evidence relating safety and resistance, it is important to focus flucona-
zole prophylaxis in selected high-risk NICU patients, during a high-risk period for
infection, thereby limiting patient and fungal exposure.

13 Deciding Who is High-Risk

It is important to examine one’s own infection rates in each NICU (Table 3).
Epidemiologic studies have lacked critical information regarding antifungal prophy-
laxis, and data by each gestational age by week and 100-gram birth weight group
needs to be analyzed. Without this information, these studies may have minimized
the incidence of ICI if infants were receiving antifungal prophylaxis, and may also
have missed important risk factors. Nystatin prophylaxis in preterm infants is com-
mon and may explain the lower reported rates in the UK and Australia, as well as
the varying incidence among United States NICUs (Clerihew and McGuire, 2007;
Burwell et al., 2006; O’Grady and Dempsey, 2008).
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14 Who Should Receive Antifungal Prophylaxis?

The question many have raised is, who would benefit from receiving antifungal pro-
phylaxis? (Burwell et al., 2006) (Table 6). Approximately 30–34% of NICUs have
instituted antifungal prophylaxis in the United States and the UK, while greater than
50% use it in Ireland (Clerihew and McGuire, 2007; Burwell et al., 2006; O’Grady
and Dempsey, 2008). Several factors should go into this decision; among them,
incidence, mortality and neurodevelopmental impairment.

Table 6 Fluconazole prophylaxis algorithm for preterm infants

High risk groups <1000 g birth weight
OR
≤27 weeks gestation

1000–1500 g birth
weight

Criteria • <5 days of life
• Endotracheal tube
OR
• Central venous

catheter

• Antibiotic therapy
for >3 days

• With Central venous
catheters

Dosing 3 mg/kg IV Fluconazole Twice a week

Length of prophylaxis Up to Day of life 42
Prophylaxis will be
stopped prior to

6 weeks if:
• No need for IV

(peripheral or central)
access

• Initiation of treatment
of documented invasive
fungal infection

• During antibiotic
treatment

• While Central
venous catheter
is in place

Monitoring • Weekly or every other week liver function
testinga

• Susceptibility testing of all clinical isolatesb

Level of evidence Based on randomized
placebo-controlled trials

Retrospective studies
Needs further study

A-I B-II

Treatment of documented or suspected invasive fungal infections with non-
azole: amphotericin B deoxycholate (1 mg/kg daily) or amphotericin B lipid
formulations (5 mg/kg daily).
a Liver function testing: direct bilirubin, g-glutamyltransferase, aspartate
aminotransferase, alanine aminotransferase; alkaline phosphatase.
b Surveillance cultures at initiation and upon completion optional: Less than
or equal to 7 days of life: skin, rectal or stool, umbilicus. More than 7 days
of life: skin, rectal or stool, endotracheal tube if intubated, nasopharynx if not
intubated.
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(i) Targeted prophylaxis should be given to all infants weighing less than 1000 g
and/or 27 weeks or younger, while they require IV access (peripheral or
central), starting on day of life one and up to 6 weeks of life. (A-I Evidence)

This subpopulation of preterm infants has high mortality and neu-
rodevelopmental impairment, and this approach has demonstrated effi-
cacy and safety with fluconazole, without the emergence of resistance
in randomized placebo controlled trials, while eliminating Candida-related
mortality.

(ii) Even in a NICU with overall low rates of ICI (<2%), infants 26 weeks or
younger are likely high-risk and would benefit from prophylaxis. Incidence and
outcomes by gestational age should be examined and tracked (Table 3).

ICI can be analyzed by filling out Table 3 at institutions with low rates to
determine the gestational age range in which ICI does occur and to identify
those infants who should receive prophylaxis. There is likely a gestational age
cutoff wherein ICI falls to zero. If NICUs do not have neurodevelopmental
outcome data, prophylactic treatment of high risk infants weighing less than
1000 g or 27 weeks or younger should be strongly be considered, as treatment
of documented infections does not always prevent the neurodevelopmental
impairment and mortality of these infections (Stoll et al., 2004; Benjamin
et al., 2006).

(iii) NICUs with high rates in infants weighing between 1000 and 1500 g, may
choose prophylaxis in these infants. (B-II Evidence)

A targeted approach to infants with a central venous catheter or on antibi-
otics for more than 3 days has been used in retrospective studies (Bertini et al.,
2005; Uko et al., 2006).

15 Dosage and Schedule

Fluconazole administered at 3 mg/kg, intravenously, twice a week until IV access
(peripheral or central) is no longer needed has the most efficacy and best safety
profile. Manzoni et al. in their multi-center RCT, demonstrated that a dosage of
3 or 6 mg/kg is equally effective (Manzoni et al., 2007). However, dosing with
3 mg/kg is preferable for two reasons: 1. drug concentrations in the skin, lung and
mucous membranes are greater than plasma levels (therefore larger doses may be
unnecessary), and 2. the use of higher doses may foster the development of fungal
resistance; furthermore, the goal of prophylaxis to use the lowest effective dose
(usually 50% of the treatment dose). At our institution, we administer fluconazole
prophylaxis on admission and then twice weekly, every Tuesday and Friday at a
specified time (e.g. 10:00 AM), which further reduces pharmacy costs and limits
medication errors. For example, a 26-week old infant who reaches full feedings
and has his central venous catheter removed at 3 weeks of age, would only need
to receive six doses of fluconazole. Therefore, 3 mg/kg given twice a week is the
optimal dosing schedule, maximizing efficacy, safety and cost.
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16 Summary

Pediatrics has led the way in infectious-disease prevention and now this can bene-
fit one cause of nosocomial infection in preterm infants and it should be instituted
in every NICU. Pediatric, infectious diseases, and neonatal organizations can help
guide NICUs regarding antifungal prophylaxis, and support good epidemiologic
follow-up of ICI, mortality, and fungal susceptibilities. The 2006 Report of the
Committee on Infectious Diseases of the American Academy of Pediatrics (Red
Book R©) features a statement supporting the use of fluconazole prophylaxis in high-
risk preterm infants weighing less than 1000 g (Candidiasis in Eds. Pickering et al.,
2006).

In striving for better outcomes for our most extremely preterm infants, from the
delivery room to discharge, infection prevention is critical to decreasing many of
the associated morbidities and mortality. At this time, the benefits of antifungal
prophylaxis significantly outweigh any risks. With single- and multi-center random-
ized controlled studies and a meta-analysis demonstrating a 91% decrease of ICI in
infants weighing less than 1000 g and 96% decrease in infection-related mortal-
ity, fluconazole prophylaxis should be targeted at this group of infants weighing
less than 1000 g or 27 weeks or younger, due to the high mortality rate and neu-
rodevelopmental impairment. The prevention of ICI in extremely preterm infants
also eliminates Candida as a cause of mortality, as well as neurodevelopmental
impairment in these vulnerable hosts.
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Current Status of Treatment of Hepatitis B
in Children

Deirdre Kelly

1 Introduction

Viral Hepatitis B is the cause of significant disease worldwide. Acute infection
occurs with hepatitis B, but chronic asymptomatic infection leading to chronic liver
disease and hepatocellular carcinoma is a life long concern.

The natural history of hepatitis B (HBV) is well established in adults, but
the long-term outcome for children is unclear. The main mechanism of infec-
tion in childhood is perinatal transmission, which can be prevented effectively by
vaccination.

Because of immunotolerance in the host, reduced cell mediated immune
response, and the development of viral resistance to oral nucleotide agents, treat-
ment for hepatitis B is rarely effective with current medications. Treatment options
for children include the following: interferon (5 mega units per m2 subcutaneously
every 3 weeks for 6 months), lamivudine (3 mg/kg for 12–24 months), or adefovir
(10 mg). Interferon clears viral infection in 20–40% of children and is most effec-
tive in children with elevated transaminases or horizontal transmission. Only 23% of
children seroconvert after lamivudine, 26% of whom many develop resistance with
YMDD mutant variants of HBV. Seroconversion rates are only 23% with adefovir
in children aged less than 12 years, but viral resistance is not an issue. A number
of other drugs, such as entecavair, telbivudine, tenofovir, and pegylated interferon
are under evaluation. Children should only be treated as part of a clinical trial or for
compassionate reasons.

In children worldwide, infection with viral hepatitis B (HBV) leads to signifi-
cant disease. Approximately 2 billion people in the world have been infected by
HBV, and more than 350 million are chronic carriers. Acute infection is rare in
childhood; however, chronic asymptomatic infection, which carries a risk of chronic
liver disease and hepatocellular carcinoma is a major concern (Lavanchy, 2004;
Chu, 2000).
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In endemic areas, HBV infection takes place in infancy and early childhood
with perinatal transmission accounting for most chronic HBV infection. In con-
trast to infection in adults, HBV infection during early childhood is more likely
to lead to persistent infection and a life- time risk of cirrhosis and hepatocellular
carcinoma.

Three phases of chronic HBV have been identified: the immune-tolerant phase,
the immune-active phase, and the inactive HBV phase. Most children with chronic
HBV infection are immune-tolerant, with high viral replication, positive HBV enve-
lope antigen (HBeAg), high HBV deoxyribonucleic acid (DNA) levels, and normal
levels of hepatic transaminases.

2 Diagnosis and Natural History

The diagnosis of HBV is made by detecting HBV surface antigen in blood. Acute
infection is detected by IgM anticore antibodies to HBV while chronic hepatitis is
demonstrated by the presence of IgG anticore HBV and HBV e antigen (HBeAg).
Quantitative assay of HBV DNA indicates the level of viral load and determines
infectivity.

Following an acute infection, 90% of children will recover spontaneously, while
acute fulminant hepatitis develops in less than 1% of patients, some of whom will
require liver transplantation (Lee et al., 2005).

The best approach to HBV control is prevention by vaccination and by screen-
ing of blood products and organ donors. Recombinant HBV vaccine is effective
in 97% of at risk infants. Passive immunisation at birth with HBV immunoglob-
ulin is also required if the mother is HBeAg positive and vaccine is given in all
cases at birth with 2 or 3 subsequent vaccinations over 6 months so that all exposed
children should receive at least three doses. It is now clear that immunological pro-
tection lasts for at least 10 years so that a booster dose may be required for at risk
populations (Boxall et al., 2004a, Petersen et al., 2004).

The natural history of chronic HBV infection in childhood varies with the
route of infection. The rate of seroconversion is lower in perinatally infected
infants (Boxall et al., 2004b) than in horizontally infected infants (Bortolotti et
al., 1998). Children are asymptomatic without evidence of chronic liver disease.
Biochemical parameters indicate mild elevation of hepatic transaminases (80–150
U/L) with normal albumin, coagulation, and alkaline phosphatase. Liver histology
indicates a chronic hepatitis in over 90% of the carriers, which may be mild or
nonspecific in 40% of children. There is little correlation between transaminase
elevation and the extent of hepatitis (Boxall et al., 2004). Progression to cirrhosis
and to hepatocellular carcinoma in childhood has been documented (Moore et al.,
2004).
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3 Management of Chronic HBV Infection

Annual monitoring of children with persistent HBV should be done clinically and
by HBV serology, HBV DNA, standard liver function tests, alpha-fetoprotein, and
abdominal ultrasound to detect evidence of seroconversion, progressive liver disease
and/or hepatocellular carcinoma. It is essential that the children are encouraged to
lead a normal life and are not stigmatised because of their disease. This requires
sensitivity from schools and nurseries. Consideration may be given to antiviral
therapy.

4 Antiviral Therapy

HBV is not easy to treat, and success rates for viral clearance are approximately
30% in both adults and children. The main reasons for these success rates are the
immune tolerant state in which there is an insufficient innate or adaptive immune
response to clear the virus (Rehermann, 2003) and the development of viral resis-
tance to therapy. Chronic HBV in children is associated with an HBV-specific T cell
hyporesponsiveness and an inadequate CD8 response (Lok and McMahon, 2007). A
partial immune response leads to hepatocyte injury and progression of liver disease
and is detectable by elevated hepatic transaminases and fibrosis on liver biopsy. It
also increases the chance of responding to treatment as discussed below.

The development of viral resistance is related to the combination of host, drug,
and viral characteristics. HBV is a small DNA virus in which replication takes place
through an RNA intermediate in the hepatocytes within a nucleocapsid that con-
tains the core protein, the pre genomic RNA, and a polymerase enzyme. The HBY
polymerase is the main target for anti HBV drugs such as nucleotide and nucleoside
analogues. Newer drugs are being developed which will target other steps in viral
replication such as the encapsidation step (Ghany and Liang, 2007).

Viral resistance arises because HBV replicates very rapidly and because the HBV
reverse transcriptase does not have the function to repair incorrectly incorporated
nucleotides, leading to the persistence of viral mutations. The rate of development
of mutations is related to how effectively the drug reduces HBV DNA. Thus drug
therapy that only partially reduces HBV DNA is more likely to permit mutations
as it has been seen with monotherapy with lamivudine (see below). Ideal therapy
would act on a range of molecular targets (Ghany and Liang, 2007).

5 Aim of Treatment

Short term treatment aims include the eradication of replicative infection by clear-
ance of HB e antigen, reduction in HBV DNA levels, and normalisation of hepatic
transaminases (aspartate transaminases (AST) and alanine trasaminase (ALT)).
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Long term aims are focused on preventing the progress of liver disease, on reducing
the risk of morbidity and mortality from cirrhosis and hepatocellular carcinoma, and
on reducing the pool of carriers. In children and young people, it is important to take
into consideration the effect of HBV on their career and marriage prospects and the
potential psychosocial stigma.

The decision to treat and the choice of treatment require consideration of the
following:

• disease activity: HBV e Ag pos and elevated HBV DNA (greater than 105)
• histological stage: hepatitis, not cirrhosis
• likelihood of response (increased transaminases (AST, ALT) more than 2 times

normal)
• tolerance of treatment associated side effects
• previous treatment (e.g., resistance to previous therapy)
• co-existing disease (e.g., HIV positivity)

Disease activity before and during treatment is assessed by markers of viral activ-
ity such as HBV DNA levels, loss of detectable HB eAg, and markers of immune
mediated inflammation such as ALT and AST and histology.

In general, response to treatment is higher in those children with active liver
disease/immune response. Nonresponders tend to have low/normal transaminases,
persistent viremia on treatment, and insufficient reduction of HBV DNA, which
increases the probability of emergence of viral resistance.

6 Indications for Treatment

Consensus guidelines for the treatment of chronic HBV in children have not yet been
established and guidelines for antiviral therapy in adults are probably not applicable
for children (European Association for the Study, 2009).

The indications for treatment are persistent infection with HBV e Ag positiv-
ity for greater than 6 months, evidence of hepatic inflammation either by elevated
aminotransferase enzymes or by liver biopsy. Current treatment options include
interferon, lamivudine, and adefovir dipivoxil, although a number of other drugs
are undergoing evaluation.

6.1 Interferon

Interferon alpha-2b is a naturally occurring protein, which stimulates the immune
response by encouraging lymphocyte proliferation, increasing major histocompata-
bility complex antigen expression, and increasing natural killer cell activity. It
degrades viral mRNA and inhibits viral protein synthesis. The European consen-
sus on interferon therapy suggests pre and post therapy liver biopsy and interferon
5 megaunits per m2 subcutaneously 3 times weekly for 6 months (Jara and
Bortolotti, 1999). The efficacy of interferon treatment ranges from 20 to 40% and is
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highest in children with elevated transaminases and those who have been infected by
horizontal transmission (Bortolotti et al., 2000). The role of prednisolone priming is
unproven, but it is possible that prednisolone increases the spontaneous remission
rate and reduces time to seroconversion (Boxall et al., 2006).

Although children tolerate treatment better than adults, interferon has a num-
ber of unpleasant side effects. Fever and flu like symptoms are common when
treatment is started, as is bone marrow suppression. Autoimmune thyroid disease,
alopecia, and mental disturbance, including severe depression may also occur. It is
not recommended in children with decompensated liver disease, pancytopenia, and
severe renal, cardiac, or autoimmune disease. Pegylated interferon has not yet been
approved for HBV treatment in children but is more effective than interferon in
adults The covalent attachment of a polyethylene glycol (PEG) moiety enhances the
half-life and reduces immunogenicity so that injections can be given once-weekly
rather than three times per week (Lau et al., 2005).

6.2 Lamivudine

Lamivudine (also known as 3TC) is a pyrimidine nucleoside analogue that prevents
replication of HBV in infected hepatocytes. It is incorporated into viral DNA lead-
ing to chain termination and competitively inhibits viral reverse transcriptase. In
most patients within 2 weeks of commencing treatment, it leads to a rapid reduc-
tion in plasma HBV DNA. Response rates are related to low HBV DNA levels
pre-treatment and evidence of hepatic inflammation (raised ALT/AST). A double
blind placebo controlled trial of 286 children with chronic HBV, who were treated
with 3 mg/kg/day for 12–36 months, showed a complete response, that is, HBe
antigen clearance or undetectable HBV DNA after 52 weeks in 23% of children as
compared to 13% in the placebo group (Jonas et al., 2002). Treatment for up to 3
years increased the seroconversion rate to 62% in children who did not develop viral
mutations, but the high rate of development of YMDD mutant variants of HBV in
the majority precludes long-term treatment with lamivudine (Sokal et al., 2006).

6.3 Adefovir Dipivoxil

Adefovir dipivoxil is a purine analogue, which inhibits viral replication by binding
to DNA polymerase. It may also augment natural killer cell activity and endogenous
interferon activity. Furthermore, HBV strains resistant to lamivudine are susceptible
to adefovir (Perillo et al., 1999).

A recent randomized controlled trial in 173 children has demonstrated that ade-
fovir, in doses up to 10 mg, reduced HBV DNA most effectively in children over
12 years of age (23%, which is similar to adults) as compared to younger chil-
dren. Seroconversion rates were 20% in children aged less than 12 years, but there
was no significant difference compared to placebo, although this may have been
due to the small numbers of children in the younger cohorts (Jonas et al., 2008).
Viral resistance did not occur in the study but is reported in adults in 1% at 1 year,
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rising to 29% at 5 years and is usually treated using combination therapy with
lamivudine. However, there is increased resistance to adefovir in patients who were
previously resistant to lamivudine (Hadziyannis et al., 2005). Therefore, except
for compassionate use, adefovir is not considered to be first line therapy in young
children.

6.4 Combination Therapy

In adults, the combination of pegylated interferon (180 μg weekly) and lamivudine
(100 mg daily) for 48 weeks produced greater viral suppression, but no real differ-
ence in seroconversion rates, which is disappointing (Lau et al., 2005). There are
a few small studies to date of pegylated interferon in children with HBV with or
without lamivudine, but the results of these studies are inconclusive (D’Antiga et
al., 2006).

6.5 Liver Transplantation

Liver transplantation is effective treatment for children with acute or chronic liver
failure. The recurrence of HBV is unusual following transplantation for acute ful-
minant hepatitis but is usual following transplantation for chronic HBV unless
prevented with a combination of oral lamivudine and HBV immune globulin
(Terrault, 2002).

7 Future Therapy for HBV in Children

Telbivudine is an L-nucleoside analogue which is more effective than lamivudine
(in adults: 26% compared to 23%) but has a high rate of viral resistance com-
pared to adefovir and is not recommended as monotherapy (Lai et al., 2005). A
pharmacokinetic study in children aged 2–18 years is being planned.

Tenofovir disoproxil fumarate is a nucleotide analogue similar to adefovir that
was originally licensed for treatment of HIV. In vitro studies demonstrated activity
against HBV and clinical studies suggest increased potency compared to adefovir
(van Bommel et al., 2006). A randomised, placebo controlled multi centre study has
recently begun recruitment.

Entecavir, a carbocyclic analogue, inhibits HBV replication at 3 different steps:
the priming of HBV DNA polymerase, reverse transcription, and synthesis of HBV-
DNA. It is more potent than lamivudine in suppressing wild type HBV, but less
effective in adults with lamivudine resistance. Viral resistance is rare. An open label
multicentre trial is in progress in children (Sherman et al., 2006).

It is encouraging that EMEA (the European Medicines Agency) is considering
establishing guidelines for therapy for viral hepatitis in children and will be planning
future therapy.
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8 Choice of Therapy for HBV

The management of chronic HBV in asymptomatic children remains a challenge. It
is essential that children with HBV disease should be referred to specialised centres
to benefit from counselling, to gather information, and for inclusion into multicentre
trials of antiviral therapy so that the natural history and outcome of the treatment be
appropriately monitored. At present, there is no completely effective therapy, and
so all children should be treated within the context of a clinical trial. In children
who require compassionate therapy, treatment with lamivudine, which is licensed
in children, with or without pegylated interferon is a possibility. If viral mutations
develop, then adefovir could be considered until more results are available from
current drug trials.
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Treatment of Neonatal Fungal Infections

Cassandra Moran and Danny Benjamin

1 Introduction

Invasive candidiasis is a leading cause of infection-related morbidity and mor-
tality in premature infants (Stoll et al., 2002; Kremer et al., 1992; Lee et al.,
1998; Mittal et al., 1998; Friedman et al., 2000; Benjamin et al., 2004c). Risk
factors for candidiasis include the following: extreme prematurity, use of antibi-
otics, parenteral nutrition, and postnatal steroids (Kaufman, 2003), and center
differences in the incidence of candidiasis. Several studies have reported a 20%
mortality rate, despite antifungal treatment (Stoll et al., 1996, 2002; Benjamin
et al., 2004a). Antifungal therapy failure is correlated with birthweight: for those
with a birthweight 751–1000 g the failure rate is 14%, and for those with a
birthweight of 400–750 g, it is 31% (Benjamin et al., 2000, 2003b, 2006).
While much progress has been made in the management of neonatal candidi-
asis, definitive guidelines for prophylaxis and treatment are limited (Benjamin
et al., 2003c). Routine prophylaxis is not recommended for neonates and use of
either fluconazole or amphotericin B deoxycholate is considered 1st line therapy for
treatment of invasive disease. However, new therapeutic options that may be safer
and more efficacious are on the horizon.

2 Epidemiology

Candida is the third most common pathogen isolated in nosocomial blood stream
infections in premature infants (Stoll et al., 1996; Kaufman, 2003; Benjamin
et al., 2004a). Candidemia is diagnosed in approximately 3000 infants each year
in the US and it mostly affects infants born <28 weeks gestational age. Mean age
at onset ranges from 7 to 33 days, depending on weight and gestational age. Low
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birth weight is strongly associated with candidiasis. A prospective analysis, which
included 6 Neonatal Intensive Care Units (NICUs) during a 3 year period, reported
an incidence of 0.26% (3/1139) in infants weighing 2500 g or more (Saiman et al.,
2000). However, in very low birth weight (VLBW, <1500 g birth weight) neonates,
the incidence was 3.1%, and, for ELBW infants, up to 5.5%. Similarly, the Neonatal
Research Network reported a cumulative incidence of 7% in ELBW infants. The
Pediatrix group (over 100 nurseries reported similar rates) (Benjamin et al., 2003b,
2004c).

In addition to age and birth weight, the use of broad spectrum antibiotics, espe-
cially third-generation cephalosporins, is a well known risk factor. Such antibiotics
promote fungal colonization by inhibition of competing bacterial growth (Kaufman
and Fairchild, 2004). One multicenter cohort study reported that the use of a
third-generation cephalosporin or carbapenem within 7 days prior to diagnosis was
associated with neonatal candidiasis (Benjamin et al., 2003a). Other risk factors for
invasive disease include histamine-2 blockers, steroids, abdominal surgery, mucoep-
ithelial infection, central vascular catheters, hyperglycemia, total parental nutrition,
and intralipids (Baley et al., 1986; Rowen et al., 1994; Botas et al., 1995; Huang
et al., 1998; Benjamin et al., 2003a, 2005; Saiman et al., 2000; Makhoul et al.,
2001; Kaufman, 2003).

Several studies have also indicated that colonization with Candida is associated
with increased rates of invasive disease (Baley et al., 1986; Rowen et al., 1994;
Huang et al., 1998). Colonization with Candida is more prevalent in early gesta-
tional age neonates and low birth weight infants, occurring in approximately 30% of
infants <1500 g birth weight (Saiman et al., 2001). Although studies have identified
colonization as a risk factor, a large prospective multi-center study demonstrated that
colonization is not an independent risk factor for later development of disseminated
candidiasis (Saiman et al., 2000).

2.1 Candida Species

Although over 200 known species of Candida exist (Dismukes et al., 2003), two
account for 90% of neonatal candidiasis; they are the following: C. albicans and
C. parapsilosis (Kossoff et al., 1998; Kim et al., 2003; Lopez Sastre et al., 2003;
Roilides et al., 2004). C. albicans is more virulent than other non-albicans Candida
with a higher morbidity and mortality compared to other species (Benjamin et al.,
2003c, 2004c). Candida parapsilosis is now the most common Candida species
isolated in some NICUs (Benjamin et al., 2000; Roilides et al., 2004). C. parap-
silosis is usually associated with a lower mortality relative to other Candida species
(Stoll et al., 2002; Benjamin et al., 2004c; Roilides et al., 2004). Candida glabrata
is much less common as compared to adult patients (Fairchild et al., 2002) and is
often resistant to fluconazole. Candida krusei and C. lusitaniae are also less com-
mon in neonates but are concerning because of their resistance to fluconazole and
amphotericin B, respectively.
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3 Invasive Candidiasis

Candidemia can lead to systemic disease with end-organ damage. As expected, pro-
longed candidemia is a risk factor for systemic disease (Chapman and Faix, 2000);
however, multi-organ disease can occur with one positive blood culture. Fortunately,
the incidence of end-organ involvement has decreased because of early diagnosis,
improved awareness regarding the pathogenicity of Candida, prompt removal of
central lines, and earlier antifungal therapy (Benjamin et al., 2003c). Signs of can-
didiasis in the neonate are often non-specific and include temperature instability,
apnea, hypotension, respiratory failure, need for mechanical ventilation, abdominal
distension, and poor feeding (Fanaroff et al., 1998; Benjamin et al., 2000). Clinical
assessment includes urine and CSF cultures and imaging of the CNS, abdomen, and
heart (Benjamin et al., 2003c).

Organs that may be affected in invasive candidiasis include the skin, brain, kid-
neys, and eyes. Congenital cutaneous candidiasis is an uncommon infection that
typically presents in the first day of life as a vesicular or “burn-like” rash. It is often
associated with positive blood and CSF cultures in VLBW neonates (Darmstadt
et al., 2000). Candida in preterm infants may also cause invasive fungal dermatitis.
These lesions develop after birth but within the first 2 weeks of life (Rowen, 2003).
Similarly, these skin lesions are associated with positive blood cultures. Candida
infections of the central nervous system (CNS) may present as granulomas, vasculi-
tis, or abscesses (Faix and Chapman, 2003) and usually have normal cerebral spinal
fluid (CSF) parameters. One study reported that only 25% of neonates with positive
CSF cultures had abnormal CSF parameters (Lee et al., 1998). Candida involvement
of the urinary tract may present as isolated candiduria “fungus balls” within the
renal pelvis and other urinary structures or with invasion of the renal parenchyma.
Systemic antifungal therapy is typically adequate for treatment provided there is
no urinary tract obstruction (Benjamin et al., 1999; Bryant et al., 1999). Surgery is
rarely needed. Endophthalmitis is a less common complication compared to kidney
or CNS disease (Benjamin et al., 2003c). However, because candidemia without
endophthalmitis has been associated with an increased risk of severe retinopathy of
prematurity (Friedman et al., 2000), an ophthalmologic exam following candidemia
is recommended.

4 End Organ Assessment

Morbidity from neonatal candidiasis is significant. Neurodevelopmental dis-
ability, severe retinopathy of prematurity, periventricular leukomalacia, and
chronic lung disease are well described complications associated with dis-
seminated candidiasis (Lee et al., 1998) (Kremer et al., 1992; Mittal et al.,
1998; Friedman et al., 2000). Additionally, associations between candidiasis and
intraventricular hemorrhage have been seen by some investigators (Lee et al.,
1998) although this is not a consistent observation by other groups (Friedman
et al., 2000).
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Neurodevelopmental impairment after candidiasis can be assessed by a compos-
ite endpoint defined by one or more of the following: (a). Bayley Scales of Infant
Development score <70 on the mental developmental index (MDI), (b). Bayley
score <70 on the psychomotor developmental index (PDI), (c). Cerebral palsy
(either moderate or severe), (d). Blindness, (e). Deafness.

Benjamin et al. evaluated neurodevelopmental assessments in 3049 infants with a
history of candidasis. The follow-up data performed at 18–22 months of age showed
that median Bayley MDI and PDI scores were lower for those with a history of
Candida (P <.001). In fact, infants were more likely to have Bayley MDI or PDI
scores of <70, moderate or severe cerebral palsy as well as blindness and deafness
when compared to neonates without a known Candida infection.

5 Treatment

Prompt removal or replacement of a central venous catheter is critical for prompt,
effective therapy. Delayed catheter removal is associated with increased mortal-
ity and worse neurodevelopmental outcome (Eppes et al., 1989; Karlowicz et al.,
2000; Benjamin et al., 2004c). Delayed removal/replacement of the central catheter
following candidemia has been shown to be associated with worse short-term
and long-term outcomes in a cohort of 320 premature infants with candidemia:
in those with delayed removal/replacement, mortality rates were 37 vs. 21% in
prompt removal/replacement; neurodevelopmental impairment (NDI) among sur-
vivors: 63% in delayed vs. 45% in prompt; time to clear Candida from the blood:
7.3 days in delayed vs. 5.1 in prompt removal. The association between death/NDI
and delayed catheter removal remained strong in multivariable analysis: OR = 2.7
95%CI (1.3, 5.8) (Benjamin et al., 2006).

Microbiologic clearance of CSF, urine, and blood should be documented; how-
ever, despite the presence of Candida, CSF WBC and culture can be normal. Culture
results will guide therapy if persistently positive. Additionally, urine culture results
may guide therapy with respect to lipid complex products. Two negative blood cul-
tures separated by at least 24 h should be obtained. Because central nervous system
disease is difficult to diagnose, is frequently observed in neonataol autopsy, and
because candidiasis is so closely related to neurodevelopmental impairment, cen-
tral nervous system disease should be assumed. An eye exam should be done,
as the incidence of eye involvement is 1–3%, and it influences therapy because
of the need for penetration into the vitreous. Echocardiogram should be com-
pleted because valvular disease will influence length of therapy. An abdominal
ultrasound to evaluate renal abscesses (5% incidence) may influence the type of
therapy.

Definitive antifungal therapy is less clear because of the lack of well-powered
randomized trials. Many agents including new antifungal drugs with improved
safety profiles are currently available; however, PK data in neonates are limited.
First line agents include amphotericin B deoxycholate (1 mg/kg/day), fluconazole
(12 mg/kg/day) and (if urine cultures are negative) lipid complex formulations
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(5 mg/kg/day). Micafungin kinetics are known, and 10 mg/kg/day of this prod-
uct may be used. The current formulation of anidulafungin contains alcohol
and the kinetics are not known in children under 2 years of age. The dosing
information of caspofungin in young infants is sparse, and the dosing of posacona-
zole and voriconazole are unknown in the young infant.

5.1 Amphotericin B deoxycholate

Amphotericin B deoxycholate binds to ergosterol, a component of the fungal cell
membrane, leading to enhanced cell permeability and cell death. As most Candida
species, except C. lusitaniae and occasionally C. glabrata and C. krusei, are suscep-
tible to amphotericin B, it is the most commonly used antifungal for the treatment of
neonatal candidiasis (Rowen and Tate, 1998), (Minari et al., 2001). However, despite
such broad use, safety and efficacy data in neonates are limited. Furthermore, phar-
macokinetic variability in neonates and a longer half life as well as improved CF
penetration relative to adults have been reported (Baley et al., 1990). The recom-
mended dose is 1.0 mg/kg intravenously given every 24 h (Baley et al., 1990; Serra
et al., 1991). Test doses are not needed in neonates (Juster-Reicher et al., 2003).
Nephrotoxicity is the main serious side effect (Baley et al., 1984). However, ampho-
tericin B deoxycholate is thought to be well tolerated in premature infants (Kingo
et al., 1997; Linder et al., 2003). Electrolyte abnormalities, however, (particulary
hypokalemia) (Linder et al., 2003), are not uncommmon. Rigors, fever, and chills
are not generally seen in neonates.

5.2 Lipid Preparations of Amphotericin B

The main advantage of lipid-based formulations of amphotericin B is the decreased
renal toxicity with relatively higher doses of the parent drug (Juster-Reicher et al.,
2003). The decrease in renal toxicity is likely due to less drug penetration of the kid-
neys (Bekersky et al., 2002). Lipid-based formulations of amphotericin B are used
when patients have renal insufficiency or when candidemia persists despite standard
doses of amphotericin B deoxycholate (Linder et al., 2003) and multiple prepara-
tions are available. One controlled trial evaluated and compared the effectiveness
of the liposomal preparations on fifty-six neonates. Each neonate was given one of
three amphotericin products: amphotericin B deoxycholate (n = 34) or if their serum
creatinine was >1.2 mg/dL they were given either L-am B (n = 6) or ABCD (n =
16) (Linder et al., 2003). The overall mortality rate was 14.8% (8/56). Mortality
was similar for the three groups [amphotericin B deoxycholate 14.7% (5/34), L-
amB 16.7% (1/6), and ABCD 12.5% (2/16)]; however, due to inadequate numbers,
the trial could not compare efficacy. No renal toxicity was seen during therapy for
any group.
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5.3 5-Fluorocytosine (Flucytosine, 5-FC).

Flucytosine is a fluorinated pyrimidine analogue that inhibits fungal DNA synthesis
and interferes with RNA synthesis. It can be used in combination with amphotericin
B to treat central nervous system Candida infections. However, because the time
to clear CSF is longer in neonates with Candida meningitis who are treated with
flucytosine plus amphotericin B when compared to amphotericin B alon, its benefit
in this regard has been questioned (Benjamin et al., 2006). Due to the rapid drug
resistance acquired when used alone, it should not be used as monotherapy (Bennett,
1996). The recommended dosage is 100–150 mg/kg/day divided every 6 h. The
main side effect is bone marrow suppression, which can include agranulocytosis and
aplastic anemia, as seen with drug levels >100 μg/mL. Therefore, levels should be
followed in neonates, especially those with impairment in renal excretion (Frattarelli
et al., 2004).

The benefits of flucytosine in premature infants must be carefully weighed with
the risks of side effects that affect the bone marrow, hepatic, and renal systems.
CNS infections can be cleared successfully without flucytosine. When the decision
is made to treat, flucy to sine levels should be monitored closely.

5.4 The Azoles

Fluconazole, available in both oral and intravenous formulations, is the most com-
monly used azole antifungal in neonates to treat candidiasis (Rowen and Tate, 1998;
Wenzl et al., 1998). Fluconazole should be given 12 mg/kg/day to young infants
(Wade et al., 2008). Oral absorption is nearly 100%. Fluconazole is fungistatic; it
penetrates the CSF, kidney, and liver. In neonates, the most common side effect is
mild elevation of liver enzymes (Fasano et al., 1994).

In a randomized trial of 23 neonates, one study compared fluconazole (10 mg/kg
initial dose then 5 mg/kg/day) to amphotericin B deoxycholate (1 mg/kg/day)
(Driessen et al., 1996). The mortality rate was 45.5% (5/11) for those who received
amphotericin B, and 33% (4/12) for those who received fluconazole groups. Another
study of 40 neonates given parenteral fluconazole (6 mg/kg/day for 6–48 days) for
candidiasis reported an attributable mortality rate of 10% (4/40) and an overall mor-
tality of 20% (8/40). (Huttova et al., 1998). The majority of patients had Candida
albicans. Although two patients experienced a 5-fold elevation in liver enzymes, and
two with elevated serum creatinine levels, discontinuation of therapy was not nec-
essary. Because clearance increases with post-natal age, to achieve systemic drug
exposures recommended for older children and adults, dosing of at least 12 mg/kg
Q24 is appropriate in young infants with candidiasis. If <30 weeks EGA and <2
weeks PNA and creatinine >1, then give first dose at 12 mg/kg (loading), and then
follow creatinine; if creatinine stays >1, then consider 6 mg/kg/day, if creatinine
drops <1, then continue 12 mg/kg/day.

C. albicans (MIC90–1 μg/mL) and C. parapsilosis (MIC90–2 μg/mL) the two
most commonly identified Candida species in neonates, are sensitive to fluconazole
(Pfaller et al., 1999). However, two non-albicans species, C. glabrata and C. krusei,



Treatment of Neonatal Fungal Infections 135

are usually resistant (MIC90–64 μg/mL) (Rowen et al., 1999), due to alterations in
the target enzyme, sterol 14-α-demethylase or by enhanced efflux out of the fungal
cell (Marichal et al., 1999; Sanglard, 2002).

Voriconazole, a second-generation triazole, is active in vitro against most
Candida species including C. glabrata and C. krusei (Muller et al., 2000). Side
effects include torsades de pointes, allergic reactions, elevated transaminases, and
visual disturbances (Walsh et al., 2001). A study of 58 pediatric patients receiving
voriconazole reported elevated transaminases in 13.8% (8/58), abnormal vision in
5.2% (3/58), and photosensitivity in 5.2% (3/58), (Walsh et al., 2002). Given the
visual side effects and its unknown impact on the developing retina, neonates who
are predisposed for retinopathy of prematurity may not be good candidates for this
agent. Pharmacokinetic data in neonates is unknown but for aspergillosis it is the
treatment of choice.

5.5 The Echinocandins

The echinocandins include caspofungin, micafungin, and anidulafungin. The
echinocandins are active against all Candida species (Bartizal et al., 1997) and are
available for intravenous administration (Frattarelli et al., 2004). The mechanism of
action is inhibition of 1,3 β-D-glucan synthase (Walsh et al., 2000). Little is known
about the appropriate dosing of caspofungin in young infants, although it has been
used (Odio et al., 2004). Side effects include hypokalemia, elevated transaminases,
and anemia. Anidulafungin exhibits linear kinetics in children 2–17 years of age,
(Benjamin et al., 2004b), and studies are in progress to define the PK in toddlers
and infants using a new formulation without alcohol as a vehicle.

Micafungin has been evaluated in the neonates in three NICHD-sponsored
Pediatric Pharmacology Research Network studies. Dosages of 1.5 mg/kg, 3 mg/kg
(Heresi et al., 2003), 7 mg/kg, 10 mg/kg (Benjamin), and 15 mg/kg (Smith)
have been studied. Premature infants have a faster clearance and a need for cen-
tral nervous system penetration. Echinocandins have a dose-response relationship;
therefore, the one echinocandin for which firm dosing recommendations can be
made is micafungin. This product should be given at 10–12 mg/kg/day.
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Malaria in Pregnancy and the Newborn

Stephen J. Rogerson

1 The Global Burden of Malaria

Each year, 40% of the world’s population is exposed to the risk of malaria infec-
tion. Approximately 500 million people suffer clinical disease episodes of malaria,
and around one million die from it. The greater part of the world’s malaria bur-
den falls on Africa, but recent analyses suggest the amount of malaria in Asia has
been underestimated (Snow et al., 2005). Five Plasmodium species infect humans:
P. falciparum, P. vivax, P. malariae, P. ovale, and P. knowlesi. The last, which is a
common parasite of monkeys, has only recently been described as a human pathogen
(Singh et al., 2004), but appears to be quite widespread in South East Asia. The
great majority of severe disease episodes and deaths are due to P. falciparum, but it
is becoming increasingly clear that P. vivax can also cause severe disease episodes
and deaths (Genton et al., 2008; Tjitra et al., 2008). The main presentations of severe
and life-threatening malaria are severe anaemia, cerebral malaria (unrouseable coma
associated with malaria infection) and respiratory distress. Most deaths occur in
young children, but pregnant women are also at particularly high risk, especially
when they have lower malaria immunity.

2 The Burden of Malaria in Pregnancy

Each year, over 50 million pregnancies occur in malaria-endemic areas, and many
pregnant women suffer effects of malaria in pregnancy. In Africa, around one in
four women have placental malaria infection at delivery (Desai et al., 2007). Malaria
contributes to maternal deaths, most often due to maternal anaemia. Estimates sug-
gest that 10,000 women die, each year, from severe anaemia due to malaria (Guyatt
and Snow, 2001). Low birth weight (LBW, < 2500 g) due to malaria is even more
common, with an estimated 600,000 babies born with LBW each year, and
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75,000–200,000 infant deaths ascribed to LBW consequent upon maternal malaria
(Steketee et al., 2001). Moreover, the long term effects of these in utero insults due
to malaria are unknown, and maternal malaria is likely to have effects on growth,
development and even risk of adult-onset diseases (Barker, 2006).

3 Malaria Species in Pregnancy

Of the five species, P. falciparum is the most widely studied, is more common in
pregnant than non-pregnant women, and is associated with adverse birth outcomes.
P. vivax, the second most prevalent infection, has been associated with LBW and
maternal anaemia in studies from India, Thailand and Indonesia (Nosten et al., 1999;
Poespoprodjo et al., 2008; Singh et al., 1999), but it is not clear whether it becomes
more common or severe in pregnancy. Of the different species, only P. falciparum
is known to sequester in the placenta, and this placental sequestration is believed
to be central to many of the manifestations of falciparum malaria in pregnancy. For
P. ovale, P. malariae and P. knowlesi, the risks and consequences of infection during
pregnancy are unknown.

4 Clinical Malaria in Pregnancy

In semi-immune adults, clinical disease from malaria is rare, and it has been thought
that pregnant women are similarly unlikely to be symptomatic from the infections
they carry. Two recent studies and some indirect data suggest this may not be the
case. Women in Mozambique and Ghana who were parasitaemic more frequently
had fever and other malaria symptoms, such as headache, dizziness and fatigue than
matched, aparasitemic women, but these symptoms had a poor predictive value for
malaria (Bardaji et al., 2008; Tagbor et al., 2008). In our Malawi studies, a history
of febrile symptoms in the preceding week was strongly associated with placen-
tal malaria at delivery (odds ratio (OR) 5.8, 95% confidence interval (CI) 3.4–9.7,
p < 0.001). Whilst it has been recognized that non-immune women frequently have
symptoms (and sometimes severe disease) associated with malaria in pregnancy,
these recent studies suggest such symptoms are not uncommon in high transmission
areas, but warn that confirmation of infection is important to avoid inappropriate
treatment with antimalarials.

5 Timing of Infection

Most cohort and cross-sectional studies of parasite prevalence have tested for par-
asitaemia in mid to late pregnancy, or at delivery (reviewed in Desai et al., 2007),
in part because few women present in Africa to antenatal care before the second
trimester of pregnancy. However, a few studies have managed to examine women
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in first or early second trimester for parasitaemia, and compare parasite prevalence
across gestation. Interestingly, all studies show that the prevalence of infection is
highest in the late first or early second trimester, and falls over gestation, and this
seems to be the case regardless of transmission intensity and gravidity (Brabin,
1983; Brabin and Rogerson, 2001; Coulibaly et al., 2007). One possible explana-
tion is that immunity to malaria develops over the course of the pregnancy, helping
to suppress parasitaemia.

6 Susceptibility to Malaria in Pregnancy

There are a number of reasons why pregnant women may be at particular risk
for malaria (Table 1). They are more attractive to mosquitoes than non-pregnant
adults, probably because they exhale more carbon dioxide (Lindsay et al., 2000).
The altered immunological and hormonal environment in pregnancy predisposes
to a number of infectious diseases, such as listeriosis, CMV and hepatitis E (Hart,
1988). Malaria has been associated with elevated levels of corticosteroids in preg-
nancy (Vleugels et al., 1989), and other hormones have not been systematically
studied. It has been postulated that changes in the Th1/Th2 cytokine balance in
pregnancy predispose to malaria, while on the other hand malaria infection itself
induces active Th1 and inflammatory cytokine responses (reviewed in Rogerson
et al., 2007). One particularly important factor in the predisposition to malaria is
the ability of P. falciparum-infected erythrocytes to sequester in the placenta. Such
infected erythrocytes express a unique subset of variant surface antigens, or VSAs
on their surface (Beeson et al., 1999; Maubert et al., 1999). As expression of these
VSAs is restricted to pregnancy, a woman who is pregnant for her first time has a
well-developed immunity to parasites expressing other VSAs, but lacks immunity to
pregnancy-specific VSAs expressed by placental parasites, which exploit this “hole”
in her existing immune response (Hviid, 2004).

Table 1 Reasons why pregnant women are at special risk of malaria

Increased susceptibility to mosquito bites
Altered cell mediated immunity in pregnancy
Hormonal changes associated with pregnancy
Placental sequestration of parasitized cells
Immune evasion by placental parasites

7 Gravidity and Age Influence Parasite Prevalence in Pregnancy

Women in their first pregnancy are at increased risk of malaria infection, and with
subsequent pregnancies, their predisposition decreases (Desai et al., 2007). The
intensity of malaria transmission may influence the rate of this decline (Fig. 1).
In a high-transmission area of Malawi, pregnant women were highly likely to
be parasitaemic at first antenatal clinic visit, and the rate fell quite steeply with
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subsequent pregnancies. On the other hand, in Blantyre, lower malaria transmission
was associated with lower parasite prevalence in first pregnancy, and relatively little
decrease in prevalence with subsequent pregnancies, suggesting a slower acquisition
of pregnancy-specific immunity.

Gravidity undoubtedly influences protection from malaria, and development of
immunity to pregnancy-specific VSAs forms a key component of such protection.
Some epidemiological evidence suggests that non-pregnancy-specific immunity
may also be important. In Malawi, for example, we found that age was a more
important predictor of parasitaemia at antenatal booking than gravidity (Fig. 2), and
similar findings have been reported from Mozambique (Saute et al., 2002). While
immunity that controls malaria parasitaemia generally develops over the course
of childhood (Marsh and Kinyanjui, 2006), where malaria transmission is lower,
women may still be developing immunity against blood-stage infection in early
reproductive life. One important consequence of this is that adolescents in devel-
oping countries, who are at high risk of poor reproductive outcomes (Brabin, 2004),
may also be particularly likely to suffer from malaria in pregnancy.

8 Modelling Placental Malaria In Vitro

In vitro models of sequestration of infected erythrocytes have been in use for some
time. Chinese hamster ovary (CHO) cells express chondroitin sulphate A, and para-
sites “panned” on these cells adhered to CSA (Rogerson et al., 1995, Fig. 3). When
chondroitin sulphate A from animal sources, or extracted from placenta, is spotted
onto Petri dishes, parasitized cells from placenta adhere to the CSA (Fried et al.,
2006; Fried and Duffy, 1996). Frozen sections of placenta, the BeWO cell line and
in vitro-derived syncytiotrophoblast are also useful (Haase et al., 2006; Lucchi et al.,
2006). By using these tools, it has been demonstrated that parasitized cells panned

Fig. 3 Scanning electron
micrograph of parasitised
erythrocytes bound to
Chinese hamster ovary cells
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on CSA transcribe a var gene called var2sca, which encodes a protein on the surface
of the infected red cell that mediates adhesion to CSA. This protein is the main tar-
get of the protective antibody response directed against the infected red cell surface
(Duffy et al., 2005; Salanti et al., 2003). The parasite genome contains 60 var genes,
each encoding a different red cell surface protein, but when var2sca is knocked out,
parasites lose the ability to bind to CSA or to placenta (Duffy et al., 2006b; Viebig
et al., 2005; Yosaatmadja et al., 2008). Parasites extracted from the placenta gen-
erally transcribe var2sca at high levels (Duffy et al., 2006a; Tuikue Ndam et al.,
2005).

While expression of some other genes and proteins has been associated with
placental malaria (Francis et al., 2007; Tuikue Ndam et al., 2008), the importance
of these in sequestration or immunity is presently unclear.

Antibody immunity to parasite lines expressing the var2csa protein develops in a
gender- and parity-dependent manner, and in some studies, levels of antibodies have
been correlated with protection against adverse pregnancy outcomes (Duffy and
Fried, 2003; Staalsoe et al., 2004). Because the var2sca gene is the most highly con-
served of the var genes, and because it is an important target of immunity (Salanti
et al., 2004), there is significant interest in developing a vaccine based on the var2csa
protein. Identifying epitopes within the protein that are targets of protective immu-
nity, and determining the degree of polymorphism within var2csa in isolates from
different geographic regions are critical areas for future studies.

9 Placental Inflammation, Monocyte Infiltrates, and Pregnancy
Outcomes

Clinically, LBW due to malaria results from a combination of fetal growth restric-
tion and preterm delivery. In malaria-endemic Africa, the risk of LBW is approxi-
mately doubled by the presence of placental malaria, and this risk is highest in first
pregnancy (Brabin et al., 1999; Guyatt and Snow, 2004). Here, the burden is princi-
pally that of fetal growth restriction, and malaria may be responsible for up to 70%
of fetal growth restriction (Desai et al., 2007). Preterm delivery is more characteris-
tically a feature of malaria in low-transmission settings, but even in Africa it may be
responsible for over a third of premature deliveries (Desai et al., 2007). Given this
substantial contribution to poor pregnancy outcomes, what have we learnt about the
mechanisms underlying the development of LBW associated with malaria?

Placental histology studies have been very informative. Together with seques-
tration of infected erythrocytes in the placenta, there are often infiltrates of host
leukocytes in the intervillous space (the maternal circulation of the placenta –
Fig. 4). These cells are primarily monocytes and macrophages, with lymphocytes
and neutrophils to a lesser extent, and many of these macrophages contain hemo-
zoin, the by-product of the parasite’s digestion of hemoglobin (Walter et al., 1982).
Presence of hemozoin-laden macrophages correlates with low birth weight due to
fetal growth restriction, while the density of infected red cells sequestered in the
placenta correlates with pre-term delivery (Menendez et al., 2000; Rogerson et al.,
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ba

Fig. 4 Placental pathology. (a) dense parasite sequestration (b) dense monocyte infiltrates (a)
haematoxylin and eosin (b) Giemsa; ×1000

2003b). This suggests two distinct pathophysiological mechanisms: acute events
leading to premature parturition associated with dense placental parasitization, and
more sub-acute or chronic events resulting in growth restriction.

Placental malaria is associated with release of inflammatory cytokines in the pla-
centa. Increased levels of mRNA or protein of the cytokines tumour necrosis factor
alpha, interferon gamma and interleukin 1 have been associated with malaria and
low birth weight in different studies (Fried et al., 1998; Moormann et al., 1999;
Rogerson et al., 2003a; Suguitan et al., 2003), and presumably, these cytokines
affect the normal growth and functioning of the placenta. These studies do not
yet reveal the events that interfere with fetal growth at the cellular level, or the
exact mechanisms by which malaria can lead to premature parturition, but overall
they suggest that placental accumulation of infected erythrocytes and inflamma-
tory cells, together with products released by those inflammatory cells, probably
have major effects on placental function, potentially interfering with successful
pregnancy progression and fetal growth.

10 Treating Malaria in Pregnancy

The systematic exclusion of pregnant women from drug trials means that there
is a profound lack of information regarding the safety, efficacy and dosing of
antimalarials in pregnancy. The choice of drugs to treat malaria in pregnancy
depends on the stage of the pregnancy, and the clinical state of the mother. When
a woman is severely ill, our priority is to save her life, and the best available treat-
ment is required. This means intravenous therapy with either quinine or artesunate
(Rogerson and Menendez, 2006). Present data do not show either to have a clear
advantage in pregnancy (Dondorp et al., 2005), and larger comparative studies are
needed. Quinine is classed by the FDA as a Class C drug, but hard evidence that it is
abortifacient is lacking (Phillips-Howard and Wood, 1996). Artesunate is associated
with fetal resorption and congenital defects in rodents when used in early pregnancy
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(Clark et al., 2004), but similar defects are not reported in humans (Ward, 2007). The
pregnancy should be followed to term, and the outcome carefully documented.

For uncomplicated malarial illness, the choice of treatment depends on
the trimester. During the first trimester, quinine, mefloquine and (for vivax
malaria) chloroquine are all reportedly safe, whereas in the second and third
trimesters sulphadoxine-pyrimethamine (SP) has been widely used. Artemisinins
and artemisinin combination treatments, such as Coartem and dihydroartemisinin-
piperaquine (Artekin) also can be used, with similar caveats about documenting
pregnancy outcome to intravenous artesunate. For almost of these drugs there is a
major lack of pharmacokinetic data; however, available data suggest dose modifica-
tion may be required to achieve adequate therapeutic levels in pregnancy (Green
et al., 2007; Ward et al., 2007). Such dose-modification studies have recently
begun under the auspices of the Malaria in Pregnancy Consortium (www.mip-
consortium.org).

11 Intermittent Preventive Treatment in Pregnancy

Intermittent preventive treatment in pregnancy, or IPTp, is the delivery of treat-
ment doses of an antimalarial, at specified times, regardless of the presence of
symptoms or infection. Based on studies from the 1980s and 1990s, the World
Health Organization recommends at least two doses of an appropriate drug, at
least a month apart, starting after quickening (when the mother detects fetal move-
ments). A Cochrane review showed an increase in birth weight of 126 g among
women receiving IPTp, compared to controls (Garner and Gulmezoglu, 2006).
Presently, SP is the only proven safe effective drug in Africa, but neither the
optimal number of doses, especially in women with HIV co-infection, who may
require more than two doses (Parise et al., 1998), nor the appropriate dose for
pregnant women (Green et al., 2007) are fully resolved. It is important that an
IPTp policy using SP or other agents is properly implemented. When we com-
pared women who went to ANC and did, or did not, receive IPTp doses, women
who received the recommended two doses had a reduction of >50% in their preva-
lence of LBW babies, as well as reductions in anaemia and parasitaemia at delivery
(Rogerson et al., 2000) (Fig. 5).

SP resistance is now common in much of Africa, and rates of parasitological
treatment failure in children vary widely across the continent. Because pregnant
women are semi-immune to malaria, it is less clear that SP resistance translates into
loss of protection against pregnancy malaria, and a recent meta-analysis suggests
that SP maintains its utility in pregnant women, up to moderately high levels of
resistance (ter Kuile et al., 2007). If high-level resistance to SP emerges in Africa,
as it did in Asia, it is probable that SP will have little role in the prevention of
malaria in pregnancy, so a number of new drugs, including Artekin, mefloquine
and artesunate, and SP plus azithromycin, are entering IPTp studies as part of the
Malaria in Pregnancy Consortium’s activities.
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Fig. 5 Effectiveness of SP in Malawi, 1997–1999, by SP doses: 0, black; 1, white; 2 or more,
grey. Among women who had attended antenatal clinic, and had opportunities to receive SP, those
who were given 2 doses of SP had lower prevalences of low birth weight (%LBW), Hb < 11.0 g/dl
(%anaemia) and placental parasitaemia (%Placenta +) than those who received 1 or 0 doses of SP

12 Malaria in the Newborn: Congenital Malaria

Congenital malaria is usually defined as peripheral blood parasites in the new-
born within the first seven days of life – or longer, if no exposure to infected
mosquitoes is possible (Menendez and Mayor, 2007). (The minimum time from an
infected bite to parasitaemia is 7–8 days.) Cord blood parasites are quite frequently
detected at delivery in endemic areas (Fischer, 2003; Menendez and Mayor, 2007),
and detection rates are higher when sensitive PCR approaches are used (Tobian
et al., 2000). Interestingly, a significant proportion of cord blood parasites appears
to be acquired antenatally (Malhotra et al., 2006), although transmission at delivery
also occurs.

Congenital malaria illness is more common in children of non-immune moth-
ers. It usually presents at 2–6 weeks of age, with combinations of fever, hep-
atosplenomegaly, irritability, jaundice and/or anaemia. Congenital syphilis is an
important differential diagnosis, and early presentations may resemble neonatal sep-
sis (Lesko et al., 2007; Menendez and Mayor, 2007). In the US, most cases are
associated with P. vivax infection, reflecting the fact that many maternal infections
are acquired in Latin America where P vivax predominates (Lesko et al., 2007).
Treatment of congenital infections is with quinine for P. falciparum and chloro-
quine for P. vivax. Primaquine (used to eliminate liver stage P. vivax infections) is
not required, because only blood-stage infection occurs.
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13 Malaria Antibody in Neonates

In areas of high malaria transmission, not only is symptomatic congenital malaria
quite uncommon, but clinical disease is also unusual in the first few months
of life. A number of explanations have been proposed, including swaddling of
infants (decreasing exposure to mosquitoes), parasites’ inability to metabolise fetal
haemoglobin effectively, and the lack of para-aminobenzoic acid (an important
metabolic substrate) in breast milk (Riley et al., 2001). The relative protection
from disease among infants of exposed mothers is more probably explained by the
transplacental transfer of antimalarial antibodies to the fetus (Hviid and Staalsoe,
2004; Riley et al., 2001). As passively acquired IgG is catabolized and levels wane,
the infant becomes more susceptible to malaria.

14 Malaria in the First Year of Life

In very young infants, asymptomatic infections may occur, and may persist for long
periods, presumably contributing to early development of active immunity. Clinical
studies attempting to relate placental malaria and risk of infant infections have led to
somewhat confusing results. In Senegal, cord blood antibody to isolates that infect
the placenta (which may not be able to sequester and survive in the baby) was
associated with earlier and higher density infection in the infant, and in Cameroon,
placental malaria was associated with parasitaemia until 6 months of age (Le Hesran
et al., 1997). In Tanzania, there appeared to be an important interaction between
gravidity and an infant’s susceptibility to malaria. Whereas first time mothers are at
highest risk of parasitaemia, it was the infants of multigravid women with placental
infection who were at highest risk of infection in the first year of life (Mutabingwa
et al., 2005).

15 Future Prospects

To prevent malaria in pregnancy, and especially to minimize more effectively its
impact on young, first-time mothers and their newborns, we require improved cov-
erage with existing interventions, such as bed nets and effective drugs for IPTp.
The doses of such drugs may need to be modified for pregnant women, to ensure
safe, therapeutic levels. A number of new antimalarials have entered clinical use
in recent years, or will soon be introduced, and we need to evaluate carefully their
safety and efficacy in pregnant women. Vaccines may have a role to play in protect-
ing against malaria in pregnancy. Vaccines targeting pre-erythrocytic antigens (such
as the RTS,S vaccine, or attenuated whole sporozoites) or conserved merozoite anti-
gens could decrease malaria in any at-risk group, while a specific vaccine targeting
the var2csa protein may have a specific niche in protecting pregnant women from
malaria. Improvements in detecting newborns at risk of malaria in utero and after
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delivery may decrease the burden of morbidity and mortality in the offspring of
malaria-exposed pregnant women.
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Adenovirus Infection
in the Immunocompromised Host

Marc Tebruegge and Nigel Curtis

1 Classification, Structure, and Molecular Pathogenesis

There are 51 known serotypes of human adenovirus, which are divided into sub-
groups (or species) A to F (Table 1). An additional serotype (52), which potentially
constitutes a new species (G), has recently been reported after genomic sequencing
and phylogenetic analysis of an isolate in the U.S. (Jones et al., 2007).

Adenovirus is an icosahedral, non-enveloped virus consisting of a nucleocapsid
and a DNA genome (Medina-Kauwe, 2003). The double-stranded DNA is 30–38
kilobases in size and encodes more than 30 structural and non-structural proteins.
The capsid is primarily composed of hexon protein (Fig. 1). Each vertex of the
icosahedron is capped by a penton base, comprising a pentameric ring of proteins.
From the centre of this base, arises the trimeric penton fiber. This fiber is responsible
for the initial attachment of adenoviruses to the host cell and has been shown to
bind to cocksackie-adenovirus receptor (CAR) cell surface protein with high affinity
(Bergelson et al., 1997). This initial binding is followed by an interaction between
penton proteins and integrin co-receptors (αvβ3 and αvβ5), which triggers integrin-
mediated endocytosis (Nemerow et al., 1994; Wickham et al., 1993).

After entering the cell, the virus evades lysosomal degradation by penetrating the
endosomal membrane and thereby escapes into the cysol (Seth, 1994). The capsid
then translocates towards the nucleus and docks onto nuclear pore complexes, which
is followed by extrusion of viral DNA and protein VII into the nucleus (Greber
et al., 1993; 1997). After reaching the nucleus, viral genes are expressed and new
virus particles are generated.
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Table 1 Classification of adenoviruses and common sites of infection

Subgroup Serotypes Sites

A 12, 18, 31 Gastrointestinal tract
B 3, 7, 11, 14, 16, 21, 34, 35, 50
C 1, 2, 5, 6 Respiratory tract
D 8, 9, 10, 13, 15, 17, 19, 20, 22–30, 32,

33, 36–39, 42–49, 51
Ophthalmic, gastrointestinal tract

E 4 Respiratory tract
F 40, 41 Gastrointestinal tract

Fig. 1 The structure of
adenovirus and binding
to the host cell

2 Terminology and Definitions Related to Adenovirus Infection
and Disease

In discussing adenovirus infection and disease it is important to clarify definitions,
particularly as the existing literature is complicated by the use of imprecise termi-
nology. The majority of authors have adhered to the definitions originally proposed
by Flomenberg et al. in 1994 (Table 2) (Flomenberg et al., 1994), although fre-
quently in a heavily modified form. These definitions, however, have two major
limitations. Firstly, they rely on the use of biopsies which are invasive procedures
that are not frequently performed in a paediatric setting. Secondly, the criteria do not
include results of polymerase chain reaction (PCR) tests, which have subsequently
become part of standard practice. We therefore prefer the following definitions,
which will be used throughout this review (Table 3): (i) adenovirus infection: detec-
tion of adenovirus by immunofluorescence, culture, histology, or PCR from any site
(ii) asymptomatic adenovirus infection: detection of adenovirus infection from any
site in the absence of clinical symptoms (iii) adenovirus disease (i.e., ‘symptomatic
adenovirus infection’): detection of adenovirus from any site with anatomically cor-
responding, compatible symptoms in the absence of any other identifiable cause



Adenovirus Infection in the Immunocompromised Host 155

Table 2 Criteria for adenovirus disease proposed by Flomenberg et al., 1994

Definite
disease

Presence of typical adenovirus nuclear inclusions on routine histopathology
or

positive culture from tissue (excluding gastrointestinal tract)

Probable
disease

Two or more positive cultures from body sites other than the
gastro-intestinal tract
plus

compatible symptoms without other identifiable causes

Table 3 Proposed new adenovirus definitions (as used in this review)

Adenovirus infection Detection of adenovirus by immunofluorescence, culture, histology
or PCR from any site

Asymptomatic
adenovirus infection

Detection of adenovirus from any site in the absence of clinical
symptoms

Adenovirus disease Detection of adenovirus from any site with anatomically
corresponding, compatible symptoms in the absence of any other
identifiable cause

Disseminated
adenovirus disease

Adenovirus disease affecting two or more organs or systems

and (iv) disseminated adenovirus disease: adenovirus disease affecting two or more
organs or systems.

3 Epidemiology, Clinical Features, and Natural History
in the General Population

Adenovirus can be transmitted from person to person via respiratory droplets, as
well as by the conjunctival and the faecal-oral route. The incubation period is gen-
erally short, ranging from 2 to 14 days. The majority of adenovirus infections occur
in the first 5 years of life, with a peak incidence during the first 2 years (Hong et al.,
2001; Pacini et al., 1987).

Adenovirus infections are very common in children. Epidemiological data sug-
gest that around 5–15% of acute upper respiratory tract infections and around 5%
of lower respiratory tract infections in childhood are caused by this virus (Edwards
et al., 1985; Gardner, 1968; Hong et al., 2001; Kim et al., 2000).

In immunocompetent individuals, adenovirus infections are generally mild and
self-limiting, manifesting primarily as upper respiratory tract infection (tonsillitis,
pharyngitis, otitis media) and bronchiolitis/bronchitis, gastroenteritis, or keratocon-
junctivitis (Edwards et al., 1985; Gardner, 1968; Pacini et al., 1987). Fatal outcome
in immunocompetent individuals is relatively rare and has primarily been reported
in the context of pneumonitis (Hong et al., 2001). However, recent reports from
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the U.S. have described the emergence of a new, potentially more aggressive ade-
novirus serotype 14 variant (Ad14). Strikingly, a significant proportion (17%) of
Ad14 infected patients were reported to require intensive care support, and the
overall fatality rate was as high as 5% (CDC, 2007; Louie et al., 2008).

Different serotypes have some degree of tropism for different types of tissue
and are therefore associated with different clinical manifestation. The major-
ity of lower respiratory tract infections in children caused by adenovirus are
due to subgroup B serotypes 3, 7, and 21 (Hong et al., 2001). Subgroup C
serotypes 1, 2, and 5 are the serotypes that are most commonly associated with
upper respiratory tract infections in childhood (Gardner, 1968; Pacini et al.,
1987). Serotypes from subgroups D and F are implicated in gastrointestinal infec-
tion, while epidemic keratoconjunctivitis is predominantly caused by subgroup D
serotypes.

Primary adenovirus infection results in the production of neutralising antibod-
ies and is thought to confer lifelong immunity against the causal serotype (Edwards
et al., 1985). However, despite the presence of neutralising antibodies, some patients
shed adenovirus in the stool for several months following primary infection. Other
patients develop longstanding, potentially lifelong, asymptomatic infection with
persistence of adenovirus in lympho-epithelial tissues (Adrian et al., 1988; Fox
et al., 1969; Garnett et al., 2002). The latter has direct implications for patients
undergoing transplantation or immunosuppression, as this may result in endogenous
reactivation of latent adenovirus infection.

4 Epidemiology, Clinical Features, and Natural History
in the Immununocompromised

Since the early 1990s, adenovirus has become increasingly recognised as an
important pathogen in immunocompromised hosts in general and, in particular, in
transplant recipients (Flomenberg et al., 1994; Hierholzer, 1992; Walls et al., 2003).
Cumulative data suggest that adenovirus infection occurs in up to 40% of paedi-
atric human stem cell transplant (HSCT) recipients (Kampmann et al., 2005; Lion
et al., 2003; Symeonidis et al., 2007; Walls et al., 2003), around 10% of adult HSCT
recipients (Baldwin et al., 2001; Bruno et al., 2003; Flomenberg et al., 1994; Kalpoe
et al., 2007; Runde et al., 2001) and 5–10% of solid organ transplant recipients
(de Mezerville et al., 2006; Hoffman, 2006; Humar et al., 2005; Ison, 2006). In
these patient groups, adenovirus infection commonly produces more severe disease
than in immunocompetent individuals. In this setting, the most common clinical
manifestations are haemorrhagic cystitis and haemorrhagic enteritis, followed by
pneumonitis, hepatitis, nephritis, encephalitis, and multi-organ failure (Baldwin
et al., 2001; Chakrabarti et al., 2002; de Mezerville et al., 2006; Feuchtinger et al.,
2007; Ison, 2006; La Rosa et al., 2001).

In solid organ transplant recipients, there is a tendency for adenovirus infec-
tion and disease to primarily involve the transplanted organ (Kojaoghlanian et al.,
2003). Therefore, hepatitis is a common manifestation in liver transplant recipients,
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enteritis in small bowel transplants, and heamorrhagic cystitis in renal transplants.
This association strongly suggests that reactivation of latent virus in the transplanted
organ plays an important role. While any organ or system may be affected by
adenovirus in a HSCT setting, disease most commonly occurs in the gut and bladder.

The majority of adenovirus disease in the transplant setting occurs during the
first 100 days post-transplant (Bordigoni et al., 2001; Flomenberg et al., 1994; Hale
et al., 1999; Howard et al., 1999; La Rosa et al., 2001; Runde et al., 2001). Overall,
disease tends to occur earlier in children compared to adults. Nevertheless, severe
adenovirus disease, with fatal outcome in some cases, later than 1 year following
transplantation has been reported in several patients (Erard et al., 2007; Flomenberg
et al., 1994; Ljungman et al., 2003).

In the transplant setting, progression of disease with subsequent involvement
of other organs and/or systems is common. Notably, data from historical studies
suggest that without antiviral treatment as many as half of the cases with ini-
tially localised adenovirus disease develop disseminated disease (Flomenberg et al.,
1994). HSCT patients are more likely to develop multi-organ disease compared to
solid organ transplant recipients (de Mezerville et al., 2006).

Severe adenovirus disease has also been described in other immunocompro-
mised patient groups, including patients with HIV-infection (Adeyemia et al., 2008;
Nebbia et al., 2005), patients with malignancies receiving chemotherapy, (Fianchi
et al., 2003; Hough et al., 2005; Steiner et al., 2008), and in primary immunodefi-
ciencies (Dagan et al., 1984; Wigger and Blanc, 1966), although these account for
a relatively small proportion of the total number of cases with severe adenovirus
disease that is reported in the literature.

5 Risk Factors for Adenovirus Infection in the Transplant
Setting

In recent years, there has been mounting evidence that in bone marrow transplant
recipients T cell depletion constitutes the single most important risk factor for ade-
novirus infection. Several reports have shown that the use of T cell depleted grafts
(Chakrabarti et al., 2002; Kampmann et al., 2005; Lion et al., 2003), as well as drugs
in the conditioning regimen that reduce the T cell population in the recipient, such
as alemtuzumab (campath R©/CD52-directed cytolytic antibody) and anti-thymocyte
globulin (ATG) (Chakrabarti et al., 2002; Sivaprakasam et al., 2007), are strongly
associated with the development of adenovirus disease.

Other risk factors include young age (children compared to adults) (Baldwin
et al., 2001; Bruno et al., 2003), allogenic HSCT (compared to autologous) (Howard
et al., 1999; Muller et al., 2005), and the use of a matched unrelated donor (com-
pared to matched sibling donors) (Baldwin et al., 2001; Kampmann et al., 2005;
Lion et al., 2003).

There are conflicting data in adenovirus infection, there is conflicting data regard-
ing the role of graft-versus-host-disease (GvHD). One study in paediatric HSCT
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patients found that as many as 26% of patients with acute GvHD developed ade-
novirus viraemia (Kampmann et al., 2005). However, while several studies have
reported an increased risk of adenovirus infection and disease in patients with sig-
nificant GvHD (Bruno et al., 2003; Flomenberg et al., 1994; Kampmann et al., 2005;
Shields et al., 1985), others have not observed this association (Lion et al., 2003).

In solid organ transplantation, analogous to the observations in HSCT, aden-
ovirus infection is also more common in transplant recipients in the paediatric age
group compared to adults (Koneru et al., 1987; McGrath et al., 1998; Michaels
et al., 1992). In solid organ transplant, both the use of muromonab (OKT3 R©/anti-
CD3 monoclonal antibody) and anti-thymocyte globulin (ATG), given as an inter-
vention for steroid-resistant graft rejection, have been identified as risk factors for
invasive adenovirus disease (Hoffman, 2006; Koneru et al., 1987; Michaels et al.,
1992).

6 Diagnostic Methods in Adenovirus Infection

A variety of methods facilitate the identification of adenovirus infection. These
include culture of throat swabs, stool, urine, and biopsy material in appropriate tis-
sue culture medium (e.g., human embryonic kidney, HEp-2, HeLa or MRC-5 cells),
which allows subsequent serotyping (Mahafzah and Landry, 1989). However, iden-
tification of adenovirus in traditional culture systems can take up to 5–10 days,
depending on the cell types used, thus leading to a significant delay in diagnosis
(Mahafzah and Landry, 1989). Shell vial assays have been shown to expedite detec-
tion while maintaining high levels of sensitivity (97–98% after 48 h) (Espy et al.,
1987).

Alternatively, samples can be directly stained in immunofluorescence assays
using monoclonal antibodies to detect the presence of adenovirus antigen. This
method of is primarily used for samples from the respiratory tract (e.g., nasopharyn-
geal aspirate, bronchoalveolar lavage fluid) but can also be applied to conjunctival
scrapings. However, while these assays allow rapid detection of adenovirus infec-
tion, and generally have high specificity, their sensitivity (around 70–85%) is
inferior to culture-based methods (El-Sayed Zaki and Abd-El Fatah, 2008; Freymuth
et al., 2006).

Serology can also be used, although a positive result at a single point in time
has meaning, given that adenovirus infections in early childhood are very com-
mon (ie a positive result may merely reflect past exposure). However, paired
serum samples showing a significant rise in antibody titre may provide useful
information.

PCR has been shown to have both high sensitivity and specificity for the
diagnosis of adenovirus infection (Echavarria et al., 1998; El-Sayed Zaki and
Abd-El Fatah, 2008; Freymuth et al., 2006). Amplification of adenoviral DNA is
generally achieved by using primers that bind to highly conserved regions within
the hexon gene (Echavarria et al., 1998). The causative serotype can be determined
using subsequent sequence analysis (Wong et al., 2008). This method is ideally
suited for the analysis of samples from normally sterile sites such as cerebrospinal



Adenovirus Infection in the Immunocompromised Host 159

fluid and blood. Results from upper respiratory tract and stool samples are difficult
to interpret, as a positive PCR may simply represent viral shedding, rather than cor-
relate with adenoviral disease (see criteria defining infection/disease above) (Garnett
et al., 2002). Interestingly, a recent study analysing bronchoalveolar lavage samples
in individuals without evidence of adenovirus disease has shown that positive PCR
results can occur in the absence of clinical symptoms, suggesting that adenovirus
may also persist in the lower respiratory tract (Leung et al., 2005).

In recent years many research groups, as well as transplant centres, have started
to use real-time PCR for the detection and monitoring of adenovirus on a routine
basis. This method allows quantification of adenoviral DNA (i.e., viral load (VL))
and is particularly useful for assessing the kinetics of adenovirus viraemia. Several
reports have shown that serial monitoring of VL can provide crucial information
and augment management decisions, particularly in relation to antiviral therapy.
Notably, several reports document that a 10-fold rise in copy number as well as a VL
of > 106 copies/ml are associated with progression of adenovirus infection and poor
outcome (Claas et al., 2005; Lankester et al., 2002; Lion et al., 2003; Neofytos
et al., 2007; Schilham et al., 2002; Seidemann et al., 2004). Other studies have
shown that VL can be used to assess treatment response by demonstrating a corre-
lation between VL and clinical recovery (Lankester et al., 2004; Leruez-Ville et al.,
2004; Neofytos et al., 2007). Notably, in a study by Leruez-Ville et al., a greater
than 10-fold decrease in VL 7–10 days after the first dose of antiviral therapy was
associated with a favourable clinical course (Leruez-Ville et al., 2004). In contrast,
all patients with a fatal outcome in this study failed to show a significant reduction
in VL after treatment was initiated.

7 Prognosis of Adenovirus Infection in the Immunocompromised

Overall, the mortality in HSCT patients with adenovirus infection is high, ranging
from 12 to 60% in different studies (Flomenberg et al., 1994; Hierholzer, 1992;
Howard et al., 1999; Sivaprakasam et al., 2007; Symeonidis et al., 2007). Poor
prognostic indicators include disseminated disease, hepatitis, and pneumonia, which
have been found to be associated with mortality rates of approximately 50, 70, and
75% respectively (Bruno et al., 2003; Hough et al., 2005; Ison, 2006; La Rosa et al.,
2001). In general, adenovirus disease in children undergoing HSCT carries a worse
prognosis than in the adult transplant population. This may reflect a higher rate of
de novo infections in children, compared to a larger proportion of reactivated latent
infections in adult patients.

In lung transplant recipients, adenovirus infection is associated with an equally
poor prognosis (Matar et al., 1999; Palmer et al., 1998). In this patient group, res-
piratory tract infections due to adenovirus have a tendency to progress rapidly, both
radiologically and clinically. The currently available data, based on relatively small
patient numbers, suggest that the adenovirus-associated mortality in these patients
may be as high as 33–80% (Matar et al., 1999; Palmer et al., 1998). In addition, there
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is some evidence that a large proportion of survivors develop chronic obliterative
bronchiolitis, in some cases requiring re-transplantation. (Doan et al., 2007; Palmer
et al., 1998).

In cardiac transplant recipients, adenovirus infection has been described to be one
of the most common causes of late or chronic graft rejection based on endomyocar-
dial biopsies (Schowengerdt et al., 1996; Shirali et al., 2001). One study reported
that detection of adenoviral DNA in PCR was linked to coronary vasculopathy and
strongly associated with reduced graft survival (Shirali et al., 2001).

There are only limited data related to adenovirus infection in orthotopic liver
transplant (OLT) recipients. Although there have been several case reports, there
are only a few cohort studies published to date that allow a more comprehensive
view (Cames et al., 1992; Koneru et al., 1987; McGrath et al., 1998; Michaels
et al., 1992). In the only cohort study in adults, three of 11 (27%) OLT recipients
who acquired adenovirus infection in the post-transplant period died of adenovirus-
related complications, primarily comprising hepatitis and pneumonitis (McGrath
et al., 1998). In the paediatric OLT setting the adenovirus-related mortality ranges
between 9 and 18%, with fulminant hepatitis – frequently caused by serotype 5 –
constituting the most common cause of death (Cames et al., 1992; Koneru et al.,
1987; Michaels et al., 1992).

Adenovirus infection is also a relatively common complication in intestinal trans-
plant recipients (Adeyi et al., 2008; Berho et al., 1998; Parizhskaya et al., 2001;
Pinchoff et al., 2003; Ziring et al., 2005). Adenovirus was the second most com-
mon infectious cause of enteritis in this patient group following rotavirus in one
study (Ziring et al., 2005). Many of the adenovirus-related episodes in this study
were initially misinterpreted as acute graft rejection, a finding reflected in other
reports (Adeyi et al., 2008; Parizhskaya et al., 2001). One case in this series was
diagnosed only after removal of the allograft for what was thought to be refractory
acute rejection. Strikingly, another study, which included 14 small bowel transplant
recipients that underwent active viral surveillance post-transplantation, found that
all patients had at least one positive intestinal adenoviral culture (serotypes 1, 5,
and 31) (Pinchoff et al., 2003). In eight of these patients adenovirus enteritis was
confirmed on histology. Four of these 14 patients (29%) died. In two cases the death
was directly related to adenovirus; in the remaining two the role of adenovirus was
less certain.

The literature related to adenovirus infection following renal transplants consists
mainly of case reports and small case series, which prevents firm conclusions about
the overall mortality in this setting (Ardehali et al., 2001; Keswani and Moudgil,
2007; Myerowitz et al., 1975; Rosario et al., 2006). However, a review of the adult
literature concluded that spontaneous resolution of haemorrhagic cystitis in this
patient group was common (Hofland et al., 2004). Nevertheless, several authors
have reported cases with a fatal outcome (Ardehali et al., 2001; Myerowitz et al.,
1975; Rosario et al., 2006), suggesting that these patients may also benefit from
active intervention.
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8 Control of Adenovirus Infection and Immune Recovery

Over the last decade there has been mounting evidence from both animal models
and human studies, that control and elimination of adenovirus infection is primarily
related to immune recovery. The principal role of antiviral drugs appears to be the
reduction of viral replication until this has occurred.

A fascinating study in a severe combined immunodeficiency (SCID) murine
model showed that antiviral therapy with cidofovir leads to a significant delay in
disease progression (Lenaerts et al., 2005). However, all animals in this study ulti-
mately died, leading the authors to conclude that some degree of adaptive immune
response is required to eliminate the virus.

Chakrabarti et al. were the first to show that adenovirus disease is highly
significantly associated with slow lymphocyte count recovery following HSCT
(Chakrabarti et al., 2002). Similar observations were subsequently reported by other
groups (Heemskerk et al., 2005; Kalpoe et al., 2007; Kampmann et al., 2005). One
study reported the risk of death in transplant patients with adenovirus infection and
an absolute lymphocyte count of less than 300/μl to be as high as 47% (Chakrabarti
et al., 2002).

Interestingly, van Tol et al. reported that slow T cell recovery in HSCT patients,
based on the counts of CD3+ T cells or CD4+ and CD8+ T-cell subsets, correlated
significantly with the incidence of adenovirus disease (van Tol et al., 2005). In addi-
tion, slow lymphocyte recovery was associated with fatal outcome. Furthermore,
failure to engraft was associated with a 10-fold increased risk (95% CI 1.0–97.6)
of adenovirus disease and a 35-fold risk (95% CI 4.0–309.1) of adenovirus-related
death in this report. Later work by the same group – also in HSCT patients – sug-
gests that the ability to generate adenovirus-specific CD4+ T cells plays a crucial
role in the control of adenovirus infection (Heemskerk et al., 2005).

Finally, multiple studies have shown that reduction of immunosuppression in
transplant patients has a clear beneficial effect with regard to adenovirus infection
(Chakrabarti et al., 2002; Kampmann et al., 2005; Sivaprakasam et al., 2007; van Tol
et al., 2005; Ziring et al., 2005). Conversely, failure to reduce immunosuppression,
commonly in patients in whom this was not possible due to severe GvHD, was
associated with poor outcome and high levels of mortality.

9 Indications for Treatment of Adenovirus Infection

As outlined above, there are many variables that have to be taken into account
when considering treatment of adenovirus infection, such as age (higher mortality
in children), state of and prospect for immune recovery, site of the disease (higher
mortality in pneumonia, hepatitis and multiorgan-disease) and the type of transplant
(higher mortality in HSCT and lung transplants).
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Notably, data from some of the earlier studies suggested that isolation of ade-
novirus from two or more sites is the only reliable predictive marker for severe
adenovirus disease and poor outcome (Baldwin et al., 2001; Flomenberg et al., 1994;
Howard et al., 1999). Furthermore, a number of studies demonstrated that aden-
ovirus disease develops in 60–100% of patients in whom adenovirus can be isolated
from multiple sites (Chakrabarti et al., 2002; Flomenberg et al., 1994; Hoffman
et al., 2001; Howard et al., 1999). Unfortunately, this paradigm continues to be
used in some centres as the main, or even only, indication to initiate treatment,
despite the fact that data from more recent studies indicate that the issue is more
complex.

Most experts agree that detection of adenovirus from nasopharyngeal, urine or
stool samples by immunofluorescence, culture or PCR in an asymptomatic patient
does not necessarily warrant treatment, as this may simply represent viral shedding.
Few would disagree with the notion of initiating treatment in immunocompromised
patients with symptomatic disease, in whom adenovirus is identified from the corre-
sponding site in the absence of an alternative explanation. However, currently there
is no consensus regarding the treatment of asymptomatic patients who are found to
have adenovirus viraemia.

Walls et al. suggested that some patients with adenovirus viraemia may not
require antiviral therapy, as a significant proportion (64%) of paediatric HSCT recip-
ients cleared the virus without specific therapy in their study (Walls et al., 2005).
Nevertheless, a large number of reports have shown a close correlation between
adenovirus viraemia and fatal outcome (Chakrabarti et al., 2002; Echavarria et al.,
2001; Lankester et al., 2004; Lion et al., 2003; Schilham et al., 2002). Notably, in
one study, 73% of paediatric HSCT patients in whom adenovirus was detected in
blood by PCR had a fatal outcome directly related to adenovirus (Lion et al., 2003).
Similarly, another study reported that four of six initially asymptomatic viraemic
patients developed symptomatic disease within 1–2 weeks, finally resulting in the
death of three patients (Seidemann et al., 2004). In the study by Leruez-Ville et
al. the mortality in blood PCR-positive patients was considerably lower (25%),
although it appears likely that this was influenced by the initiation of antiviral
therapy in many cases (Leruez-Ville et al., 2004).

There is some evidence that in adult HSCT patients adenovirus viraemia is not
as closely related to poor prognosis (Kalpoe et al., 2007). Similarly, in solid organ
transplant recipients, viraemia is not as closely linked to adverse outcome. Notably,
in one report, which included 19 adult solid organ transplant recipients, all patients
cleared adenovirus viraemia without specific treatment (Humar et al., 2005).

As outlined above, quantitative, real-time PCR can provide useful information
about the viral kinetics and help guide treatment decisions. Multiple studies have
shown that a VL > 106 copies/ml and/or a 10-fold rise in viral load are associated
with progression of adenovirus infection (Claas et al., 2005; Lankester et al., 2002;
Lion et al., 2003; Neofytos et al., 2007; Schilham et al., 2002; Seidemann et al.,
2004). However, it is also becoming increasingly evident that there is no ‘safe limit’,
as some reports have described patients with considerably lower viral loads in whom
the infection was fatal (Lion et al., 2003). Some groups have moved to pre-emptive
antiviral treatment in any patient with adenovirus detected in the blood by PCR
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(Lion et al., 2003; Yusuf et al., 2006). One group has even recommended active
treatment for any patient in whom adenovirus is detected, irrespective of the site of
detection and the clinical features (Yusuf et al., 2006). Notably, using this approach
paired with active surveillance for adenovirus, this group achieved an adenovirus-
related mortality of only 1.7% in their cohort of paediatric HSCT patients.

It is also important to emphasise that there is increasing evidence that the
delay of treatment is associated with poor response to antiviral therapy and con-
sequently outcome. A report by Bordigioni et al. in HSCT patients showed that a
significant delay between the detection of adenovirus and treatment initiation was
statistically significantly associated with therapeutic failure (Bordigoni et al., 2001).
These observations were paralleled in the study by Leruez-Ville et al., who reported
that a considerable delay between the onset of symptoms and initiation of ther-
apy (median interval 18 days) had occurred in patients with a fatal outcome, while
patients who survived had overall received treatment earlier (median interval 5 days)
(Leruez-Ville et al., 2004).

Based on the evidence presented here and our own experience we propose the
treatment algorithm outlined in Fig. 2. However, we emphasise that the absence of
data from prospective, randomised studies means definitive guidelines cannot be
devised. In addition, the potential for immune recovery, as well as the other factors
discussed above have to be taken into account when using the proposed guideline.
The approach outlined relies on a minimum of weekly quantitative PCR on blood,
in conjunction with active surveillance for adenovirus in urine and stool, as well
as nasopharyngeal samples if clinically indicated. Particularly in extremely high-
risk patients (e.g. paediatric HSCT, severe lymphopenia) the threshold to initiate

Fig. 2 Treatment algorithm for adenovirus infection in the immunocompromised host. Decisions
about treatment also need to take into account the degree of immunosuppression and the likelihood
of immune recovery. Particularly in paediatric HSCT patients, the threshold for treatment should
be low. ∗This cut-off level has been shown to be associated with high mortality; therefore, at this
level treatment should be started in all immunocompromised patients. ∗∗Some experts recommend
treating all immunodeficient patients with adenovirus viraemia, irrespective of the viral load, or
use a considerably lower threshold. A ‘safe’ limit has not been established.
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treatment should be low, and therapy should be considered even if the arbitrary cut-
off (i.e. VL < 105 copies/ml and less than 10-fold rise) has not been reached. Finally,
in addition to antiviral therapy, other interventions should be considered early – in
particular the reduction of immunosuppression if the situation allows.

10 Treatment of Adenovirus Infection

The available treatment options for adenovirus infection can be divided into
immunological manoeuvres and antiviral therapy.

10.1 Immunological Interventions

Immunological manoeuvres, which include intravenous immunoglobulin (Dagan
et al., 1984; Emovon et al., 2003; Seidel et al., 2003) and adoptive transfer (donor
lymphocytes infusions or adenovirus-specific T cells) (Bordigoni et al., 2001;
Feuchtinger et al., 2006; Hromas et al., 1994b; Leen et al., 2005; 2006) will not
be discussed here, but have been reviewed elsewhere in detail (Hoffman, 2006).

10.2 Antiviral Drugs

Currently there are no antiviral drugs that are licensed for the treatment of aden-
oviral infection. Also, to date, no randomised-controlled trials have been conducted
in patients with adenovirus infection. Therefore, there is currently no high-quality
evidence available, on which to base solid therapeutic recommendations. However,
the existing literature regarding the use of cidofovir in adenovirus infection pro-
vides compelling evidence that this drug is currently the most effective option in
this context (Tebruegge, Clifford and Curtis; submitted).

10.2.1 Ganciclovir

Most anti-herpetic compounds, including acyclovir, penciclovir and foscarnet, have
no activity against adenovirus in vitro. Ganciclovir has been shown to be the excep-
tion (Naesens et al., 2005). Notably, a large study in HSCT patients showed that
patients who received prophylactic or pre-emptive therapy for cytomegalovirus with
ganciclovir experienced significantly lower rates of adenovirus infection (Bruno
et al., 2003). While this observation indicates that ganciclovir is potentially use-
ful for the prophylaxis or even treatment of adenovirus infection further data are
required.

10.2.2 Vidarabine

There is conflicting data regarding the clinical effectiveness of vidarabine (9-beta-
D-arabinofuranosyladenine) in adenovirus infection, despite the fact that activity
against adenovirus has been reported in vitro (Kurosaki et al., 2004). Early reports
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describing the use of vidarabine for haemorrhagic cystitis in transplant patients
attributed symptomatic improvement and viral clearance to treatment with this agent
(Kawakami et al., 1997; Kitabayashi et al., 1994). However, other reports have
described patients who continued to deteriorate clinically despite vidarabine therapy
(Hatakeyama et al., 2003). Importantly, in the study in HSCT patients undertaken
by Bordigioni et al., none of the seven patients who received vidarabine alone or in
combination with another drug survived (Bordigoni et al., 2001).

10.2.3 Zalcitabine

Previously primarily used in the treatment of human immunodeficiency virus infec-
tion, zalcitabine (ddC/2’,3’-dideoxycytidine) has been shown to have activity against
adenovirus, both in vitro and in an animal model of adenovirus pneumonia (Mentel
et al., 1997; Mentel and Wegner, 2000; Uchio et al., 2007). However, it has been
pointed out that it is unlikely that adequate serum concentrations can be achieved
without inducing significant mitochondrial toxicity (Naesens et al., 2005). There are
currently no published clinical reports describing patients with adenovirus infection
treated with this agent.

10.2.4 Ribavirin

During the early and mid 1990s there were several optimistic publications reporting
cases with adenovirus infection – the majority being in transplant patients – in which
ribavirin (1-beta-D-ribofuranosyl-1,2,4-triazole-3-carboxamide) was believed to
have successfully contributed to suppression and elimination of the virus (Cassano,
1991; Liles et al., 1993; Maslo et al., 1997; Murphy et al., 1993; Sabroe et al.,
1995; Wulffraat et al., 1995). This was followed by several reports describing cases
in whom ribavirin failed to halt adenoviral disease, generally with fatal outcome
(Chakrabarti et al., 1999; Hromas et al., 1994a; Mann et al., 1998). Further doubt
was raised by the study by Bordigioni et al., in which 70% of patients receiving rib-
avirin as the only antiviral agent directed against adenovirus died (Bordigoni et al.,
2001). Another study reported improvement in only two of 12 adenovirus-infected
HSCT patients treated with intravenous ribavirin (La Rosa et al., 2001).

In a ground-breaking report published in 2005, Morfin et al showed that while
ribavirin may have some activity against serotypes from species C in vitro, all other
adenovirus species are intrinsically resistant to this agent (Morfin et al., 2005). This
lack of in vitro activity against several adenovirus serotypes was subsequently also
documented by other groups (Naesens et al., 2005).

Based on these data it could be presumed that ribavirin would be useful for the
treatment of disease caused by adenovirus serotypes from species C (i.e. serotypes
1, 2, 5 & 6). However, a recent publication casts doubt on this assumption (Lankester
et al., 2004). Of three patients with species C adenovirus disease (serotypes: 1, 2, 5)
described in this report who received treatment with ribavirin, none were found to
show a decrease in viral load using quantitative PCR.
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10.2.5 Cidofovir

In vitro data shows that cidofovir has good activity against all species of adenovirus,
as well as other viruses that are frequently encountered in the transplant setting,
including herpes simplex virus, cytomegalovirus and Epstein-Barr virus (De Clercq,
2003; De Clercq et al., 2005; Naesens et al., 2005; Safrin et al., 1997). Early animal
model studies showed the effectiveness of topical cidofovir in adenovirus kerato-
conjunctivitis in rabbits (de Oliveira et al., 1996; Romanowski et al., 2001). This
mode of use was more recently also explored in human subjects with some success
(Hillenkamp et al., 2001; 2002).

Particularly in the HSCT setting, there is increasing evidence indicating the effec-
tiveness of cidofovir in adenovirus disease. Notably, six studies have reported the
absence of adenovirus-related fatalities in patients treated with cidofovir (Anderson
et al., 2008; Bateman et al., 2006; Hoffman et al., 2001; Leruez-Ville et al., 2006;
Muller et al., 2005; Nagafuji et al., 2004). This stands in stark contrast to the mor-
tality rates between 26 and 54% reported by historical studies conducted in a similar
setting (Flomenberg et al., 1994; Howard et al., 1999; La Rosa et al., 2001; Shields
et al., 1985). However, the number of patients in some of these studies was relatively
small, potentially skewing the data.

The two largest studies in this context were conducted by Yusuf et al. and
Ljungman et al. and included 57 and 45 cases respectively (Ljungman et al.,
2003;Yusuf et al., 2006). In both studies the adenovirus-related mortality in patients
treated with cidofovir was low (2 and 16%, respectively) and clearance of ade-
novirus was achieved in the majority of patients with cidofovir therapy (98 and
65%, respectively). Although comparison with historical data is inevitably limited
by the inability to control for confounding by other changes in practice, these studies
provide fairly convincing evidence for the benefit of cidofovir in this setting.

There is considerably less data available on the use of cidofovir in adenovirus
disease in solid organ transplant recipients (Leruez-Ville et al., 2004; Seidemann
et al., 2004). Outside the transplant setting, there is even less information, with
reported experience consisting only of case reports and small case series (Fianchi
et al., 2003; Hedderwick et al., 1998; Hough et al., 2005; Rocholl et al., 2004;
Steiner et al., 2008). However, there have been several encouraging reports (Carter
et al., 2002; Keswani and Moudgil, 2007; Steiner et al., 2008; Wallot et al., 2006).
Notably, one publication, which included four paediatric lung transplant recipients
with adenovirus pneumonitis, reported that infection was fatal only in one patient
(25%) (Doan et al., 2007). Again, this compares favourably with historical reported
mortality rates in this situation of approximately 75%.

11 Future Prospects

There is compelling evidence to suggest that antiviral treatment only suppresses
adenoviral replication, while immunological mechanisms in general, and the clonal
expansion of adenovirus-specific T cells in particular, are required to truly control
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and eliminate the virus. Immunotherapy has been shown to be a promising option
and its role will undoubtedly expand rapidly in the future.

The available data suggests that cidofovir is currently the most effective antiviral
drug for the treatment of adenovirus infection. While more solid data from prospec-
tive, randomised, placebo-controlled trials is desirable to support this assumption,
such trials would be unethical given the high levels of morbidity and mor-
tality associated with untreated adenovirus disease in the immunocompromised
host. However, it is crucial that the search for novel compounds with activity
against adenovirus continues to be actively pursued, particularly as the emergence
of cidofovir-resistance has recently been described in one strain of adenovirus
(Kinchington et al., 2002).
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1 Hepatitis B Virus Infection

1.1 Aetiological Agent

HBV is a double-stranded, enveloped virus of the Hepadnaviridae family. The
Hepadna virus family has the smallest genome of all replication competent ani-
mal DNA viruses. The single most important member of the family is HBV. Eight
genotypes of HBV have been identified; they have been termed A-H. These geno-
types are associated with a particular geographic distribution: genotype A being
most common in the United States and Northern Europe, B and C in Asia, and
D in Mediterranean countries and the Middle East (Table 1). The association of
HBV genotypes with different clinical outcome and response to interferon has been
described: chronic infection with genotype B appears to have a better prognosis
than genotype C. Pre-core mutant infection is also most common in genotypes B, C
and D, which explains why pre-core mutant infection is more common in Asia and
Southern Europe. Further research is currently being performed on the role of these
genotypes in transmission, disease pattern, and response to therapy (Shaefer, 2005;
Erhardt et al., 2005).

The hepatitis B virion consists of a surface and a core, which contains a DNA
polymerase and the e antigen. The DNA structure is double-stranded and circular
with four major genes: the S (surface), the C (core), the P (polymerase), and the X
(transcriptional transactivating). The S gene consists of three regions – S, pre-S1,
and pre-S2 – that encode the envelope protein (HBsAg). HBsAg is a lipoprotein of
the viral envelope that circulates in the blood as spherical and tubular particles. The
C gene is divided into two regions, the pre-core and the core, and codes for two
different proteins, the Core antigen (HBcAg) and the e antigen (HBeAg).
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Table 1 Worldwide distribution of HBV genotypes

Genotype Areas where genotype has been isolated

A Africa, Europe, India, North America
B China, Japan, Southeast Asia
C Australia, China, Japan, Southeast Asia,
D Mediterranean area, Middle East
E West Africa
F Central America, South America
G Central America, France, South America, USA,
H Central America, Mexico

1.2 Clinical Spectrum

Acute hepatitis B has a long incubation period (90 days on average) during this
time the individual is infectious. Individual responses to the infection vary greatly,
ranging from subclinical infection over a mild “flu-like” illness without jaundice to
the complete clinical picture of hepatitis.

Although the acute infection is more clinically expressed in adults, infections in
infants and pre-school age children are at greatest risk of becoming chronic, thereby
increasing the risk of cirrhosis and primary HCC later in life, which is probably
due to the effect of age on the immune system’s ability to clear and eliminate the
infection. About 90% of adults recover completely, although this may require 6
months or more. A small proportion (1%) of adults develop fulminant hepatitis, an
exceptionally severe form of the disease, which is almost always fatal unless liver
transplantation is performed (Sherlock, 1993). About 1–10% of acutely infected
adults and 30–90% of infected babies will become chronically infected and remain
infectious.

The course of hepatitis B virus infection is controlled by cellular and humoral
immune responses. It can be tracked through serological detection of the virus par-
ticles or the antibodies raised by the immune system to target the virus. The presence
of hepatitis B surface and/or hepatitis B core antibodies (anti-HBs and anti-HBc),
in the absence of HbsAg, is generally taken to indicate resolution of infection and
provides evidence of previous HBV infection. Persistence of HBV infection is diag-
nosed by the detection of HBsAg in the blood for at least 6 months or through
detection of HBV-DNA, even in the absence of detectable HBsAg in patients with
occult HBV infection. HBeAg is an alternatively processed protein of the pre-core
gene that is only synthesized under conditions of high viral replication. Since a few
years HBV-DNA has been used as an indicator for viral replication, expressed as
IU/ml or copies/ml. The natural history of chronic HBV infection can vary dra-
matically between individuals, from a chronic carrier state (i.e., being infectious
without showing any symptoms or any abnormalities on laboratory testing) over
clinically insignificant or minimal liver disease without ever developing complica-
tions to clinically apparent chronic hepatitis. Chronic HBV infection can be either
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“replicative” (with positive HBeAg and high viral load) or “non-replicative.” In the
latter case, reactivation can occur either spontaneously or by immune suppression.
Patients with chronic HBV and replicative infection generally have a worse prog-
nosis and a greater chance of developing cirrhosis and/or hepatocellular carcinoma
(HCC) than those without HBeAg (Chen et al., 2006). There is a clear association
between serum HBV-DNA levels (viral load) and prognosis: the cumulative inci-
dence of cirrhosis or hepatocellular carcinoma being 4.5 and 1.3%, respectively,
in persons with DNA levels less than 300 copies/mL (corresponding to 50 IU/ml),
while in persons with DNA levels of more than or equal to 106 copies/mL (corre-
sponding to >2×105 IU/ml), it is 36.2 and 14.9%, respectively. These observations
provide the rationale for treating patients with high levels of HBV-DNA (Lok and
McMahon, 2007; Tan and Lok, 2007).

1.3 Epidemiology and Transmission

Globally, hepatitis B is one of the most common infectious diseases. Estimates
indicate that at least 2 billion people have been infected with HBV, with over 378
million people being chronic carriers (6% of the world population). Some 4.5 mil-
lion new HBV infections occur worldwide each year, and 15–40% of those infected
will develop cirrhosis, liver failure, or hepatocellular carcinoma (Mahoney, 1999;
Lavanchy, 2004, 2005). According to the most recent World Health Organization
estimate, approximately one third of all cases of cirrhosis and half of all cases
of hepatocellular carcinoma can be attributed to chronic HBV infection. HBV is
estimated to be responsible for 500,000–700,000 deaths each year (Shepard et al.,
2006).

A model was recently developed to estimate HBV-related morbidity and mor-
tality at country, regional, and global levels. This model calculates the age-specific
risk of acquiring HBV infection, acute HBV, and progression to chronic HBV infec-
tion. HBV-related deaths among chronically infected persons were determined from
HBV-related cirrhosis and HCC mortality curves, which were adjusted for back-
ground mortality. For the year 2000, the model estimated that 620,000 persons died
worldwide from HBV-related causes: 94% from chronic HBV and 6% from acute
HBV. Without vaccination, infections acquired during the perinatal period, in early
childhood (<5 years old), and 5 years of age and older accounted for 21, 48, and
31% of HBV-related deaths, respectively (Goldstein et al., 2005)

On the basis of sero-epidemiological surveys, the World Health Organization
(WHO) has classified countries into three levels of endemicity according to the
prevalence of chronic HBsAg carriage: high (8% or greater), intermediate (2–8%),
and low (less than 2%)

(World Health Organization, 1992, 2004). Approximately 75% of the world’s
chronic hepatitis B carriers live in Asian countries. China ranks highest with approx-
imately 100 million hepatitis B carriers, and India the second highest with a carrier
pool of approximately 35 million (Tandon and Tandon, 1997).



178 P. Van Damme et al.

Importantly, chronic carriers of HBV are not only at risk of developing the long-
term progression of the infection, but they also represent a significant source of
infection to others.

HBV is transmitted by either percutaneous or mucous membrane contact with
infected blood or other body fluid. The virus is found in highest concentrations in
blood and serous exudates (till 109 virions/ml). The primary routes of transmis-
sion are perinatal, early childhood exposure (often called horizontal transmission),
sexual contact, and percutaneous exposure to blood or infectious body fluids (i.e.,
injections, needle stick, blood transfusion).

Most perinatal infections occur among infants of pregnant women with chronic
HBV infection. The likelihood of an infant developing chronic HBV infection is
70–90% for those born to HBeAg-positive mothers (∼ high titers of HBV-DNA)
and less than 15% for those born to HBeAg-negative mothers. Most early child-
hood infections occur in households of persons with chronic HBV infection. The
most probable mechanism involves unapparent percutaneous or permucosal con-
tact with infectious body fluids (e.g., bites, breaks in the skin, dermatologic lesions,
skin ulcers). Recent data on paired measurements of quantitative hepatitis B virus
DNA in saliva and in serum of chronic hepatitis B patients have shown the potential
implication for saliva as an infectious agent (van der Eijk et al., 2004). Sexual trans-
mission has been estimated to account for 50% of new infections among adults in
industrialized countries. The most common risk factors include multiple sex partners
and history of a sexually transmitted infection. Finally, in many countries, unsafe
injections and other unsafe percutaneous procedures are a major source of blood-
borne pathogen transmission (HBV, HCV, HIV): the risk of HBV infection from
needle stick exposure to HBsAg-positive blood is approximately 30%. Worldwide
unsafe injection practices account for approximately 8–16 million HBV infections
each year.

In areas of high endemicity the lifetime risk of HBV infection is more than 60%,
and most infections occur during the perinatal period (transmission from mother to
child) or during early childhood. In areas of intermediate endemicity, the lifetime
risk of HBV infection varies between 20 and 60%, and infections occur in all age
groups through the four modes of transmission, but primarily in infants and children.
In areas of low endemicity, infection occurs primarily in adult life by sexual or
parenteral transmission (e.g., through drug use).

1.4 Prevention Strategies

All major health authorities agree that the most effective approach to reducing the
burden of HBV is primary prevention of infection through universal vaccination and
control of disease transmission. Because HBV-related complications mainly occur
in adults, who quite often were infected with HBV as children, most of the benefits
of prevention and, in particular, vaccination strategies initiated approximately 20
years ago have yet to be realized.
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Interrupting the chain of infection requires knowledge of the mode of disease
transmission and modification of behaviour through individual education with a
focus on practicing good personal hygiene and safe sex. Screening of all donated
blood and maintenance of strict aseptic techniques with invasive health treatments
has reduced the likelihood of contracting HBV.

1.5 Vaccine

Since the 1980s, safe and effective HBV vaccines have been available and immu-
nization with HBV vaccine remains the most effective means of preventing HBV
disease and its consequences worldwide. Although the vaccine will not cure chronic
hepatitis, it is 95% effective in preventing chronic infections from developing and is
the first vaccine against a major human cancer.

After the development of plasma-derived vaccines (in 1982), which continue to
be used mostly in the low and middle-income countries, recombinant DNA tech-
nology has allowed the expression of HBsAg in other organisms (Szmuness et al.,
1981). As a result, different manufacturers have successfully developed recombinant
DNA vaccines against HBV (commercialized in 1986).

Moreover, apart from monovalent vaccines against hepatitis B, a broad range of
combination vaccines that include an HBV component exist, especially for vacci-
nation during infancy and early childhood. Most of these simultaneously immunize
against tetanus, diphtheria, and pertussis (with either a whole-cell or an acellular
component); they may also include antigens for vaccination against polio and/or
H. influenzae b. For each of these combination vaccines, it has been shown that the
respective components remain sufficiently immunogenic and that the combination
vaccine is safe.

More recently, so-called third-generation hepatitis B vaccines – based on the
S-, preS1-, and preS2-antigens, or using new adjuvants – have been and are being
developed. These vaccines specifically aim to enhance the immune response in
immunocompromised persons and nonresponders (Shouval et al., 1994; Rendi-
Wagner et al., 2006). Additional doses of hepatitis B vaccine (e.g., simultaneous
administration of two doses at different injection sites) can elicit a seroprotective
response in about half of the non-responders (Van Damme and Van Herck, 2007).

Immunization against hepatitis B requires the intramuscular administration of
three doses of vaccine given at 0, 1, and 6 months. More rapid protection (i.e.,
for health care workers exposed to HBV or the susceptible sexual partner of a
patient with acute hepatitis B) can be achieved through the adoption of an accel-
erated schedule using three doses of vaccine administered at 0, 1, and 2 months
followed by a booster dose given at 12 months. Since becoming available, the exten-
sive use of both plasma-derived and recombinant HBV vaccines has confirmed their
safety and excellent tolerability (Niu, 1996). Side effects are generally mild, tran-
sient, and confined to the site of injection (erythema, swelling, induration). Systemic
reactions (fatigue, slight fever, headache, nausea, abdominal pain) are uncommon.
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However, in recent years the safety of hepatitis B vaccine has been questioned,
particularly in some countries. In 1998, several case reports from France raised
concern that hepatitis B vaccination may lead to new cases or relapse of multiple
sclerosis (MS) or other demyelinating diseases, including Guillain-Barré syndrome.
Subsequent epidemiological studies, reviewed by the Global Advisory Committee
on Vaccine Safety (http://www.who.int/vaccine_safety/en/) concluded that no causal
relation has been established and that the allegations were thus unfounded (Duclos,
2003). Vaccination is therefore not contraindicated in persons with a history of mul-
tiple sclerosis, Guillain-Barré syndrome, autoimmune disease (e.g., systemic lupus
erythematosis or rheumatoid arthritis), or other chronic diseases. Hepatitis B vac-
cination is not contraindicated in pregnant or lactating women. The only absolute
contraindications are known hypersensitivity to any component of the vaccine or a
history of anaphylaxis to a previous dose.

Seroprotection against HBV infection is defined as having an anti-HBs level
≥10 IU/L after complete immunization (Szmuness et al., 1981; Centers for Disease
Control and Prevention, 1987). Reviews on the use of HBV vaccine in neonates
and infants report seroprotective levels of anti-HBs antibodies at 1 month after the
last vaccine dose for all schedules in 98–100% of vaccinees (Safary and André,
1999; Venters et al., 2004). Another review that included studies conducted mainly
in newborns reported anti-HBs levels < 10 IU/L ranging from 92.6 to 100% one
month after the 0, 1, 6 months schedule and from 97 to 98% one month after an
accelerated 0, 1, 2 month or 0, 1, 3 month schedule (Keating and Noble, 2003).
Indeed, while HBV vaccines generally induce an adequate immune response in
over 95% of fully vaccinated healthy persons, a huge interpersonal variability has
been demonstrated in the immune response in healthy subjects. As such, fast/high,
intermediate, slow/poor and even non-responders can be discriminated based on the
magnitude and the kinetics of the immune response to HBV vaccination (Dienstag
et al., 1984). The antibody response to hepatitis B vaccine has been shown to depend
on the type, dosage and the schedule of vaccination used as well as on age, gender,
genetic factors, co-morbidity, and the status of the immune system of the vacci-
nee (Hollinger, 1989; Hadler and Margolis, 1992). Immunodeficient patients such
as HIV-patients or those undergoing hemodialysis or immunosuppressant therapy
require higher doses of vaccine and more injections (at 0, 1, 2, and 6 months) to
achieve an adequate and sustained immune response.

Follow-up studies have shown that the duration of anti-HBs positivity is related to
the antibody peak level that is achieved after primary vaccination (Jilg et al., 1984;
Jilg et al., 1988) vaccine-induced antibody persists over periods of at least 10–15
years. Follow-up of successfully vaccinated people has shown that the antibody
concentrations usually decline over time, but clinically significant breakthrough
infections are rare. Those who have lost antibody over time, after a successful
vaccination, usually show a rapid anamnestic response when boosted with an addi-
tional dose of vaccine given several years after the primary course of vaccination or
when exposed to the HBV. This means that the immunological memory for HBsAg
can outlast the anti-HBs antibody detection, providing long-term protection against
acute disease and the development of the HBsAg carrier state (West and Calandra,
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1996; Banatvala and Van Damme, 2003). Hence, for immunocompetent children
and adults the routine administration of booster doses of vaccine does not appear
necessary to sustain long-term protection (European Consensus Group, 2000). Such
conclusions are based on data collected during the first 10–20 years of vaccination
in countries of both high and low endemicity (Kao and Chen, 2005; Zanetti et al.,
2005).

1.6 Immunization Strategies

Since the availability of hepatitis B vaccines in industrialized countries, strategies
for HBV control have stressed immunization of high-risk groups (e.g., homosex-
ual men, health care workers, patients in sexually transmitted infection clinics, sex
workers, drug users, people with multiple sex partners, household contacts with
chronically infected persons, some categories of patients) and newborns to HBsAg
positive mothers (along with a screening policy of pregnant women). As observed
and reported in many countries, and though it is certainly desirable to immunize
these persons, it is unlikely that such a program limited to high-risk groups will con-
trol HBV infection in the community (Hahné et al., 2004; van Houdt et al., 2007;
Kretzschmar and de Wit, 2008). High-risk individuals are mostly difficult to target
and reach; they are often infected before vaccination. Coverage of a 3-dose hepatitis
B vaccine regimen also remains low in most risk groups due to low compliance and
logistic reasons (Van Damme et al., 1997; Francois et al., 2002).

Furthermore, as many as 30% or more people with acute hepatitis B infection
do not have identifiable risk factors and would therefore be missed by a high-risk
group approach. Moreover, in the 1990s decisions to start hepatitis B immunization
programs were often hampered by politicians who did not assign a high enough
priority to preventive measures in public health.

In addition, most of the high endemicity countries in Africa and Asia had not
made plans in the late 1980s and 1990s to introduce the hepatitis B vaccine into
their Expanded Program on Immunization (EPI) schedules. The primary obstacle
was the high cost of the HBV vaccine as compared with the other EPI vaccines.
As the high-risk strategy made little impact on hepatitis B, while the global burden
of hepatitis B disease became more and more obvious, decision makers and health
planners worldwide started to discuss the strategy of universal hepatitis B immu-
nization for a certain age cohort even those in low endemicity countries; moreover,
hepatitis B is a global problem: the increasing migration and travel from and to
highly endemic regions exposes more individuals to the virus and requires a global
strategy (Banatvala et al., 2006; Pollard, 2007).

In 1991, the World Health Organization (WHO) called for all children to receive
the HBV vaccine. Substantial progress has been made in implementing this WHO
recommendation; by the end of 2007, 168 countries had implemented or were plan-
ning to implement a universal HBV immunization programme for newborns, infants
(164), and/or adolescents (4) (Fig. 1). Of these 164 countries, 131 (80%) countries
reported an HBV infant vaccination coverage over 80% after the third dose; these
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Fig. 1 Countries (coloured) where national infant hepatitis B vaccination has been introduced
universally in the immunization schedule (2006) – infant third dose hepatitis B vaccine coverage
(2006) http://www.who.int/immunization_monitoring/diseases/HepB_map_schedule.JPG

countries are mainly situated in Europe, North and South America, Northern Africa,
and Australia (WHO, 2006).

High coverage with the primary vaccine series among infants has the greatest
overall impact on the prevalence of chronic HBV infection in children (WHO,
2004). According to model-based predictions, universal HBV infant immuniza-
tion (without administration of a birth dose of vaccine to prevent perinatal HBV
infection), would prevent up to 75% of global deaths from HBV-related causes,
depending on the vaccination coverage for the complete series. Adding the birth
dose, would increase the proportion of deaths prevented up to 84% (Goldstein et al.,
2005).

In countries with high or intermediate disease endemicity, the most effective
strategy is to incorporate the vaccine into the routine infant immunization sched-
ule or to start immunization at birth (<24 h). Countries with low endemicity may
consider immunization of children or adolescents as an addition or an alternative to
infant immunization (WHO, 2004, 2006; Banatvala et al., 2006)

In 2006, 44 of 53 countries in the WHO’s European Region had a universal new-
born, infant, childhood, and/or adolescent hepatitis B immunization program. In
some very low endemic countries in Western Europe, where the HBsAg carrier rate
is under 0.5%, hepatitis B is still viewed as a limited public health problem and does
not warrant additional expenses on the health care budget. The United Kingdom,
Ireland, the Netherlands, and the Nordic countries choose to provide hepatitis B
vaccines only to well-defined risk groups in addition to screening pregnant women
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to identify and vaccinate exposed newborns (Banatvala et al., 2006). Changes are in
view for some of these countries in the near future; for the end of 2008, the introduc-
tion of a hepatitis B infant immunization programme is planned in Ireland (Tilson
et al., 2008).

1.7 Global I Impact

Countries that were early to adopt and implement universal hepatitis B immuniza-
tion include Taiwan (1984), Bulgaria (1989), Malaysia (1990), the Gambia (1990),
Italy, Spain, the United States (1991), and Israel (1992) (Van Damme et al., 2004;
Shepard et al., 2006).

The estimated infant hepatitis B coverage increased globally from less than
1% in 1990 to 30% in 2000 to almost 50% in 2004 and to 60% in 2006
(Fig. 2) (World Health Organization. Statistics on hepatitis B. http://www.who.int/
immunization_monitoring/diseases/HepB_coverage.jpg accessed on 29 February
2008). This important increase in coverage was made possible through provision
of technical and financial support to 74 countries, starting in 2000, by the Global
Alliance for Vaccines and Immunization (GAVI) and the Vaccine Fund, in order
to address inequities in the availability of hepatitis B vaccines in developing coun-
tries. This support has clearly catalysed a tremendous increase in the number of

Fig. 2 Number of countries that introduced hepatitis B vaccination, and global 3◦ dose
hepatitis B vaccine coverage for infants, 1989–2006. http://www.who.int/immunization_
monitoring/diseases/hepatitis/en/index.html
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economically disadvantaged countries that have introduced hepatitis B vaccine in
their universal immunization programs.

The results of effective implementation of universal hepatitis B programs have
become apparent in terms of reduction not only in incidence of acute hepatitis B
infections but also in the carrier rate in immunized cohorts and in hepatitis-B–related
mortality, which are two ways to measure the impact of a hepatitis B vaccination
program (Coursaget et al., 1994; EUROHEP.NET, 2004).

Taiwan is perhaps the best example of a highly endemic area with a substantial
decrease in disease burden resulting from a long-standing policy of their uni-
versal infant immunization program: the HBsAg prevalence in children younger
than 15 years of age decreased from 9.8% in 1984 to 0.7% in 1999 (Chan
et al., 2004). The average annual incidence of HCC among children aged 6–14 years
in 1981–1986 was 0.7/100.000 while in 1990 through 1994 it was 0.36/100.000
(Chan et al., 2004). In the Gambia, since the introduction of the universal infant
immunization program, childhood HBsAg prevalence decreased from 10 to 0.6%
(Whittle et al., 1995; Viviani et al., 1999). In Malaysia, since implementation of a
universal infant program in 1990, HBsAg seroprevalence in 7- to 12-year-old chil-
dren decreased from 1.6% in 1997 to 0.3% in 2003 (Ng et al., 2005). Since the start
of the infant hepatitis B vaccination program in 1991, recent data in Hawaii show
a reduction of 97% in the prevalence of HbsAg. . In the period between 2002 and
2004, the incidence of new acute hepatitis B infections in children and in adults was
reduced from 4.5/100.000 in 1990 to 0 (Perz et al., 2006). In Bristol Bay, Alaska,
3.2% of children were HBsAg positive before universal hepatitis B immunization;
10 years after introduction of a universal program no child under 10 years of age
was HBsAg positive (Wainwright et al., 1997). Finally, in infants as well as in ado-
lescents, surveillance data from Italy, where a universal program was started in 1991
(Piazza et al., 1988; Zanetti et al., 1993; Bonanni et al., 2003; Romanò et al., 2004;
Zanetti et al., 2005), have shown a clear overall decline in the incidence of acute
hepatitis B cases from 11/100,000 in 1987 to 1.6/100,000 in 2006. This decline was
even more striking in people between the ages of 15–24 years in whom the morbidity
rate per 100,000 fell from 17 in 1990 to less than 0.5 in 2006. Additionally, a gen-
eration of young adults (at present 27-year age cohorts) is emerging with almost no
markers of HBV. In a previously hyperendemic area of South Italy (Afragola located
in the greater area of Naples), the rate of HBsAg among the population was 13.4%
before vaccination and dropped to 0.9% 20 years after implementation of vaccina-
tion while prevalence of anti-HBc antibody in the same population decreased from
66.9 to 7.6% (Da Villa et al., 2007). In addition, due to the biological association
between HBV and hepatitis Delta virus (HDV), an added benefit is that hepatitis
delta has also declined significantly in Italy after the implementation of vaccination
(Gaeta et al., 2000).

Globally, in recent years, a marked progress in introduction and implementation
of immunization against hepatitis B was achieved, including in countries with high
prevalence of hepatitis B. In Europe, as well as in the rest of the world, there remains
work to be done to support and to implement interventions that will bring us closer
to the WHO goal of controlling hepatitis B in the community at large.
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2 Conclusions

Despite, the availability of safe and effective vaccines and their proven effective-
ness in reducing the chronic consequences of HBV infections, the current burden of
disease associated with hepatitis B remains substantial. The success of vaccination
programmes so far, and the interest in other vaccine-preventable diseases, have led
to HBV vaccination becoming in danger of losing its place on the agenda of gov-
ernments, agencies, and international organizations. To finally achieve the WHO
goal of HBV elimination, continuous efforts will be required to overcome social
and economic hurdles that still hamper the introduction of hepatitis B vaccination
on a global scale and to keep the hepatitis B prevention on the political and public
health agenda. In addition, the predicted declines in country-specific prevalences
may need to take into account global migration patterns and the immigration of per-
sons from areas that are highly HBV endemic may also need to be watched, as they
may increase the disease burden within particular countries.
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chronic hepatitis, 122
chronic liver disease, 122
cirrhosis/hepatocellular carcinoma in

childhood, 122
horizontally infected infants, 122
perinatally infected infants, 122
preventive measures, see Preventive

measures of HBV
European Medicines Agency (EMEA), 126
HBV, choice of therapy for, 126
HBV in children, future therapy for, 126

EMEA, 126
entecavir, 126
telbivudine, 126
tenofovir disoproxil fumarate, 126

indications for treatment, 124–126
adefovir dipivoxil, 125–126
combination therapy, 126
interferon, 124–125
lamivudine, 125
liver transplantation, 126

treatment aims, 123–124
decision/choice of treatment

requirements, 124
disease activity, 124
long term aims, 124
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Hepatitis B in children (cont.)
responders/nonresponders, 124
short term aims, 123

Hepatitis B virus (HBV) infection
aetiological agent, 175–176

C gene regions, 175
DNA polymerase and e antigen, 175
S gene regions, 175

clinical spectrum, 176–177
cirrhosis/primary HCC, increased risk

of, 176
HBV-DN, viral replication indicator,

176
incubation period of, 176
replicative/non-replicative chronic

HBV infection, 176–177
serological detection of virus, 176

epidemiology and transmission
cirrhosis/HCC cases prone to HBV,

WHO estimates, 177
morbidity and mortality estimation,

model for, 177
sero-epidemiological surveys, 177
See also Epidemiology and

transmission, HBV
global immunization, impact, 183–184,

183f
HBV genotypes (A-H), worldwide

distribution of, 175, 176t
genotypes B, C, D, pre-core mutant

infection, 175
immunization strategies

countries included in immunization
schedule (2006), 182f

EPI schedules, 181
high-risk individuals, groups, 181
model-based predictions, 182

prevention strategies, 178–179
vaccination and control of disease

transmission, 178
vaccine

immunodeficient patients, dosage
requirements for, 180

monovalent/combination vaccines, 179
plasma-derived vaccines, 179
safety factors, hindrance, 180
seroprotection against HBV infection,

180
third-generation hepatitis B vaccines,

179
virus of Hepadnaviridae family, 175

Hepatocellular carcinoma (HCC), 121, 122,
123, 177

in childhood, 122
Hexon protein, 153, 154f
HHV6, see Human herpes virus-6 (HHV6)
Highly active antiretroviral therapy

(HAART), 59
High resolution computerized tomography

(HRCT), 4
vs. chest x-ray, 4, 5

HIV DNA PCR tests, 67
HIV infected babies in UK, 57–68

British HIV Association guidelines – 2008,
59–61

maternal HIV at delivery, diagnosis of,
65–67

antenatally HIV mother, refusing
interventions, 67

antiretrovirals for the baby, 65
before birth, 65
cotrimoxazole prophylaxis, initiation,

66–67
HIV testing for infants, 66
premature labor, medications for, 66

risk factors for transmission, 57–59
in absence of interventions, 58
acute infections in pregnancy, 58
cell free or cell associated HIV

infections, 58
duration of breast feeding, 59
factors influencing, 58
high VL in maternal plasma, 58
high VL in vaginal fluid/breast milk, 58
HIV DNA PCR negative, 58
HIV DNA PCR positive, 58
HIV in amniotic fluid, 58
maternal blood/vaginal secre-

tions/breast milk, 57
maternal haemorrhage/damage to fetal

skin, 59
placenta or through epithelial surface,

57
premature delivery, 58
smoking and illicit drug use, 58
transplacental materno-fetal

microtransfusions, 58
vertical infection (intrapartum or

postpartum), 58
transmission in Era of HAART, 62–64

HIV point-of-care test, 65
Host–pathogen interactions, 21
HRCT, see High resolution computerized

tomography (HRCT)
HSCT vs. solid organ transplants,

156, 157
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Human Genome Project, 20
genomic/proteomic technologies

diagnostic/prognostic biomarkers,
development of, 20

Human herpes virus-6 (HHV6), 3, 10
Human stem cell transplant (HSCT), 156
“Hungry season,” 38

I
ICI, see Invasive Candida infections (ICI)
Immunocompromised, infections in

CVC, 12–13
disseminated infection

adenovirus, 8–9
CMV, 9
EBV, 9
HHV6, 10
VZV, 10

febrile neutropenia, 13–15
fungal infections

aspergillosis, 12
candidiasis, 11–12

gut
cryptosporidium, 7
giardia, 7
viruses, 6–7

immunodeficiency and infection, types,
1–2

HSCT, timing of infections after, 2f
malnutrition and HIV, major cause of, 1
respiratory tract

PCP, 4
viruses, 5–6

site of infection
respiratory system/gastrointestinal tract,

2–3
Immunodeficiency and infection, types, 1–2

B lymphocyte defects, infections caused
by, 2

infection by Gram-negative/Gram-positive
bacteria, 2

infections caused by VZV/S. pneumoniae,
2

phagocytic defects, infections caused by, 2
T lymphocyte defects, infections caused

by, 1–2
Immunological typing methods

characterization of Campylobacter isolates,
use in, 49

LOS variants and capsular antigens, target,
49

Immunosuppressant therapy, 180
Inflammatory mediator genes, 23

Influenza treatment, groups of drugs for
adamantanes, 5
neuraminidase inhibitors, 5

Influenza virus, 23
Interferon, 21, 124–125

efficacy, 124
interferon alpha-2b, 124
PEG moiety, 125
pegylated interferon, 125
prednisolone priming, 124
pre/post therapy liver biopsy, 124
side effects, 125

Intermittent preventive treatment (IPTp),
pregnancy, 146

Invasive Candida infections (ICI), 99
antifungal prophylaxis, the beneficiaries,

113–114
fluconazole prophylaxis algorithm for

preterm infants, 113t
Candida species and, 102

C. albicans/C. parapsilosis, cause, 102
costs of, 104
dosage and schedule, 114
empiric treatment of, 104
fluconazole or nystatin, choice of

class 1 evidence, use of fluconazole
prophylaxis, 112

higher-risk, deciding, 112
ICI variation among NICUs, 101–102

ICI surveillance chart, 102t
incidence of, 101

by birth weight groups, 101t
mortality, 103–104

analysis using ICD-9 codes, 103
in infants weighing less than 1000 g,

103
neurodevelopmental impairment, 103

in infants weighing less than 1000 g,
103f

nystatin, 111–112
prophylaxis

combined outcome of ICI/mortality,
108

cost-benefit ratio, 111
fluconazole, 104–108
See also Fluconazole prophylaxis
meta-analysis and Cochrane review,

108–109
resistance and safety, 109–110
side effects of fluconazole prophylaxis,

110–111
risk factors, 99–101, 100t
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Invasive Candida infections (cont.)
antibiotic/medication practices, impact,

99–100
candidemia or candida meningitis,

incidence of, 100–101
growth media for ICI, 99
postnatal steroids, immunomodulation

by, 100
prophylaxis, effectiveness, 100
reduced risk, factors, 100

scope of the problem, 99
Invasive candidiasis, 129

antifungal therapy failure, 129
clinical assessment, 131
CNS, 131
congenital cutaneous candidiasis, 131
CSF parameters, 131
endophthalmitis, 131
invasive fungal dermatitis, 131
isolated candiduria “fungus balls,” 131
medications, 129
multi-organ disease, 130
prolonged candidemia, 130
risk factors, 129
symptoms, 131
systemic antifungal therapy, 131

Invasive fungal dermatitis, 131

J
Joint infections, 38, 41

L
Lamivudine, 60, 63t, 65, 121, 123, 124, 125,

126, 127
HBe antigen clearance, 125
increased seroconversion rate, 125
plasma HBV DNA reduction, 125
YMDD mutant variants, 125

Lipid preparations of amphotericin B, 133
advantages, 133
amphotericin products, 133

ABCD, 133
amphotericin B deoxycholate, 133
L-am B, 133

renal toxicity, 133
Lipooligosacharide (LOS), 49
Liver transplantation, 122, 126, 176
L-nucleoside analogue, 126

See also Telbivudine
LOS, see Lipooligosacharide (LOS)
Lung biopsy, 3, 4
Lysosomal degradation, 153

M
MalariaGen (2009), 21
Malaria in pregnancy and newborn

clinical malaria, 140
global burden of, 139
IPTp

recommended dose intake, LBW
babies(reduction in), 146

SP resistance, effectiveness, 146, 147f
SP, safe effective drug in Africa, 146

malaria, burden in pregnancy, 139–140
malaria in first year of life, 148
malaria in newborn: congenital malaria,

147
neonates, malaria antibody in, 148
parasite prevalence, 141–143

first pregnancy, effects, 143
gravidity and age influence, 141–143,

142f
MG/PG decline with maternal age, 142f
rates of malaria parasitaemia among

pregnant women, 142f
placental inflammation/monocyte

infiltrates/pregnancy, outcomes
pathophysiological mechanisms,

144–145
placental malaria, in vitro modelling,

143–144
BeWO cell line/in vitro-derived

syncytiotrophoblast, use, 143
degree of polymorphism, determination,

144
species, 140
susceptibility to malaria

pregnant women at special risk of
malaria, reasons, 141t

timing of infection, 140–141
treating malaria in pregnancy

artesunate, use of, 145–146
choice of drugs, 145
coartem and dihydroartesunatepiper-

aquine, use of, 146
intravenous therapy with qui-

nine/artesunate, 145
quinine, use of, 145
sulphadoxine –pyrimethamine (SP), use

of, 146
uncomplicated malarial illness, 146

Malarial retinopathy
clinical practice and research

post-mortem examination, 93
components

hemorrhages, 90
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optic disc swelling, 91
retinal whitening, 90
vessel changes, 90–91, 92f

encephalopathy
in children who are parasitaemic, 89

pathogenesis of retinal findings and
cerebral disease, 95–96

embryogenesis, retina development in,
95

histopathological changes in retina, 95
sequestration of parasitized erythro-

cytes, 95
prognostic value of, 93
retinal angiography in CM, 94
viewing of, 92–93

cyclopentolate, usefulness, 92
mydriatic drops, criteria for application,

92
ophthalmoscope, clinical use, 93
pupil dilatation, use of tropi-

camide/phenylephrine, 92
use of atropine, hindrance, 92

Mamma print test
application in breast cancer identification,

28
Dutch Cancer Institute, developed by, 28

Maternal haemorrhage/damage to fetal skin, 59
Maternal HIV at delivery, diagnosis of, 65–67

antenatally HIV mother, interventions, 67
legal intervention, 67
midwifery team, 67
pre-birth planning meeting, 67
primary care team, 67
social services to offer support, 67

antiretrovirals for baby, 65
PEP, 65
pharmacokinetic data, 65
zidovudine/lamivudine/nevirapine, 65

before birth, 65
confirmatory HIV serology, 65
CS after taking nevirapine, 65
hepatitis B, C, syphilis, and rubella

serology, 65
HIV VL/HIV resistance testing/CD4

count, 65
protease inhibitor based HAART, 65

cotrimoxazole prophylaxis, initiation,
66–67

CD4+ T-cell count, 67
HIV DNA PCR tests, 67
PCP, risk reduction, 66
Pneumocystis jirovecii, 66
routine prophylaxis, 66

zidovudine monotherapy or
combination therapy, 67

HIV point-of-care test, 65
HIV testing for infants, 66

high-risk infant, 66
HIV proviral DNA PCR, 66
neonatal ART, 66

premature labor, medications for, 66
HAART, 66
high risk infections, 66
intravenous zidovudine, 66
nevirapine before delivery, 66

MDI, see Mental developmental index (MDI)
MDR, see Multidrug resistance (MDR)
Measles, 3, 5, 6, 85, 86
Mental developmental index (MDI), 102, 103,

131
Messenger RNA (mRNA, transcriptome), 21

labelling of, 21
Methicillin-resistant strains of Staphylococcus

aureus (MRSA), 77
Micafungin, 132, 135
Microarray technologies

direct/indirect identification of pathogens,
24

auto-inflammatory diseases in children,
26

bacterial secondary infections in
children, 26

genetic association analysis, 24
Microhemorrhages, 96
MLST method, see Multi-locus sequence

typing (MLST) method
Molecular profiling techniques

genomics, 20–21
proteomics, 21–22
transcriptomics, 21

Morbidity/mortality with prematurity, 60
Mother to child transmission (MTCT), 57, 59,

62
Motor neurone paralysis, 47
MRSA, see Methicillin-resistant strains of

Staphylococcus aureus (MRSA)
MTCT, see Mother to child transmission

(MTCT)
Multidrug resistance (MDR), 35
Multidrug-resistant serovar, see Salmonella

enterica
Multi-locus sequence typing (MLST) method,

48
advantages, 49
“allelic profile” or “sequence type” (ST),

48
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Multi-locus sequence typing (cont.)
examination of C.Coli and C. jejuni, 48
nucleotide sequence determination, 48

Multi-organ disease, 130
Multiple sclerosis (MS), 180
Muromonab, 158

N
N -acetyltransferase type 2 (NAT2), 28
Nasopharyngeal aspirates (NPA), 3
Nasopharyngeal pneumococcal carriage, 77
National Institute of Child Health and Human

Development (NICHD), 103
National Nosocomial Surveillance System

Hospitals (NNIS), 101
NDI, see Neurodevelopmental impairment

(NDI)
Neonatal candidiasis, epidemiology and

prevention, see Invasive Candida
infections (ICI)

Neonatal fungal infections, treatment of,
129–135

end organ assessment, 131–132
disseminated candidiasis, complica-

tions, 131
epidemiology, 129–130

Candida colonization, 130
Candida species, 129–130
candidemia, 129
candidiasis, 129
fungal colonization, 130
multicenter cohort study, 130
Neonatal Research Network, 130
NICUs, 129
nosocomial blood stream infections,

129
risk factors, 130
third-generation cephalosporin or

carbapenem, 130
invasive candidiasis, 130–131
treatment, 132

abdominal ultrasound, 132
amphotericin B deoxycholate, 133
azoles, 134–135
blood cultures, 132
death/NDI vs. delayed catheter removal,

132
definitive antifungal therapy, 132
delayed removal/replacement of the

central catheter, 132
echinocandins, 135
echocardiogram, 132
eye exam, 132

first line agents, 132
5-fluorocytosine (flucytosine, 5-FC),

133–134
lipid preparations of amphotericin B,

133
microbiologic clearance, 132
neonataol autopsy, 132

Neonatal Intensive Care Units (NICUs), 101,
129

Neonatal Research Network, 130
Neonataol autopsy, 132
Neonates, malaria antibody in, 148

transplacental transfer of antimalarial
antibodies to fetus, 148

Nephrotoxicity, 133
Neuraminidase inhibitors, 5
Neurodevelopmental impairment (NDI), 131

Bayley scales of infant development score
70 on MDI, 131

Bayley score 70 on PDI, 131
blindness, 131
cerebral palsy, 131
deafness, 131

Nevirapine, 60, 61t, 63t, 65, 66
NFKBIA vs. NF-B gene expression, pathway

analyses, 26
NICHD, see National Institute of Child Health

and Human Development (NICHD)
NICUs, see Neonatal Intensive Care Units

(NICUs); Neonatal intensive care
units (NICUs)

Nitazoxanide, 7
NNIS, see National Nosocomial Surveillance

System Hospitals (NNIS)
NNRTI, see Non-nucleoside reverse

transcriptase inhibitor (NNRTI)
Non-nucleoside reverse transcriptase inhibitor

(NNRTI), 61
Non typhoidal salmonella (NTS), 33–41
Nosocomial blood stream infections, 129
Nosocomial pathogen, see Vancomycin-

resistant enterococci (VRE)
NPA, see Nasopharyngeal aspirates (NPA)
NRTI, see Nucleoside reverse transcriptase

inhibitor (NRTI)
NTS, see Non typhoidal salmonella (NTS)
NTS infections, epidemics/management of

febrile gastro-enteritis, symptom, 40
HIV and, 40
intestinal form of, 36
malaria, anemia and, 39t

decline at end of rainy season, 39
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Salmonella “O” antigen in malaria,
inhibition of (Greenwood), 39

malnutrition and, 39–40
as MDR serovars, 35f

ESBL resistance, 36
resistance pattern to chloraphenical in

children (1996-2006), 36f
resistance to quinolones/third-

generation cephalosporins,
37f

study in Kenya/Malawi, 35–36
monitoring systems

CDC in US, 34
Food net, US, 34
WHO, 34

non-human/human reservoirs, prevalence
in, 34f

NTS recurrence and relapse, 40
seasonality of, 38–39
serovars, common

S. Choleraesuis and S. Dublin, 35
S. Enteritidis in Europe, 35
S. Javiana in North America, 35
S. Typhimurium in Africa, 35
S. Weltevreden in South East Asia, 35

severity of paediatric NTS/climatic
variations, relationship, 38f

sites of invasive disease, 36
sources of, 37–38
in sub-Saharan Africa, 37
treatment of, 40–41

antibiotic therapy, joint infections, 41
antibiotic treatment (four weeks), AAP

recommendation, 41
ceftriaxone/ciprofloxacin, use in

combination therapy, 41
ciprofloxacin, use in HIV-infected

patients, 41
dependent factors, 41
meropenem/imopenem/trovofloxacin,

use of, 41
oral typhoid vaccines, use of, 41

well resourced/poorer crowds, symptoms
in, 33

Nucleocapsid of adenovirus, 153
hexon protein, 153
trimeric penton fiber

binding to CAR cell, effects, 153
See also Adenovirus infection

Nucleoside reverse transcriptase inhibitor
(NRTI), 61f

Nucleotide analogue, 126
See also Tenofovir disoproxil fumarate

Nystatin, 111–112
gastrointestinal tract fungal colonization,

prevention, 111
prophylaxis

preterm and term NICU patients, oral
examination in, 111

RCT in preterm infants weighing less
than 1250 g, 111

O
Oka strain, 84
OKT3 R©/anti- CD3 monoclonal antibody, see

Muromonab
OLT, see Orthotopic liver transplant (OLT)
Oocyst-forming protozoa, see Cryptosporidium
Oocysts, 7
Ophthalmoscopy, 93

direct/indirect, 93
Optic disc hyperemia, 91
Optic disc swelling, 91

vs. optic disc hyperemia, 91
Oral typhoid vaccines, 41
Organ donors, 122
Orthotopic liver transplant (OLT), 160

P
Para-aminobenzoic acid, 148
Paralysis, motor neurone, 47
Paromomycin, 7
Passive immunisation at birth (HBV

immunoglobulin), 122
PBMC, see Peripheral blood mononuclear

cells (PBMC)
PCP, see P. jirovecii pneumonia (PCP)
PDI, see Psychomotor developmental index

(PDI)
Pediatric infectious diseases, 19–29
PEG, see Polyethylene glycol (PEG)
Pegylated interferon, 125
Penicillin, 74, 76–77, 78
“Penicillin binding proteins,” 77
PEP, see Post-exposure prophylaxis (PEP)
Peripheral blood mononuclear cells (PBMC),

21
Periventricular leukomalacia, 131
P. falciparum malaria, 89
P. falciparum parasitaemia, 89
Phagocytic defects, infections due to

Aspergillus, 2
Pseudomonas, 2
Staphylococcus, 2

PI, see Protease inhibitor (PI)
PIDs, see Primary immunodeficiencies (PIDs)
P. jirovecii pneumonia (PCP), 66
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Placental malaria, 139, 140, 143–144, 145, 148
Plasma-derived vaccines, 179
Plasmodium falciparum, 23–24
PLSCS, see Pre-labor caesarean section

(PLSCS)
Pneumocystis jiroveci pneumonia (PCP), 3, 4

corticosteroids, use of
HIV-infected patients with PCP, 4
PCP (severe), 4

first line treatment, recommended, 4
identification of, 4
mortality rates, 4
PCP prophylaxis

cotrimoxazole treatment, 4
dapsone/aerosolized pentamidine

treatment, children, 4
symptoms, 4

Pneumonia, causes
influenza virus, 23
Streptococcus pneumoniae, 23

Polyethylene glycol (PEG), 125
Post-exposure prophylaxis (PEP), 60
Post-transplant lymphoproliferative disease

(PTLD), 9
Pre-birth planning meeting, 67
Prednisolone priming, 124
Pregnancy and newborn, malaria in

clinical malaria, 140
global burden of, 139
IPTp

recommended dose intake, LBW
babies(reduction in), 146

SP resistance, effectiveness, 146, 147f
SP, safe effective drug in Africa, 146

malaria, burden in pregnancy, 139–140
malaria in first year of life, 148
malaria in newborn: congenital malaria,

147
neonates, malaria antibody in, 148
parasite prevalence, 141–143

first pregnancy, effects, 143
gravidity and age influence, 141–143,

142f
MG/PG decline with maternal age, 142f
rates of malaria parasitaemia among

pregnant women, 142f
placental inflammation/monocyte

infiltrates/pregnancy, outcomes
pathophysiological mechanisms,

144–145
placental malaria, in vitro modelling,

143–144

BeWO cell line/in vitro-derived
syncytiotrophoblast, use, 143

degree of polymorphism, determination,
144

species, 140
susceptibility to malaria

pregnant women at special risk of
malaria, reasons, 141t

timing of infection, 140–141
treating malaria in pregnancy

artesunate, use of, 145–146
choice of drugs, 145
coartem and dihydroartesunatepiper-

aquine, use of, 146
intravenous therapy with qui-

nine/artesunate, 145
quinine, use of, 145
sulphadoxine –pyrimethamine (SP), use

of, 146
uncomplicated malarial illness, 146

Pregnant women at special risk of malaria,
reasons

altered cell mediated immunity, 141t
hormonal changes, 141t
immune evasion by placental parasites,

141t
increased susceptibility to mosquito bites,

141t
placental sequestration of parasitized cells,

141t
Pre-labor caesarean section (PLSCS), 61f
Premature delivery, 58
Pre/post therapy liver biopsy, 124
Preventive measures of HBV, 122

organ donors, 122
passive immunisation at birth (HBV

immunoglobulin), 122
recombinant HBV vaccine, 122
screening of blood products, 122
vaccination, 122

Primary immunodeficiencies (PIDs), 1
humoral immunity, defects in, 1

Procalcitonin, 20
Prognostic biomarkers, 20, 27

clinical use, 27–28
Prolonged candidemia, risk factor, 130
Protease inhibitor (PI), 61f
Proteomics

definition, 21
protein isolation/identification

mass spectrometry-based approach, 22
two-dimensional gel electrophoresis

technology, 22
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proteomic signatures, development of, 25
SELDI-TOF technique, biofluid analysis

benefits/advantage, 22
tuberculosis, early-stage identification

of, 22
Proteomic signatures, 25
Pseudomonas aeruginosa, 76
Psychomotor developmental index (PDI), 131
PTLD, see Post-transplant lymphoproliferative

disease (PTLD)
PubMLST database website, 49
Pupil dilatation, 92

use of tropicamide/phenylephrine, 92
Purine analogue, 125

See also Adefovir dipivoxil
Pyrimidine nucleoside analogue, 125

See also Lamivudine

Q
Quinine, 145, 146, 147

R
Real timepolymerase chain reaction (RT-PCR),

26
Recombinant DNA technology, 179
Recombinant HBV vaccine, 122
Rene Dubos (microbiologist)

gramicidin, discovery of, 74
Replicative vs. non-replicative chronic HBV

infection, 176–177
Respiratory syncytial virus (RSV), 3
Respiratory tract

accurate diagnosis, requirements
antigen testing, 3
BAL fluid, 3
culture of organisms, 3
HRCT of chest, 4
immunofluorescence (viruses), 3
lung biopsy, 3
NPA, 3
polymerase chain reaction, 3
throat swabs, 3

BAL as diagnostic procedure, importance,
3

defective immune/inflammatory response,
3

pneumonitis/bronchiolitis, common
infections, 3

RSV
diagnosis, requirements, 5
laboratory techniques, 5
measles, respiratory pathogen, 5
mortality rates due to, 5

respiratory viral infection in children,
study/review, 6

RSV infection, treatments for, 5
sources of infection

adenovirus, 3
aspergillus, 3
CMV, 3
coronaviruses NL63, 3
HKU1, 3
human metapneumovirus, 3
influenza, 3
measles, 3
parainfluenza, 3
PCP, 3
picornaviruses, 3
polyomaviruses WU/K1, 3
RSV, 3

Retinal angiography in CM
retinal vascular tree, viewing of

irregularity of vessel walls and
intravascular filling defects, 94f

retinal whitening, 95f
vessel contours, 94
vessel integrity, 94
vessel patency, 94

Retinal hemorrhages, 90, 91f
Retinal whitening, 90, 95f, 96f

macular whitening around the fovea, 90f
Ribavirin, 5, 165
RSV, see Respiratory syncytial virus (RSV)
RSV monoclonal antibody (palivizumab), 5
RT-PCR, see Real timepolymerase chain

reaction (RT-PCR)

S
Salmonella enterica, 34

sub sp. enterica Salmonella Enteritidis, 34
sub sp. enterica Salmonella Typhimurium

DT 104, 34
SARS, see Severe acute respiratory syndrome

(SARS)
SCID, see Severe combined immune

deficiency (SCID); Severe
combined immunodeficiency
(SCID)

Screening of blood products, 122
sd NVP, see Single dose nevirapine (sd NVP)
SELDI-TOF, see Surface enhanced laser

desorption/ionization time-of-flight
(SELDI-TOF)

Seroprotection against HBV infection,
definition, 180

Severe acute respiratory syndrome (SARS), 24
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Severe combined immune deficiency (SCID), 4
Severe combined immunodeficiency (SCID),

161
Severe malarial anemia (SMA), 90
Sexual transmission, HBV

risk factors
unsafe injections, 178
unsafe percutaneous procedures, 178

Short-term combination antiretroviral therapy
(START), 59

Single dose nevirapine (sd NVP), 61f
Single nucleotide polymorphisms (SNPs), 20
SIRS, see Systematic Inflammatory Response

Syndrome (SIRS)
SMA, see Severe malarial anemia (SMA)
SNPs, see Single nucleotide polymorphisms

(SNPs)
Software package Structure, 51f
Solid organ transplant (SOT), 1
SOT, see Solid organ transplant (SOT)
SP, see Sulphadoxine-pyrimethamine (SP)
Spontaneous vaginal delivery (SVD), 61f
START, see Short-term combination

antiretroviral therapy (START)
ST-45 clonal complex, 49
Streptococcus pneumoniae, 23
Streptogramin antibiotic virginiamycin, 76
Sulphadoxine-pyrimethamine (SP), 146
Surface enhanced laser desorption/ionization

time-of-flight (SELDI-TOF), 22
SVD, see Spontaneous vaginal delivery (SVD)
Symptomatic HIV or low CD4 count, 59
Systematic Inflammatory Response Syndrome

(SIRS), 26
Systemic antifungal therapy, 131

T
Takahashi vaccine, 83
3TC, see Lamivudine
Telbivudine, 126
Ten-locus typing scheme, 49
Tenofovir disoproxil fumarate, 126
Third-generation cephalosporin or carbapenem,

130
Third-generation hepatitis B vaccines, 179
T lymphocyte defects, infections caused

CMV pneumonitis, 1
EBV infection, 1

Transcriptional profiling studies
host–pathogen interactions, aid, 22–23
identification of viruses, 23

Transcriptomics
bioinformatics processes

changes in gene expression,
identification of, 21

gene-expression profiles in PBMC
(Kawada), study, 21

transcriptome analysis
gene expression microarrays, use of, 21
host–pathogen interactions, aid, 23
identification of viruses, 23

Tropicamide/phenylephrine, 92
Trypanosomiasis (sleeping sickness), 25

U
UK and French perinatal cohorts, 62
“Upper respiratory infection,” 79
Urinary tract infections (UTIs), 101
UTIs, see Urinary tract infections (UTIs)

V
Vaccine-induced antibody, 180
Vaccines, typhoid (oral), 41
Vancomycin-resistant enterococci (VRE),

78–79
immunocompromised patients, role in, 79
overuse, effects, 78
See also Enterococci

Varicella vaccine, 83
developed in Japan, 83
dosage of virus in, importance, 85

2 doses over 1 dose, benefits/goal, 86
humoral immunity levels, assessment

of, 85–86
FAMA assay, seroconversion testing, 86

second dosage mandation, 86
leukemic children/adults, clinical trials in,

83
vaccine efficacy, 84
varicella and zoster, pathogenesis of, 83–84
varicella primary infection, prevention of,

83
zoster, secondary infection, 83

Varicella zoster immunoglobulin (VZIG), 10
Varicella zoster virus (VZV), 2, 10, 83, 84

aciclovir/valaciclovir, oral drugs, 10
chickenpox, causes, 10
emergence/spread in infectious form, 85
infection in DRG/CNG, development of,

83
latent infection, cause, 85
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