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Respiratory infections are one of the most common causes of morbidity and mortality
worldwide. As we enter the twenty-first century, several landmark events are unfolding
in the area of respiratory infections. Some of these, by assuming the form of formidable
disasters, have abruptly claimed lives and led to economic loss. Examples include
severe acute respiratory syndrome (SARS) and bird and swine influenza. Viral and
bacterial resistance to currently available antimicrobial drugs is thwarting efforts in
the management of influenza and pulmonary sepsis. Newer and emerging viral lung
infections are seen more frequently in clinical practice, including post-transplant viral
infections other than cytomegalovirus and Epstein-Barr virus. The frequency and diver-
sity of serious fungal infections are increasing. Persons who are severely immunocom-
promised are particularly vulnerable to infection from unusual molds and yeasts that
are often found naturally in the environment. Other respiratory infections pose contin-
uous health care challenges. Examples include the changing demography of tubercu-
losis (TB) and emerging deadly drug-resistant forms of TB worldwide. Pediatric TB and
elderly TB are on the rise and the problem of coinfection with HIV is proving difficult to
diagnose and manage. Anti–tumor necrosis factor (TNF)-a therapy for autoimmune
conditions results in reactivation of TB. In addition, occupational lung diseases due
to airborne microbes constitute another problematic issue. Protozoal and helminthic
lung infestations continue to be important clinical problems in many parts of the world.
This issue of Infectious Diseases Clinics of North America is aimed at giving an up-to-
date and comprehensive overview of emerging respiratory infections in the twenty-first
century through 14 articles written by authoritative experts from all around the globe.

David Hui and Paul Chan review SARS and coronavirus in detail, remind us of the
enormous threat it posed to international health and the global economy, and state
that at the end of the epidemic in July 2003, 8098 probable cases were reported in
29 countries and regions, with 774 deaths (9.6% mortality rate).

The recent panic over avian and swine influenza outbreaks has focused research-
sequencing technologies and phylogenetic methods on how novel influenza viruses
arise, usually from animal reservoirs. Julian Tang and colleagues describe how
such knowledge allows more effective public health surveillance of seasonal human
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influenza viruses as well as candidate pandemic viruses that may cross the species
barrier from animal to man. Of the 3 known serotypes of influenza (A, B, and C), only
influenza types A and B cause frequent and occasionally severe disease in humans.
Although there is only one type of influenza B, influenza A has multiple subtypes,
characterized by a combination of the 16 known hemagglutinin and 9 neuraminidase
genes that code for these viral envelope or surface proteins. So far, only 3 subtypes
of hemagglutinin (H1, H2, and H3) and 2 subtypes of neuraminidase (N1 and N2)
have caused pandemics in humans. Influenza viruses will continue to pose a persis-
tent and variable threat to human health for the foreseeable future.

Lower respiratory tract infections were ranked the third leading cause of death world-
wide in 2004. The increasing prevalence of antimicrobial resistance in major respiratory
pathogens has become a serious threat to clinical medicine with increased morbidity
and mortality due to treatment failures. Antimicrobial resistance is a critical issue not
only in community-acquired pneumonia due to resistance in Streptococcus pneumoniae
but also in hospital-acquired pneumonia or ventilator-associated pneumonia due to
methicillin-resistant Staphylococcus aureus (MRSA) or drug-resistant gram-negative
bacilli. Jae-Hoon Song and Doo Ryeon Chung review current knowledge of respiratory
infections caused by antibiotic-resistant pathogens and the treatment options available.

TB causes 1.8 million deaths annually, 5000 every day, and is one of the most
common causes of death from an infectious disease. The emergence of multidrug-
resistant TB and extensively drug-resistant TB (XDR-TB) in Eastern Europe, Asia,
and South Africa now poses an ominous threat to global TB control. We review the
insights provided by clinical and molecular epidemiology about global trends and
transmission dynamics of XDR-TB and the challenges faced by clinicians in diag-
nosing and managing cases of XDR-TB. Keertan Dheda and colleagues review the
clinical, management, and epidemiologic dilemmas posed by drug-resistant TB. Pedi-
atric TB is now regarded as an emerging epidemic in areas where the adult epidemic
remains out of control and Mycobacterium tuberculosis transmission is ongoing.
Childhood TB remains a neglected disease in many resource-limited settings and
the number of cases of pediatric TB is increasing. Ben Marais and Simon Schaaf
emphasize in their article that children contribute significantly to the global TB disease
burden and suffer severe TB-related morbidity and mortality. They describe current
issues in the diagnosis, management, and prevention relevant to pediatric TB.

One third (over 2 billion people) of the world’s population is latently infected with M
tuberculosis. Although the risk of developing active TB disease is highest in the first
two years after infection, considerable magnitude of risk persists in patients for the
rest of their lives.

With waning immunity associated with advancing age and increasing use of immu-
nosuppressants, there is an excess risk for the development of active clinical TB
disease. Toru Mori and Chi Chiu Leung review TB in the ageing population, empha-
sizing that TB presents atypically among the elderly leading to delays in diagnosis
and treatment.

Non-tuberculous mycobacteria (NTM) are environmental mycobacteria that are
distinct from members of the Mycobacterium tuberculosis complex. Due to the advent
of the HIV/AIDS epidemic and the increasing use of immunosuppressive drugs, infec-
tions due to NTM are increasingly being seen in clinical practice. Babafemi Taiwo and
Jeff Glassroth describe the spectrum of NTM causing human disease. Lung involve-
ment ranges from isolation of mycobacteria that may be benignly colonizing an indi-
vidual, to benign nodules, disease in ostensibly healthy immune competent
persons, disease in immune compromised hosts who may be infected with unusual
or rarely encountered NTM, and hypersensitivity syndrome.
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Other risk factors for development of TB are discussed in two articles. TNF antag-
onists for treatment of rheumatoid disorders were first introduced 10 years ago. Rob-
ert Wallis and Neil Schluger review the risk of TB reactivation posed by TNF
antibodies. Current recommendations for withdrawal of anti-TNF therapy when TB
is diagnosed place patients at risk for paradoxic worsening due to recovery of TNF-
dependent inflammation. Further research is needed to determine how best to prevent
and manage their infectious complications. Richard N. van Zyl-Smit and coworkers
attempt to link the interactions between smoking, TB, HIV infection, and chronic
obstructive pulmonary disease (COPD), suggesting these epidemics interact by
means of increased susceptibility or worsening outcomes. For example, tobacco
smoking increases the risk of TB, and this in turn increases the risk of subsequent
COPD. They warn of the possibility that new global influenza pandemics are more
likely to occur in those with predisposing factors, such as smoking, COPD, or HIV
infection.

With increasing use of immunosuppressive therapy and the advent of the HIV
epidemic, fungal pulmonary infections are increasingly seen in clinical practice. Li
Yang Hsu and colleagues give a succinct overview of the diagnosis, treatment, and
prevention of common and emerging new fungal infections causing respiratory illness.

Occupational pulmonary infectious diseases are also important causes of morbidity
worldwide and these include TB and many viral pathogens, including influenza, vari-
cella, respiratory syncytial virus, and hantavirus. Daphne Ling and Dick Menzies focus
on TB, influenza, and SARS. The lessons from these three are relevant for all nosoco-
mial pulmonary infectious diseases. TB is the most important occupational infectious
disease worldwide. Rates of infection are 5- to 10-fold higher in health care workers
than in the general population whereas rates of disease are 2- to 5-fold higher. Risk
is increased among occupations associated with performance of aerosol-producing
procedures, such as sputum induction, bronchoscopy, or autopsy. SARS was unusual
because of the severity of illness and high rate of nosocomial transmission via the
droplet (and perhaps also airborne) route, so that health care workers accounted for
21% of all known cases. Hence, infection control measures are of primary importance.
This means identification of patients (or workers) with these illnesses and their imme-
diate separation from other patients. Personal protective equipment recommended
for influenza and SARS include gown, gloves, and masks with eye-shields, whereas
for TB, only masks (personal respirators) are recommended.

Kidney, liver, heart, pancreas, lung, and small intestine transplantations are now
viable therapeutic options for patients with end-stage organ failure. Infections still
contribute to substantial morbidity and mortality, limiting long-term success rates
of these procedures. Immunosuppressive regimens are necessary to limit allograft
rejection and also weaken host immune responses to exogenously acquired path-
ogens and enable endogenous reactivation of latent infection. Frequent medical
care of newly transplanted patients exposes recipients to potentially drug-
resistant pathogens. To help prevent the occurrence of common opportunistic
infections in transplant recipients, prophylactic strategies have been used; despite
these efforts, emerging pathogens continue to pose unique challenges for clinicians
to recognize, diagnose, and treat. Shawn Nishi and colleagues describe some of
these organisms responsible for emerging respiratory infections in transplantation
recipients.

A decline in parasitic infestations was observed in the past century, especially in
developed countries, due to improved socioeconomic conditions, good vector
control, and excellent hygiene practices. Vannan Kandi Vijayan and Tarek Kilani review
the emerging problems of respiratory parasitic infections, particularly due to protozoa
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and helminths. The increasing occurrence of immunosuppression in individuals due to
HIV infection, organ transplantations, and use of immunosuppressive drugs has made
these individuals prone to the development of parasitic pulmonary infestations de
novo from the environment or recrudescence from dormant infestations.

Rapid and accurate diagnosis of respiratory pathogens can lead to effective and
specific treatment resulting in low morbidity and mortality rates. David Murdoch and
colleagues review recent developments in rapid diagnostics for respiratory infec-
tions, particularly in the areas of antigen and nucleic acid detection. They conclude
that new approaches for respiratory pathogen detection are needed, and breath
analysis is an exciting new area with enormous potential. Their review provides
encouragement that recent developments in technology will eventually yield point-
of-care, rapid diagnostic tests for screening of multiple pathogens in resource-
poor developing countries where current technologic equipment could be run on
solar-powered computers.
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Kidney, liver, heart, pancreas, lung, and small intestine transplantations are viable
therapeutic options for patients with end-stage organ failure. Ongoing advancements
of surgical techniques, immunosuppressive regimens, and perioperative management
have resulted in improved survival of allograft recipients. Despite these refinements,
infections still contribute to substantial morbidity and mortality, limiting long-term
success rates of these procedures.

Infections are particularly problematic among transplant recipients for several
reasons. Immunosuppressive regimens are necessary to limit allograft rejection but
weaken host immune responses to exogenously acquired pathogens and enable
endogenous reactivation of latent infection. Frequent medical care of newly trans-
planted patients exposes them to potentially drug-resistant pathogens. Infections of
the respiratory tract are common and could herald the development of more severe
diseases. This is largely because of constant contact with the environment, which
uniquely predisposes the respiratory system to direct microbial inoculation. Moreover,
lung recipients specifically suffer from mucociliary dyskinesia, with reduced mechan-
ical clearance of respiratory pathogens, as a result of airway anastomoses and
a denervated allograft.
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To help prevent the occurrence of common opportunistic infections in transplant
recipients, prophylactic strategies have been used, but despite these efforts,
emerging pathogens continue to pose unique challenges for clinicians to recognize,
diagnose, and treat. One useful paradigm relevant to emerging infections in recipients
of transplants stratifies these microbes into 3 categories.1 The first category consists
of known microbes causing infection with previously unrecognized pathogenicity
causing human disease. Category 2 includes known microbes with already appreci-
ated pathogenicity but cause more frequent or severe disease. The third category
comprises newly discovered pathogens. This last category is growing apace in large
part from technological advances that result in diagnosis or differentiation of new
microbial pathogens. This article describes some of the organisms responsible for
emerging respiratory infections in transplantation (Box 1).

EMERGING BACTERIAL RESPIRATORY INFECTIONS IN TRANSPLANTATION
Nocardia

Nocardia is a gram-positive filamentous aerobic actinomycete with variable acid-fast
staining characteristics. Among more commonly reported opportunists in transplanta-
tion, pulmonary nocardiosis infection rates range from 0.7% to 3.5%.2–7 The largest
case series in transplantation describes these infections to be more common among
lung recipients (3.5%), followed by recipients of heart (2.5%), intestine (1.3%), kidney
(0.2%), and liver (0.1%).7 However, literature reviews are difficult to systematically
assess. With more than 50 species in existence, taxonomic classification is fraught
with confusion and controversy. Until recently, most isolates causing human disease
were labeled ‘‘Nocardia asteroides’’ and included organisms with considerable differ-
ences in antimicrobial susceptibility patterns.8 With technological advances in molec-
ular genotyping, isolates previously described as N asteroides have been
subspeciated.8 N asteroides is now denoted as N asteroides complex and includes
Nocardia nova complex, Nocardia farcinica, Nocardia transvalensis complex, Nocardia
Box 1

Selected emerging pathogens in solid organ transplantation

Emerging bacterial respiratory tract infections

Nocardia spp

Mycobacterium abscessus

Rhodococcus equi

Emerging fungal respiratory tract infections

Aspergillus ustus

Aspergillus terreus

Fusarium spp

Scedosporium apiospermum

Scedosporium prolificans

Emerging viral respiratory tract infections

Human metapneumovirus

Lymphocytic choriomeningitis virus

Severe acute respiratory syndrome virus
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abscessus, and, newly, Nocardia cyriacigeorgica.8,9 Moreover, additional species will
emerge with continued advances in genotyping methods.

Clinically and radiographically, most nocardial infections are nonspecific and often
confined to the lungs, which usually have a favorable prognosis.10,11 These pathogens
hematogenously disseminate in 20% to 25% of cases to the central nervous system,
skin, and other organs, and, although much less frequently reported, extrapulmonary
extension of infection is almost always fatal.3,5,7,10,12,13 Therefore, early recognition
and prompt therapy is crucial.

With ill-defined clinicoradiographic features, diagnosis is frequently delayed. Nocar-
dia is a slow growing organism, with a mean duration of 2 weeks before a diagnosis is
established. Concurrent infection or contamination by other microbes can overwhelm
the growth of Nocardia species in laboratory culture media and further impede diag-
nosis.6 Several studies suggest that Nocardia as the sole pathogen is uncommon in
comparison with nocardial infections with other coisolates of cytomegalovirus, Asper-
gillus, or opportunistic fungi.14–16 Given the delays in diagnosis, the clinician should
have a low threshold to institute therapy early while awaiting culture results.

Trimethoprim-sulfamethoxazole (TMP-SMX) prophylaxis for Pneumocystis jiroveci
pneumonitis is widely thought to afford protection against Nocardia infections.13

However, more than 60% of nocardiosis have occurred in patients receiving TMP-
SMX prophylaxis. Conversion to high-dose therapy has been curative, suggesting
that prophylaxis dosages are ineffective for nocardiosis prevention but does not indi-
cate a reduced susceptibility once infection is established.3,6,7,10,17 Most therapeutic
regimens use TMP-SMX combined with imipenem, amikacin, third-generation cepha-
losporins, minocycline, moxifloxacin, or linezolid from concerns about resistance.6,18

To avoid recidivism, a protracted course of at least 6 to 12 months in immunocompro-
mised patients is recommended.5

Mycobacterium abscessus

M abscessus is a gram-positive rod classified as rapid-growing nontuberculous myco-
bacteria. It is ubiquitously present in sewage, drinking water, decaying vegetation and
the normal skin flora. Genotyping by polymerase chain reaction (PCR) methods have
enabled distinction and subspeciation of this pathogen from Mycobacterium chelonae
in 1992.19

M abscessus is identified frequently in patients with cystic fibrosis (CF), less
often in others with structural lung abnormalities caused by chronic respiratory
disease, and occasionally among immunocompromised hosts. In a prevalence
study of nontuberculous mycobacterium isolated from sputum cultures of patients
with CF, M abscessus was second to Mycobacterium avium complex (72%). The
sensitivity of sputum culture to detect disease due to M abscessus is low and
increases little with serial sputum samples from 7% to 13%.20 Clinicoradiological
findings are nonspecific and complicated by underlying structural lung disease,
making the diagnosis elusive.21,22 Infection is confined to the lungs in patients
with CF, but dissemination is not uncommon among immunocompromised
patients, including transplant recipients, which usually portends a poor
prognosis.20,23–27

Whether M abscessus colonization before lung transplantation should be a contrain-
dication is unknown.24–26 Current guidelines urge caution in the face of virulent or
resistant mycobacteria, especially with positive results for sputum smears before
transplant, reflecting high airway mycobacterial loads.25 The allograft can be second-
arily colonized by microbes that persist proximally to the anastomoses and predis-
poses the recipient to infection of the newly transplanted lung. Treatment to
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establish and maintain serial smear negativity before transplantation and extension of
treatment intraoperatively and postoperatively have had some success.25

Treatment of M abscessus is complex and difficult for patients and clinicians.
M abscessus isolates are resistant to most antimycobacterial agents, including tetra-
cyclines, fluoroquinolones, and sulfonamides.28 Initial therapy should include a combi-
nation of clarithromycin, amikacin, and cefoxitin or a carbapenem, pending sensitivity
studies. Directed combination therapy should continue a minimum of 12 months after
negative results of sputum cultures to avoid relapse.20,29 Maintenance suppressive
therapy with clarithromycin and aerosolized amikacin has also been suggested, as
relapse after extended therapy has occurred.29 The toxic effects of therapy and inter-
actions with transplant medications limit adequate treatment.

Rhodococcus equi

R equi is an asporogenous, nonmotile, pleomorphic gram-positive coccobacilli and an
obligate aerobe belonging to the family Nocardioform, order Actinomycetes.30 The
organism is present in soil, thrives in freshwater and marine habitats, and can live in
the intestines of bloodsucking arthropods. It can be acquired by inhalation from the
soil, direct inoculation, ingestion, colonization, and person-to-person transmission.30

R equi was first isolated as a causative agent of equine bronchopneumonia in 1923.
The first human infection of R equi was reported in 1967 as cavitary pneumonia in
a patient with autoimmune hepatitis receiving immunosuppressive therapy. Only 13
other cases have been reported up to 1983.30 Subsequently, a marked increase in
reported cases has occurred commensurate with human immunodeficiency virus,
advances in cancer therapies, and transplantation.30 More than 100 cases have
now been reported, with 29 involving organ recipients, of which 23 involved the
lungs.31

Establishing a diagnosis of R equi is difficult. Imaging is nonspecific and occasion-
ally normal.32–34 Identification of R equi from culture has proven difficult because of
variable acid-fast staining and pleomorphic appearance in laboratory media.30 Two
studies have reported R equi lung infections in heart recipients initially misdiagnosed
when laboratory cultures grew ‘‘diptheroids’’ mistaken for contaminants. Two other
cases involving the kidney and pancreas and a pancreas recipient were misdiagnosed
as tuberculosis, based on acid-fast staining and radiographs showing an upper lobe
cavity, small satellite nodules, perihilar mass, and nonspecific infiltrate.35,36 Final diag-
nosis was confirmed by bronchoalveolar lavage cultures prompted by worsening
respiratory symptoms.

Given the limited number of cases, heterogeneous patient populations, and diverse
clinical manifestations, standard treatments for R equi infection do not exist. However,
success has been reported with dual antibiotic therapy for a minimum of 6 months and
surgical drainage of complicated cases.30,37,38 Combinations using vancomycin, imi-
penem, aminoglycosides, and fluoroquinolones are suggested empiric regimens until
antimicrobial susceptibilities of the isolate are known.30,34,39
EMERGING FUNGAL RESPIRATORY INFECTIONS IN TRANSPLANTATION
Aspergillus species: Aspergillus ustus and Aspergillus terreus

Aside from Candida species, Aspergillus species are the most common fungal patho-
gens causing infection in transplant patients. This genus comprises more than 175
species, and although only a few are human pathogens, mortality of invasive aspergil-
losis varies from 74% to 92%.40 Aspergillus fumigatus is the most common cause of
disease, followed by Aspergillus flavus and rarely A terreus, Aspergillus niger, or
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Aspergillus nidulans.41 Recently, A ustus and A terreus have gained attention as rare,
mycelial fungi responsible for fatalities with posttransplant respiratory infection.40,42–50

Primary modes of acquisition are inhalation of environmental microconidia, similar to
other mycelial fungi, or direct inoculation through the skin.51 Predisposing factors
include prolonged and severe neutropenia, high-dose steroid treatment, nosocomial
exposure in hospitals undergoing construction, and prophylactic use of amphotericin
B aerosols.42,49,50,52 Once a primary respiratory infection is established, the organism
has a proclivity to disseminate.

Most cases of A terreus and A ustus infections were described in the last 15 years.45

This increase is attributed to the growing population of severely immunosuppressed
patients and better diagnostic methods. Among cases reviewing these pathogens in
transplant recipients, infection involved the lungs in all but one case noted with A
ustus.51,53–63 More than half disseminated and a third involved the central nervous
system or skin.62 A terreus is emerging as the next most common invasive pulmonary
aspergillosis after A fumigatus and A flavus.42–50

Clinicians must possess an index of suspicion and a low threshold for aggressive
and often invasive diagnostic procedures necessary for sampling. In many instances,
Aspergillus species have unique histomorphologic characteristics from culture
isolates facilitating identification. However, rarely encountered Aspergillus species
such as A ustus and A terreus are not readily identified. Diagnoses by growth in culture
may also be hindered by concurrent infecting organisms, most frequently other Asper-
gillus species, in nearly half of patients.44 PCR analysis has advantages for rapid diag-
nosis because definitive speciation by culture takes weeks.43,51,56,58,60,63 Early
antifungal therapy is routinely initiated once a fungal pathogen is suspected or
presumptively identified. However, this strategy is tempered by highly variable
susceptibilities of A terreus and A ustus.42,43,45,47,49

Growing recognition of A ustus and A terreus is clinically important, as these species
are resistant to amphotericin B, which has been standard therapy for most invasive
Aspergillus infections.42,45,47 Reports involving a series of 17 patients noted that
3 of 4 patients with A ustus who survived received voriconazole combined with cas-
pofungin, although other reports using the same antifungal regimen as prophylaxis
or as empiric therapy have not proven successful.51,54,56,62,63 Unfortunately, A terreus
infections are difficult to treat, with few reported successes. Only isolated respiratory
infection has been amenable to amphotericin B with itraconazole after surgical lobec-
tomy in a nonneutropenic transplant recipient.43 Firm data for treating A ustus and A
terreus infections are not available, as reflected by the multitude of antifungal regi-
mens used. Other nonpharmacologic methods such as reduction in immunosuppres-
sion and local surgical debridement have had some success as adjunctive
therapy.42,47,49,52,57,64 Overall, however, treatment results are disappointing.

Fusarium

Fusarium solani is a colorless, septated mycelial fungus found in the soil, with
increased frequency among transplant recipients.65 The portal of entry is unclear,
but inhalation, ingestion, and direct inoculation are suspected. Infection disseminates
by vascular invasion with formation of yeast-like structures in the blood (adventitious
sporulation), which are easily cultured.65 Other than the characteristic fusiform or
canoe-shaped macroconidia, Fusarium species are indistinguishable from Aspergillus
species by routine histology.65 Diagnosis ultimately requires speciation from culture.66

Among transplant recipients, reported infections have mostly occurred in hemato-
poietic stem cell transplantation (HSCT) recipients with prolonged neutropenia and
are rarely seen in solid organ recipients. Notable differences exist between HSCT



Nishi et al546
and organ recipients. First, fusariosis in HSCT recipients occurs in a trimodal distribu-
tion: early posttransplant during extreme neutropenia, a median of 70 days after trans-
plant associated with acute graft versus host disease (GvHD) (while receiving
corticosteroid therapy), and more than 1 year posttransplant in association with exten-
sive GvHD; however, in solid organ recipients, fusariosis occurs after the first year of
transplantation.67,68 Next, HSCT recipients typically have fungemia with disseminated
fusariosis, whereas organ recipients develop isolated infection. Only 6 cases have
been reported up to 2001 in solid organ recipients, with only 1 disseminated and
others isolated to lung (n 5 1) or skin (n 5 4).68–70 Localized infection in HSCT recip-
ients, although much less reported, includes septic arthritis, endophthalmitis, osteo-
myelitis, cystitis, brain abscess, and cutaneous necrotizing lesions.66 Lung
(pneumonia, nonspecific alveolar or interstitial infiltrates, nodules, cavities) is the
most commonly involved site of infection, accounting for 39% of HSCT recipients
who develop invasive disease.67 Last, especially in the setting of prolonged neutrope-
nia, fusariosis mortality rates are up to 70% to 100% in HSCT recipients. No deaths
due to fusariosis have been seen in organ recipients.68

Effective treatment regimens for fusariosis in transplantation are unknown but
invariably require correction of neutropenia.66,67 Response rates of disseminated
fusariosis to antifungal therapy are disappointing, as most organisms are resistant
to currently available antifungals.66,71 Surgical resection of localized disease
combined with topical antifungal therapy has been successful in most patients,66

whereas treatment with amphotericin B alone has only a 32% response rate.72

Response rates up to 45% are reported with voriconazole and posaconazole salvage
treatment after amphotericin B failure.48,73 Adjunctive therapy with granulocyte trans-
fusions and granulocyte colony-stimulating factor has shown some benefit but has not
been extensively studied.65

Scedosporium apiospermum and Scedosporium prolificans

The genus Scedosporium includes two important human pathogens, S apiospermum
and S prolificans. Historically, Scedosporium species are found in patients with hema-
tologic malignancy or destructive chronic lung disease such as CF. Scedosporium
species are the second most common mold (after Aspergillus species) colonizing
airways of patients with CF.74–77 These organisms are found ubiquitously in soil,
sewage, and polluted waters and are histologically indistinct from Aspergillus, Fusa-
rium, and other mycelial fungi.78 Infection occurs via inhalation of spores or direct
tissue inoculation and most commonly involves the respiratory tract.78,79

Before 2000, there were only 4 cases of disseminated infection in organ transplant
recipients.80 Recently, Scedosporium has emerged as a pathogen among the growing
immunocompromised population, particularly transplant recipients. PCR methods are
being developed to facilitate early identification of this pathogen.75 The spectrum of
disease for both Scedosporium species resembles aspergillosis. However, there are
notable clinical differences between these 2 pathogens. S apiospermum, the asexual
anamorph of Pseudallescheria boydii, is found throughout the world, whereas S pro-
lificans is geographically concentrated in Spain, Australia, and the southern United
States.76–78,81 Rates of invasive infection are reported in 6% of cases with S apiosper-
mum and in more than half of patients with S prolificans.76 In addition, mortality rates
of S apiospermum and S prolificans infection range from 47% to 68% and from 50% to
100%, respectively, with respiratory involvement associated with higher
mortality.74,76,77,79,82,83

Scedosporium infections have been reported since 1985 in bone marrow transplant
recipients but only recently in solid organ transplantation with prominent differences in
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manifestations of infection within these 2 populations.77 In a comparison between 23
HSCT and 57 solid organ recipients with Scedosporium species infection, the former
were more likely to have infection by S prolificans and have early infections (within 90
days compared with >1 year) given that solid organ recipients rarely become neutro-
penic. HSCT recipients were also more likely to develop fungemia and had the poorest
response to therapy (40%–45% compared with 63%).77,80,81,84 Reported rates of fun-
gemia (70%) and dissemination (44%) with S prolificans are notably greater than with
Aspergillus species and is attributed to the organism’s ability to undergo adventitious
sporulation.83,84

Unfortunately, effective antifungal therapy for Scedosporium infection is lacking.
S apiospermum and S prolificans are resistant to amphotericin B and most antifungals.
S apiospermum may have some susceptibility to the newer triazoles, and anecdotal
regimens based on prior successfully treated cases are reported using voriconazole
as monotherapy or in combination with terbinafine or an echinocandin.74,81,82,85,86

S prolificans, however, remains resistant to all antifungals, as no therapy was shown
to reduce mortality.83,85 Only surgical excision and recovery from neutropenia were
independently associated with survival from S prolificans.83 Long-term itraconazole
treatment in combination with fluconazole among patients with structurally abnormal
airways who were colonized with Scedosporium species have lower rates of dissem-
ination, suggesting a possible role of maintenance therapy to prevent disease
progression.84
EMERGING VIRAL RESPIRATORY INFECTIONS IN TRANSPLANTATION
Human Metapneumovirus

Human metapneumovirus (hMPV) is a nonsegmented, single-stranded RNA virus
belonging to the Paramyxoviridae family. First described in 2001 in the Netherlands
among children with acute respiratory viral symptoms, hMPV has since been increas-
ingly noted to have worldwide distribution among children and immunocompromised
adults, including transplant recipients.87–91

Infection with hMPV mimics the course of respiratory syncytial virus (RSV), with a spec-
trum from mild respiratory symptoms and wheezing to severe bronchiolitis and pneu-
monia. Symptomatic infection occurs in less than 5% of the general population and up
to about 5% to 10% of the immunocompromised population.87,89,92 In temperate
climates, seasonal variation occurs predominantly in late winter (January to April).87–89

The clinical and radiographic courses of the disease closely resemble that of RSV infec-
tion, and this diagnosis should be considered after RSV infection is ruled out.87

The first case of hMPV in transplantation involved an HSCT recipient who died within
a week because of pneumonia and respiratory failure.93 Since then, multiple series
among HSCT, lung, and a liver recipient have been published.88–90,93–101 One study
involving lung transplantation recipients showed an association between detection
of replicating hMPV in bronchoalveolar lavage specimens and allograft rejection.96

Despite intensifying immunosuppression to treat acute rejection, viral clearance and
reduced viral replication to lower than detectable levels was still achievable in contrast
to other respiratory viral data, particularly cytomegalovirus infection data, which show
increased viral replication with intensification of immunosuppression.96 This observa-
tion suggests differing mechanisms of viral clearance between these 2 pathogens,
which has not been elucidated.

Diagnosis of hMPV disease is confounded by several factors. First, persistent
detection of the virus in nasopharyngeal aspirates is reported in up to 85% of asymp-
tomatic HSCT and lung recipients.96,98 No long-term respiratory sequelae in



Nishi et al548
persistently infected patients have been noted.98 Second, primary infection is nearly
universal by age 5 years, necessitating a 4-fold increase in antibody titer or serocon-
version to establish a diagnosis in adults.87 Third, although isolation of hMPV with
standard cell culture techniques is the definitive method of detection, it is technically
difficult, as the virus does not grow efficiently in traditional cell lines used for viral isola-
tion.87 PCR is the most widely used method of detection of hMPV but largely limited to
research investigation.87 Fourth, although nasopharyngeal aspirates are easily obtain-
able, detection is less sensitive than in bronchoalveolar lavage specimens.95

No agent has been approved to treat hMPV in immunocompromised hosts, but
because of the close clinical correlation to RSV, similar therapies have been used.99

A combination of intravenous ribavirin and immunoglobulin has been successful in
the treatment of an HSCT recipient.88,99 Intravenous ribavirin treatment has been
used in a lung transplant recipient after isolated respiratory symptoms progressed
to systemic disease and shock despite inhalational treatment. After repeat bronchoal-
veolar lavage specimens tested negative by PCR, therapy was discontinued.88

With increasing reports in the transplant literature of hMPV causing disease, it would
be prudent to include hMPV in the differential diagnosis of respiratory infections, espe-
cially in winter months. Early diagnosis of hMPV infection may reduce injudicious use
of antibiotics and invasive diagnostic investigations and promote appropriate infection
control practices to prevent nosocomial spread.94

Lymphocytic Choriomeningitis Virus

Lymphocytic choriomeningitis virus (LCM) is an RNA arenavirus. Serologic surveys
estimate that 5% of the US population has been infected but remained asymptomatic
or had only mild self-limited infection.102,103 LCM in immunocompromised individuals,
however, can cause an acute febrile illness with fatal dissemination.102–104 Posttrans-
plant infections present as an acute, nonspecific febrile illness, often with abdominal
symptoms that frequently progress to severe illness. Diagnosis is made by serologic
testing for anti-LCM IgG or IgM antibodies, isolation of the virus from blood or cerebral
spinal fluid, and immunohistochemical staining of tissue specimens or PCR.102,103

Infection occurs from either direct or indirect exposure to aerosolized rat urine or
excrement of the common house mouse, the natural host for the virus.102,103

Human-to-human transmission has also been documented from mother to fetus
and via donor organs to recipients.102–104 Among the clusters of LCM transmission
by donor organs, 12 of 13 recipients died of multisystem organ failure, and the lone
surviving patient responded to ribavirin therapy and reduction of immunosuppres-
sion.102–104 Interestingly, none of the donors responsible for transmission had clinical
signs of infection, none had IgG or IgM antibodies to LCM, and only one had an iden-
tified rodent exposure. No known treatment trials have been reported. Ribavirin use is
based on in vitro viral susceptibility, but the effectiveness of this therapy and need to
reduce immunosuppression remains unclear.

Diagnosis of lymphocytic choriomeningitis is difficult. Current assays to detect
LCM are notably insensitive, with frequent false-negative test results during donor
screening.102,103 Lack of accurate and sensitive diagnostics for LCM necessitate
rapid 2-way communication between organ procurement organizations and trans-
plantation centers to help identify clustering of patient infections stemming from
a common donor.

Severe Acute Respiratory Syndrome

A corona virus causes the severe acute respiratory syndrome (SARS) associated with
an outbreak in the Toronto area linked to an index case of a traveler from Hong Kong.
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Several SARS cases diagnosed by PCR of bronchoalveolar lavage samples occurred
in 2003 among solid-organ and HSCT recipients. In 2 cases, despite treatment with
ribavirin and reduction of immunosuppression, rapid, fatal progression to respiratory
failure ensued.1,105 One allogeneic bone marrow recipient survivor was treated with
oral prednisolone and ribavirin.106

Subsequently, a risk stratification tool initially used for donor screening of SARS
based on hospital exposure, clinical symptoms, imaging studies, and contact history
was developed.1,105 A modified version was later implemented for potential recipients.
This screening protocol highlights the need for high clinical suspicion and early initia-
tion of specific diagnostic testing with existing serologic tests or PCR methods, if
available.

SUMMARY

Respiratory infections in transplantation medicine will continue to pose significant
obstacles with associated detrimental effects on morbidity and mortality. The high
morbidity and mortality observed from emerging infections stem from protean mani-
festations of disease, which delay diagnosis as well as appropriate diagnostic and
therapeutic interventions. Early institution and maintenance of antimicrobial therapy
is often restricted by toxicity and interactions with necessary immunosuppressive
drugs. Also, limited data on effective antimicrobial regimens exist, with most thera-
peutic strategies based on anecdotal experiences.

Despite the introduction of newer antimicrobials, infections continue to emerge,
especially among transplantation recipients. The interaction of several additional
factors including transplant type, surgical technique, underlying metabolic defects,
epidemiologic exposures, extent and nature of immunosuppression, and prior antimi-
crobial use contribute to development of infection. Technological advances have
improved diagnostic techniques and modalities to define few new, previously unchar-
acterized pathogens. Innovations have also enabled definitive genotypic distinctions
of pathogens formerly characterized exclusively by phenotypic differences. Finally,
the transplant population has experienced increasing numbers, intensification of
immunosuppressive regimens, and prolonged survival. Clinicians should focus on
prevention of infections if at all possible, consider a broad but rational range of causes
of infections in patients presenting with respiratory symptoms and perform early inter-
ventional procedures such as bronchoscopy with bronchoalveolar lavage and/or
transbronchial biopsy or surgical biopsy as clinically indicated for adequate diagnostic
sampling while maintaining awareness of the potential for multidrug resistance.
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The epidemiology of human fungal infections has evolved considerably over the past 3
decades, mainly due to the rising prevalence of immunocompromised patients world-
wide consequent to the spread of human immunodeficiency virus (HIV) as well as
increasing iatrogenic immunosuppression from chemotherapy for malignancies, solid
organ/stem cell transplantation, and the use of biologic agents such as tumor necrosis
factor (TNF) inhibitors. These factors have resulted in an expanding subpopulation at
risk for opportunistic fungal infections, including fungi that were heretofore considered
poorly virulent, such as the hyaline and dematiaceous molds.1–3

Secondary epidemiologic shifts in pathogenic fungi within the immunocompro-
mised host population have resulted from steps taken to prevent more common fungal
infections. As an example, the relatively recent use of fluconazole prophylaxis in
patients undergoing chemotherapy or hematopoietic stem cell transplantation
(HSCT) has resulted in a reduction in the incidence of invasive candidiasis, but with
relative increase in proportion of fluconazole-resistant non-albicans Candida spp, as
well as a corresponding increase in invasive mold diseases.2,4–6 An increase in
azole-resistant Candida spp colonization but not infection has been documented in
the case of posaconazole use,7 while early data suggest a possible association
between voriconazole prophylaxis and zygomycosis.8
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The influence of climate change on the distribution of pathogenic fungi, particularly
endemic mycoses, is another area that has not been well studied.9 The sudden emer-
gence of Cryptococcus gattii as a cause of disease in British Columbia and the Pacific
Northwest of North America in the past decade may have been due to the materiali-
zation of a favorable ecological niche in these regions as a consequence of climate
change, although conclusive proof remains elusive.10

An overview of the epidemiologic trends has thus led to the recognition that invasive
fungal infections are now more prevalent and clinically important than ever before,
with a progressively growing list of fungi that may cause disease in humans. This
review centers on pulmonary infections caused by emerging dimorphic and opportu-
nistic fungi (Table 1), and summarizes the microbiology, clinical presentation, diag-
nosis, and management of each of these organisms. In particular, emphasis is
placed on the discussion of recent developments in terms of diagnostics, therapeu-
tics, and prophylaxis where applicable. Because intensive care–related and
transplant-related infections are dealt with in other related articles in this issue, the
fungal pathogens common in such scenarios, namely Candida spp and Aspergillus
spp, are not discussed herein.
ENDEMIC MYCOSES

The term ‘‘endemic mycoses’’ is applied to a heterogeneous group of fungi sharing
similar characteristics:11

� They may cause disease in both immunocompetent and immunocompromised
hosts. In particular, the advent of AIDS, organ transplantation, and more recently
biologics such as TNF-a inhibitors have resulted in an increase in the incidence of
disease caused by endemic mycoses.
� They occupy defined ecological niches in the environment.
� They display temperature dimorphism, existing as yeasts (or spherules in the

case of Coccidioides spp) at body temperatures and as molds at environmental
temperatures. Thus human-to-human transmission, except via organ transplan-
tation, is extremely rare.

For the latter reason, Cryptococcus gattii is not considered an endemic mycosis,
although it has a circumscribed geographic distribution and is dimorphic under certain
environmental conditions.12

The major endemic areas for histoplasmosis, coccidioidomycosis, blastomycosis,
paracoccidioidomycosis, and penicilliosis are shown in Fig. 1. Sporotrichosis has
a worldwide distribution, although it is most common in tropical and subtropical areas,
especially South America.

Histoplasmosis

Histoplasmosis is the most common endemic mycosis reported worldwide. Two vari-
eties of Histoplasma are responsible for human histoplasmosis: H capsulatum var.
capsulatum (H capsulatum) and H capsulatum var. duboisii (H duboisii). H capsulatum,
the more common cause of human disease, is distributed worldwide although it is
most frequently reported from the Ohio and Mississippi River valleys (see Fig. 1),
growing abundantly in soil that is rich with bird or bat droppings.13 H duboisii, the
cause of African histoplasmosis, coexists with H capsulatum in central and western
sub-Saharan Africa. Far less is known about the pathogenesis of this fungus, although
it exhibits tropism for cutaneous and skeletal structures with negligible pulmonary
involvement, unlike H capsulatum.13 Treatment options for African histoplasmosis
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are extrapolated from guidelines for the treatment of H capsulatum.14 The rest of this
section pertains to infection caused by H capsulatum.

Infection occurs when aerosolized microconidia formed in the mold stage of the
fungus are inhaled and phagocytized by alveolar macrophages, wherein these micro-
conidia convert to the yeast stage and are spread to hilar and mediastinal lymph nodes
with subsequent hematogenous dissemination.11 The clinical presentation and
severity of disease is dependent on the number of inhaled microconidia and the
immune status of the host.11 Infection is asymptomatic or presents as a mild nonspe-
cific respiratory illness in the great majority of immunocompetent individuals. When
specific cell-mediated immunity develops, T-cell–activated macrophages are able
to destroy the majority of intracellular yeasts, although some survive in tissue in a latent
state for years, reactivating and causing disease when cell-mediated immunity
wanes,11 or very rarely when infected organs are transplanted.15 This situation may
create a diagnostic dilemma if the infected patient has moved away from the endemic
area.

Immunocompromised patients or healthy individuals who have inhaled a large inoc-
ulum of microconidia may develop more severe, even life-threatening, acute pneu-
monia. Symptoms include high fever, dyspnea, nonproductive cough, and chest
pain. Patients often appear toxic, with acute respiratory distress developing rapidly,
while diffuse reticulonodular infiltrates and hilar lymphadenopathy are present on
chest imaging.11

Although the vast majority of patients with acute pulmonary histoplasmosis have
self-limited disease or respond well to antifungal therapy, fewer than 1% will develop
one of several delayed complications: pericarditis, granulomatous mediastinitis, histo-
plasmoma, broncholithiasis, and the very rare fibrosing mediastinitis. These complica-
tions represent different inflammatory responses to the organism, with the first 2
generally resolving after several months, whereas the last—which may occur years
to decades after the initial infection—is progressive and poorly responsive to pharma-
cologic and surgical therapy.11 Symptoms of fibrosing mediastinitis are related to the
vessel(s) or airway(s) entrapped by the fibrous tissue, and bilateral involvement may be
life-threatening.16 Histoplasmomas are slowly enlarging pulmonary nodules that
seldom cause clinical problems but may be mistaken for bronchogenic carcinoma.
Broncholithiasis occurs when peribronchial calcific nodal disease causes bronchial
obstruction via direct obstruction or airway distortion via inflammation.17

Chronic cavitary pulmonary histoplasmosis occurs almost invariably in older
patients with underlying chronic obstructive pulmonary disease (COPD), with clinical
and radiologic manifestations that are indistinguishable from pulmonary tuberculosis.
Whether this is due to reactivation or new infection is unclear, but it is progressive and
life-threatening if untreated.11

Acute and chronic progressive disseminated histoplasmosis is beyond the scope of
this article, but pulmonary involvement is not uncommon, with diffuse infiltrates on
chest imaging occasionally mimicking miliary tuberculosis.18

The wide variety of diagnostic tests available for histoplasmosis is summarized in
Table 2: the choice of diagnostic tests should be based on both type of disease
and laboratory capabilities. In general, culture remains the definitive method although
time to recovery of the fungus is slow (4–6 weeks on average).11 Antibody assays are
most useful in relatively immunocompetent patients with chronic pulmonary or
disseminated histoplasmosis. However, they may be falsely negative in immunosup-
pressed patients or those with delayed mediastinal complications, and treatment
outcomes have little correlation with antibody levels.19 Antigen detection in urine is
increasingly being used, with several commercial assays now available on the market.



Table 1
Common and emerging fungi associated with invasive pulmonary disease

Fungus Host Pulmonary Presentation

Endemic mycoses

Histoplasma
capsulatum

Immunocompetent 1. Nonspecific respiratory illness to acute fulminant pneumonia depending on inhaled
microconidia load

2. Chronic cavitary pulmonary histoplasmosis in older patients with chronic obstructive
lung disease (COPD); resembles tuberculosis

3. Histoplasmoma and other complications post acute infection
Immunocompromised 1. Acute pneumonia (as in immunocompetent host above)

2. Acute or chronic progressive disseminated disease (variety of pulmonary findings)

Coccidioides imitis Immunocompetent & immuno
compromised (clinical
syndromes more common with
immunocompromised hosts)

1. Asymptomatic or subclinical infection
2. Primary pulmonary coccidioidomycosis (may be fulminant in immunocompromised

host or post-inhalation of large arthroconidia load)
3. Pulmonary nodules � thin-walled cavitary disease
4. Chronic progressive coccidioidal pneumonia (resembles tuberculosis)

Blastomyces dermatitidis Immunocompetent &
immunocompromised
(morbidity/mortality higher
with immunocompromised)

1. Acute pulmonary blastomycosis (indistinguishable clinically from other acute
pulmonary infections)

2. Chronic pulmonary blastomycosis (variety of chest findings ranging from nodules to
military disease and pleural effusion)

3. Disseminated disease with pulmonary involvement (lung involvement as per chronic
blastomycosis above)

Paracoccidioides
brasiliensis

Immunocompetent &
immunocompromised

1. Pulmonary involvement rare in children
2. Chronic pulmonary paracoccidioidomycosis (infiltrates and nodules over central and

lower portion of the lung fields)
3. Disseminated disease especially with mucosal and cutaneous features in addition to

pulmonary involvement is common

Penicillium marneffei Immunocompetent 1. Asymptomatic or subclinical disease (clinical disease very rare in immunocompetent
hosts)

Immunocompromised
(especially AIDS patients)

1. Chronic disseminated disease in most cases (variety of pulmonary findings ranging
from diffuse alveolar lesions to cavitary disease)
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Sporothrix schenckii Immunocompetent (alcoholics or
patients with COPD)

1. Chronic fibronodular cavitary disease

Immunocompromised 1. Pulmonary involvement as part of disseminated disease (variety of pulmonary
findings)

Molds

Zygomycetes Immunocompromised (diabetes
mellitus, AIDS, stem cell or solid
organ transplantation,
corticosteroids, and so forth)

1. Infection extremely rare in immunocompetent host
2. Pulmonary infection commonly in combination with sinus involvement, otherwise

indistinguishable from invasive pulmonary aspergillosis (IPA)

Hyalohyphomycosis Immunocompetent
(mainly Scedosporium
apiospermum)

1. Allergic bronchopulmonary disease (ABPD) similar to allergic bronchopulmonary
aspergillosis

2. Pulmonary mycetoma
3. Sinopulmonary infection � brain abscess in near-drowning victims

Immunocompromised 1. Disseminated disease with pulmonary findings resembling invasive pulmonary
aspergillosis. Cutaneous lesions mimicking ecthyma gangrenosum characteristic for
fusariosis

Phaehyphomycosis Immunocompetent (patients with
asthma)

1. ABPD

Immunocompromised 1. Variety of pulmonary manifestations including solitary nodules, endobronchial
lesions and pneumonia

Yeasts

Cryptococcus gattii Immunocompetent &
immunocompromised

1. Pulmonary cryptococcosis (variety of findings from pulmonary nodules to ground-
glass opacities and adenopathy)

2. Pulmonary involvement as part of disseminated disease (prominently meningitis)
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Fig. 1. Geographic distribution of major endemic mycoses: histoplasmosis,86–92 coccidioido-
mycosis,87,93 paracoccidioidomycosis,87 blastomycosis,94,95 penicilliosis.44
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Of importance is that there may be differences in sensitivity and specificity among
these assays, and false-positive reactions may occur with a variety of other endemic
mycoses.19 Lower sensitivity of urine antigen testing for most forms of pulmonary
histoplasmosis has led to investigators using the assays on bronchoalveolar lavage
fluid, with promising initial results.20

The Infectious Diseases Society of America (IDSA) revised the guidelines for the
management of histoplasmosis in 2007.14 In general, itraconazole was recommended
for mild to moderate disease while amphotericin B (including lipid formulations) was
reserved for severe disease. Concomitant methylprednisolone was recommended
for the first 1 to 2 weeks for patients with severe acute pulmonary histoplasmosis
with respiratory complications. Antifungal treatment was generally not recommended
for patients with delayed complications, unless corticosteroids were prescribed.14 The
newer azoles (voriconazole and posaconazole) are also active against H capsulatum,
but clinical experience remains limited at present.

Prevention of exposure to H capsulatum is difficult given the omnipresent nature of
the fungus. The National Institute for Occupational Safety and Health recommends the
wearing of well-fitting particulate respirators for workers involved in high-risk activities.
Water sprays or other dust suppression techniques should also be used during demo-
lition work to minimize the risk of aerosolizing microconidia.21 Pharmacologic prophy-
laxis with itraconazole or posaconazole may be considered in high-risk
immunocompromised patients living in highly endemic areas.

In conclusion, the armamentarium of tests used to diagnose histoplasmosis is
constantly evolving, and clinicians need to be aware of the pitfalls associated with
each investigation. More studies are required to define the role of prophylaxis and
the patient population that will benefit from this.



Table 2
Diagnostic modalities for endemic mycoses

Mycoses
Direct Microscopy/
Histopathology Culture Serology Antigen Testing Molecular Testing

Histoplasmosis19 Good sensitivity (70%)
for chronic
pulmonary
histoplasmosis. Poor
for other forms of
disease

Good sensitivity for
various types of
histoplasmosis

Multiple kits available.
CF test best currently

Useful for all forms of
histoplasmosis

Urine/serum antigen
(ELISA) test available.
High sensitivity
(>90%) in
immunosuppressed
patients

Various primers
and
publications; no
commercial
kit available

Coccidioi-
domycosis19

Variable sensitivity
(15%–64%)

Low sensitivity in acute
coccidioidal pneumonia.
One week to culture on
average

High sensitivity
(up to 82%) for
various serologic
assays

ELISA seroassay
available: good
sensitivity (71%) and
specificity (98%)

Various primers
and
publications; no
commercial
kit available

Blastomycosis19 High sensitivity (90%)
from tissue specimens

Good sensitivity (66%). Long
time to positivity (4–6 wk)

Not recommended.
Current tests have
low sensitivity/
specificity

Highly sensitive (93%)
for chronic
pneumonia. Cross-
reacts with
histoplasmosis

No commercial kit
available

Paracoccidioi-
domycosis37–42

High sensitivity/
specificity

High sensitivity. Long
time to positivity (6 wk)

Multiple kits available.
Immunodiffusion the
current test of choice

Multiple kits available No commercial kit
available

Penicilliosis45,46 Good sensitivity/
specificity

High sensitivity from
blood (76%), skin
(90%), bone marrow (100%)

ELISA and other kits
available. Varying
sensitivities/
specificities

Platelia Aspergillus
seroassay may
cross-react

Urinary antigen testing
available

Experimental only.
No commercial
kit available

Sporotrichosis11,54,55 Poor sensitivity/
specificity

Tissue cultures: high sensitivity/
specificity

Growth in 7 days

ELISA: high sensitivity
(w90%)

Not available Experimental only.
No commercial
kit available

Abbreviations: CF, complement fixation; ELISA, enzyme-linked immunosorbent assay.
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Coccidioidomycosis

Coccidioidomycosis is endemic to the Americas between latitudes 40�N and 40�S,
particularly within south Arizona, Utah, California (San Joaquin Valley), Nevada,
west Texas, south New Mexico, and northwestern Mexico (see Fig. 1).22,23 Infection
is caused by inhalation of arthroconidia of either Coccidioides imitis (geographically
limited to San Joaquin Valley) or Coccidioides posadasii (located in all other endemic
regions).22 Arthroconidia develop into spherules filled with endospores within tissue,
and each endospore will develop into a new spherule on release, thus resulting in
extension of disease.22 Over the past decade, there has been a resurgence in the inci-
dence of coccidioidomycosis in the United States.22

Up to two-thirds of individuals infected by Coccidioides spp are asymptomatic or
have subclinical disease for which no medical attention is sought.24 In the rest, 3
main pulmonary clinical syndromes have been described besides disseminated
disease, which may or may not involve the meninges and is more likely to develop
in immunocompromised patients or those from certain ethnic groups such as Filipinos
and African Americans.25

Primary pulmonary coccidioidomycosis the most common presentation, manifest-
ing between 7 and 21 days post exposure.26 This condition is underdiagnosed
because the symptoms are indistinguishable from other respiratory illnesses. Cuta-
neous manifestations such as erythema nodosum or erythema multiforme may also
be seen, and appear to predict a favorable outcome. Chest radiography demonstrates
a variety of findings ranging from pulmonary infiltrates and consolidation to hilar aden-
opathy and pleural effusion.26 Similar to histoplasmosis, a fulminant process with
diffuse lung infiltrates and acute respiratory failure may rarely develop as a conse-
quence of host immunosuppression or inhalation of large arthroconidia loads.26

Up to 5% of patients with primary coccidioidal pneumonia will develop pulmonary
nodules or thin-walled cavities. The former are typically asymptomatic but are indistin-
guishable from lung tumors without the benefit of histology. The latter generally close
within 2 years, although complications, such as mycetoma or rupture into a pleural
space resulting in pyopneumothorax, may rarely occur.26

Chronic progressive coccidioidal pneumonia is uncommon and appears to be asso-
ciated with diabetes mellitus or preexisting pulmonary fibrosis. Symptoms persist
beyond 3 months and include weight loss, low-grade fever, and chronic cough. Radio-
logic findings may resemble pulmonary tuberculosis.26

Currently available diagnostic tests for coccidioidomycosis are listed in Table 2.
Cultures are more likely to be positive in chronic pneumonia and disseminated
disease,19 but it is imperative that microbiology laboratories, especially in nonendemic
areas, be warned about the possibility of coccidioidomycosis for biosafety reasons.27

Serologic testing is the most common means of diagnosing coccidioidomycosis, with
many antibody-testing methods available commercially. Results may, however, be
false-negative in immunocompromised patients, or for the first few months after infec-
tion.19 Antigen detection is a relatively new modality with high sensitivity (up to 71%)
and specificity (up to 98%) in limited studies, but cross-reactivity with other endemic
mycoses may occur.19

Treatment guidelines were established in 2005 by IDSA, and are due to be revised
next year.28 Initiating antifungal therapy in acute coccidioidal pneumonia remains
controversial, although oral azoles are recommended for severe disease and/or
infected immunocompromised patients. Patients with chronic fibrocavitary coccidioi-
domycosis will benefit from long-term oral azole therapy or even from surgery for
refractory disease, while evidence is lacking that antifungal therapy is useful for
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patients with pulmonary nodules or cavities.28 Amphotericin B formulations and the
newer azoles are also active against Coccidioides spp.28

Prophylaxis has been attempted in 2 at-risk populations living in endemic areas,
with mixed results. Primary prophylaxis was not effective for the majority of HIV-
positive patients.29 On the other hand, a targeted approach wherein fluconazole
was prescribed to solid organ transplant recipients with either positive history or sero-
logic results for coccidioidomycosis has been more successful.30

Blastomycosis

Blastomyces dermatitidis, the etiologic agent of blastomycosis, has traditionally been
restricted to the midwestern, southeastern, and south central states of the United
States, as well as the Canadian provinces bordering the Great Lakes at St Lawrence
Seaway (see Fig. 1).31 Autochthonous cases have also been reported from parts of
Africa and the Middle East.11 As with most of the other endemic mycoses, infection
occurs most commonly following inhalation of conidia, with the transformation of
mold into yeast stage occurring within macrophages. Immunity is also T-cell
mediated.32

Blastomycosis is a systemic disease with protean pulmonary and extrapulmonary
manifestations, with severity ranging from asymptomatic to rapidly fatal. The majority
of acute pulmonary infections are nonspecific in terms of symptomatology and radio-
logic findings, which typically show segmental or lobar consolidation.33 Outside of the
outbreak setting, acute pulmonary blastomycosis is rarely identified. Chronic pulmo-
nary blastomycosis is more commonly diagnosed, presenting with low-grade fever,
weight loss, fatigue, and productive cough. Masslike lesions (mimicking lung cancer),
multiple nodules, lobar infiltrates, and cavitary lesions are frequently seen on chest
imaging, whereas hilar adenopathy, miliary disease, and pleural effusions are compar-
atively rare.33

A wide variety of cutaneous and subcutaneous manifestations are seen in blastomy-
cosis, and skin involvement may occur in up to 60% of patients. These and other
extrapulmonary manifestations are outside the scope of this article, but they may
heighten clinical suspicion for blastomycosis in a patient from an endemic region.

In contrast to the other endemic mycoses, immunocompromised patients, including
transplant patients and those with HIV infection, appear not to be at higher risk of
developing blastomycosis, although morbidity and mortality rates are higher once
infection has occurred.34 Early findings are backed by more recent reports suggesting
higher rates of acute respiratory distress syndrome and miliary disease in infected
solid organ transplant recipients (15%),35 patients with AIDS (20%),36 and HSCT
recipients (40%),34 with high rates of disease-associated mortality in these vulnerable
populations.

Diagnostic testing for blastomycosis is comparatively problematic compared with
the other endemic mycoses (see Table 2). Cultures can be positive in up to two-
thirds of cases after 4 to 6 weeks of incubation—a delay that may impact on the
management of acute and disseminated infections.19 Antigen detection appears to
be highly sensitive (93%), especially for chronic pneumonia, but cross-reactions occur
with histoplasmosis. Currently available serologic tests are not recommended by
experts.19

Treatment guidelines for blastomycosis were recently updated by IDSA in 2008.31 In
summary, although it was acknowledged that acute pulmonary blastomycosis in
immunocompetent patients could be mild and self limited, it was recommended
that all infected patients should receive antifungal therapy to prevent extrapulmonary
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dissemination.31 Antifungal therapy was also recommended for all other forms of blas-
tomycosis, including mild acute pneumonia in immunocompromised patients, and
generally comprised an initial 1 to 2 weeks of amphotericin B followed by oral itraco-
nazole. The newer azoles did not appear to confer any advantage over itraconazole.31

The exception was in infected pregnant women, in whom azoles (but not amphotericin
B) were not recommended because they may be teratogenic.31

There are currently no viable strategies for preventing blastomycosis in individuals
living in endemic areas.

Paracoccidioidomycosis

Paracoccidioidomycosis is the most prevalent endemic mycosis in Latin America. The
causative agent has a restricted geographic distribution ranging from Mexico to
Argentina (latitudes 23�N to 34�S), although not all countries within these latitudes
are affected and Brazil accounts for a disproportionate (80%) number of cases.37,38

Molecular phylogenetic analysis has shown that Paracoccidioides brasiliensis is not
a single species, but rather a species complex that includes at least 3 cryptic species:
phylogenetic species (PS) 1 (Brazil, Argentina, Paraguay, Peru, and Venezuela), PS2
(Brazil and Venezuela), and PS3 (Colombia).39

Paracoccidioidomycosis is rare in children (3%), occurring mostly in men aged 30 to
50 years who are involved in agricultural work.38 Primary infection is usually transient
and subclinical, with the yeast stage capable of remaining dormant in tissue for years
until reactivated by immunosuppression. Two patterns of disease are commonly
seen: a subacute (juvenile) form seen in children and adolescents (3%–5% of cases)
where reticuloendothelial system involvement is predominant with minimal lung
involvement, and a chronic (adult) form (>90% of all cases) in which the lungs are
predominantly affected.37,38 In AIDS patients, the disease occurs at a younger age
especially in those with CD4 count of <200 cells/mL, and progresses more rapidly,
with more extrapulmonary involvement. However, mortality is similar to the chronic
form if antifungal therapy is initiated.40

Patients with chronic pulmonary paracoccidioidomycosis generally present with
chronic cough and constitutional symptoms such as night sweats, fever, and weight
loss. Where multifocal disease exists, symptoms from mucosal and cutaneous
involvement tend to predominate over pulmonary symptoms despite significant lung
involvement.37,38 Chest radiography frequently reveals bilateral patchy or nodular infil-
trates over the central and lower portion of the lungs, with cavities but not hilar aden-
opathy. Fibrosis and bullae formation are common long-term sequelae.37,38

The diagnosis of paracoccidioidomycosis is usually made by the detection of charac-
teristic budding yeasts (‘‘steering wheels’’ or ‘‘Mickey Mouse’’ appearance) from
sputum, in a tissue biopsy or scrapings of skin/mucosal lesions.37,38 Cultures are rec-
ommended, although time to positivity may be up to 6 weeks.37,38 Serologic tests are
useful both for diagnosis and follow-up. Various commercial kits are available, although
immunodiffusion is the current test of choice while the utility of complement fixation and
enzyme-linked immunosorbent assay (ELISA) are limited due to cross-reactivity with
other fungi.41 In unifocal disease or where serologic titers may be low, antigen detection
(gp48 and gp70) using an immunoenzymatic assay may be helpful.42

P brasiliensis is sensitive to amphotericin B, azoles, terbinafine, and sulfonamides.
Brazilian guidelines for the management of paracoccidioidomycosis were published in
2006.43 For mild to moderate disease, oral itraconazole is the drug of choice. For
severe disease, intravenous amphotericin B or trimethoprim-sulfamethoxazole is rec-
ommended.37,38,43 Relapses tend to occur only in patients with disseminated disease,
with higher rates in AIDS patients.40
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There are no commercially available vaccines or any tested strategies for the
primary prevention of paracoccidioidomycosis in individuals living in endemic areas.

Penicilliosis

Penicillium marneffei, the only thermally dimorphic Penicillium sp, is an emerging
endemic mycosis geographically limited to tropical Asia, especially Thailand, southern
China, northwestern India, Taiwan, and Vietnam.44 Rare as a cause of human disease
before 1988, the advent of the HIV epidemic has resulted in an explosive increase in
the prevalence of penicilliosis in Asia.44,45 In northern Thailand, it remains the third
most common opportunistic infection in AIDS patients.45 Although no association
was found between human disease and exposure to bamboo rats—from which P mar-
neffei was originally isolated46—molecular studies have shown that human and rat
isolates are genetically identical.47

Asymptomatic or subclinical infection likely occurs via inhalation of airborne con-
idia, with conversion to yeast stage within lung macrophages. Cell-mediated
immunity in immunocompetent hosts results in clearance of the fungus within
weeks. Clinical disease develops mainly in immunocompromised patients, more
commonly in AIDS patients and less so in transplant or corticosteroid recipients.44

Chronic disseminated disease is the norm, with cutaneous lesions resembling mol-
luscum contagiosum and generalized lymphadenopathy reported in the majority of
cases.48 Chest imaging in cases where lung involvement has occurred demon-
strates a variety of findings including reticulonodular and diffuse alveolar infiltrates,
with cavitary lesions seen less commonly.48 Unless treated, penicilliosis is progres-
sive and often fatal.

Diagnostic tests for penicilliosis are summarized in Table 2. In contrast to other
endemic mycoses, cultures, even from blood samples (76% sensitivity), are often
positive, although diagnosis is most commonly made from direct microscopy of
infected samples.45 Several serologic and antigen detection kits are available
commercially, with varying sensitivities and specificities.44 Of note, the Platelia Asper-
gillus seroassay cross-reacts with P marneffei and may be considered as a diagnostic
modality for penicilliosis.49 Various promising polymerase chain reaction–based
methods have been developed, although none are commercially available as yet.44

P marneffei is sensitive to amphotericin B and most azoles except for fluconazole.50

Current treatment with amphotericin B for 2 weeks initially followed by oral itracona-
zole for 10 weeks has yielded an excellent response (97.3%).51 AIDS patients should
be maintained on secondary itraconazole prophylaxis until CD4 counts exceed
100 cells/mL for 6 months.52

Sporotrichosis

Sporothrix schenckii can be found in tropical and temperate zones worldwide in
decaying material, hay, soil, and sphagnum moss. Unlike other endemic mycoses,
infection occurs primarily by cutaneous inoculation, and is more common among
gardeners and landscapers.11 Infection can also be caused by zoonotic spread via
scratches from digging animals or infected cats.53 Unsurprisingly, cutaneous or lym-
phocutaneous presentations of sporotrichosis are the most common. Rarely, involve-
ment of the lungs can occur via inhalation of the S schenckii conidia or when systemic
dissemination occurs in immunocompromised patients, typically those with advanced
HIV disease.11

Pulmonary sporotrichosis typically presents as chronic fibronodular cavitary
disease mimicking tuberculosis in middle-aged alcoholic men or those with underlying
COPD. Presenting symptoms include fever, night sweats, cough with purulent
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sputum, and other constitutional symptoms.53 Outcomes are often poor because of
diagnostic delay and severe underlying pulmonary disease.53,54

In terms of diagnostic approaches, culture of infected material offers the best yield,
with positive growth documented within 7 days on average.11 An ELISA serologic test
appears to offer excellent sensitivity (90%), although false-positive results may occur
with leishmaniasis.55 Direct microscopic examination of infected samples is of low
yield, as the organism is rare in tissue and small in size.5 There are no antigen or
molecular tests that are of clinical utility at present.

Guidelines for the treatment of sporotrichosis were updated by IDSA in 2007.53 In
patients with severe or life-threatening pulmonary disease, amphotericin B formula-
tions are the drugs of choice, followed by itraconazole for up to 12 weeks if a favorable
initial outcome is demonstrated. Oral itraconazole may be used first-line for less
severe disease, while surgery combined with an antifungal agent is recommended
in some cases. Overall, the pharmacologic management of disseminated disease is
essentially similar to the management of pulmonary disease.53 There are no viable
strategies for primary prophylaxis against sporotrichosis, although AIDS patients
with sporotrichosis may benefit from secondary prophylaxis using itraconazole.53
EMERGING PULMONARY MOLD INFECTIONS

Recent medical advances, particularly aggressive interventions for patients with
malignancies and/or HSCT, have resulted in progressively lengthening periods of
profound immunosuppression and improved survival for these individuals. Coupled
with changes in terms of prophylaxis and therapy against common invasive mycoses
such as Candida spp initially and Aspergillus spp more recently, rare and previously
nonpathogenic molds are now emerging as a cause of infection in these vulnerable
patients. The 3 main groups of emerging medically important molds are the Zygomy-
cetes, hyaline septated molds, and dematiaceous molds. In specific host populations,
namely HSCT, guidelines have been published to minimize the risk of exposure and
disease during especially vulnerable periods.56

Zygomycosis

Zygomycosis is a term used to collectively describe fungal infections caused by molds
belonging to the class Zygomycetes of the phylum Zygomycota. The most common
species causing angioinvasive zygomycosis are Rhizopus arrhizus (Rhizopus oryzae),
followed by Rhizopus microsporus var. rhizopodiformis and Rhizomucor pusillus.57

These fungi are commonly found in decaying vegetation and soil, releasing large
numbers of airborne spores. Distribution is worldwide. Risk factors include diabetes
mellitus, corticosteroid therapy, HSCT, solid organ transplantation, treatment with
desferioxamine, iron overload, AIDS, and metabolic acidosis.58 It has recently been
shown that the use of voriconazole in immunocompromised patients may be associ-
ated with zygomycosis.8

Zygomycosis commonly presents as rhino-orbital-cerebral, pulmonary, gastroin-
testinal, cutaneous, renal, or isolated central nervous system (CNS) infection.57,58 Clin-
ical manifestations of pulmonary zygomycosis mimic those of invasive pulmonary
aspergillosis. Patients may present with fever and cough, pleuritic chest pain, and
pleural effusion. Rarely, invasion of the adjacent organs of the chest wall (such as
mediastinum, pericardium, or hilar vessels) resulting in massive and potentially fatal
hemoptysis have been reported.59 Chest imaging is nonspecific, encompassing infil-
trates, consolidation, nodules, cavitation, atelectasis, effusion, and hilar
lymphadenopathy.60
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The major diagnostic issue lies in differentiating zygomycosis from invasive asper-
gillosis, as optimal therapy for each differs. An observational study highlighted the
presence of multiple nodules and pleural effusions as the differentiating features of
zygomycosis on computed tomography imaging.61 The presence on microscopic
examination of broad, ribbonlike, wide-angled branching, pauciseptate hyphae
accompanying tissue necrosis, and angioinvasion can be helpful, as Aspergillus spp
hyphae are narrower and septated. Galactomannan and b-D-glucan antigen testing
are also negative in zygomycosis.62 The correlation between clinical response and
minimum inhibitory concentration values of antifungal agents are uncertain, hence
there is a limited role for routine antifungal susceptibility testing in zygomycosis.

Lipid formulations of amphotericin B are considered the drugs of choice for this
disease.63 There is increasing evidence for posaconazole as an option for oral step-
down therapy in those who have responded to amphotericin or salvage therapy in
those who have not, with the largest retrospective study showing 60% complete/
partial response in 91 compassionate-use subjects.64 The oral iron-chelating agent
deferasirox showed a possible benefit when used in combination with antifungal
agents to treat zygomycosis.65 Correction of metabolic disturbances such as diabetic
ketoacidosis and reversal of immunosuppression is essential, along with debridement
of necrotic/infected tissue where possible. The role of adjunctive measures for
improving immunity, such as granulocyte colony stimulating factor (G-CSF) and inter-
feron-g, is still unclear.66

Posaconazole appears to be an effective antifungal prophylaxis in high-risk patients
such as HSCT recipients, although several cases of breakthrough zygomycosis have
been reported.67

Hyalohyphomycosis

Hyalohyphomycosis collectively refers to infections caused by colorless (hyaline)
septate molds (see Tables 1 and 2). Fusarium and Scedosporium infections, the
most common hyalohyphomycoses, are summarized here. Naggie and Perfect68

have recently published an excellent review of these and other medically important
hyaline molds.

Fusariosis, caused by Fusarium spp (in particular F solani, F oxysporum, and F
moniliforme), is the most common of these infections. Localized disease occurs in
immunocompetent hosts, the most devastating of which is keratitis, with a recent
multi-country outbreak occurring in 2005 to 2006 associated with Bausch &
Lomb’s ReNu contact lens solution.69 In immunocompromised patients, particu-
larly HSCT recipients and those with prolonged neutropenia or graft-versus-host
disease (GVHD), disseminated disease with pulmonary involvement occurs, with
90-day mortality exceeding 80%.70 This condition is difficult to differentiate clini-
cally from other invasive fungal diseases in such patients, although the presence
of characteristic ‘‘bull’s eye’’ skin lesions (mimicking ecthyma gangrenosum in
some cases) may help.71 Chest radiographic features range from nonspecific alve-
olar infiltrates to nodules and cavitary disease.70,71 Diagnosis is made by histo-
pathologic examination of affected tissue and/or culture, with positive blood
cultures occurring in up to 75% of patients with disseminated disease.71 In
disseminated disease, immune reconstitution is a critical part of therapy, as vari-
able species-dependant resistance to amphotericin B and the azoles may occur.72

Optimal antifungal therapy is dependent on susceptibility testing—both lipid
amphotericin B and the newer azoles such as voriconazole or posaconazole
have been used with success.72 Topical antifungals, with or without a systemic
agent such as voriconazole, are used for localized infections.72
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Scedosporium apiospermum (with Pseudoallescheria boydii as its teleomorph state)
is probably the next most common cause of hyalohyphomycosis after the various
Fusarium spp. Exposure occurs via inhalation or cutaneous inoculation following
trauma. S apiospermum can cause 3 distinctive clinical syndromes in relatively immu-
nocompetent hosts: allergic bronchopulmonary disease (ABPD) similar to that caused
by Aspergillus spp,73 pulmonary or cutaneous mycetoma,73 and sinopulmonary infec-
tion with concomitant brain abscesses in near-drowning victims.74 The mortality rate
of the last is about 70%.74 Disease in immunocompromised patients resembles fusar-
iosis, with similar rates of fungemia and mortality.68 Diagnosis is made via microscopy
or culture of the fungus from infected tissue or blood; there are no commercially avail-
able molecular tests at present. Voriconazole is the drug of choice, while posacona-
zole or combinations of antifungals have been studied.68 Outcomes have generally
been poor in disseminated disease (<50% survival), and immune reconstitution is
critical.

Phaeohyphomycosis

Phaeohyphomycosis refers to infections caused by more than 100 species of ubiqui-
tous dematiaceous (black) molds. The characteristic brown-black color of the cells is
caused by melanin, which is believed to confer a protective advantage by scavenging
free radicals and hypochlorite that are produced by phagocytic cells in their oxidative
burst.75 In addition, melanin may bind to hydrolytic enzymes, preventing their action
on the plasma membrane.75

Exposure occurs via inhalation or cutaneous inoculation (trauma). These molds may
infect both immunocompetent and immunocompromised hosts. In the former, it pres-
ents as skin or CNS infections whereas in the latter, sinusitis, pulmonary involvement,
CNS infection, and disseminated disease occurs.68 Both allergic and nonallergic
pulmonary manifestations have been described.

ABPD is typically seen in patients who have asthma. All cases caused by dematia-
ceous molds were related to Bipolaris spp or Curvularia spp and were associated with
eosinophilia or elevated IgE levels.76 Systemic steroids prescribed over 2 to 3 months
have been the primary therapy. Itraconazole has been used as a steroid-sparing
agent, but its efficacy is not clear.77

Non-ABPD is rare, seen only in immunocompromised patients or those with under-
lying lung disease. Non-ABPD may be caused by a wide variety of species including
Ochronosis gallopava, Cladophialophora spp, Wangiella dermatitidis. and Curvularia
spp68 Clinical manifestations include pneumonia, asymptomatic solitary pulmonary
nodules, and endobronchial lesions that may cause hemoptysis. Obtaining histologic
confirmation is critical because dematiaceous molds are common airway colonizers. It
can be difficult to distinguish tissue-invasive phaeohyphomycosis from invasive
aspergillosis on radiography or histology (Fig. 2), although fortunately antifungal
susceptibility profiles are similar. Therapy consists of systemic antifungal agents,
usually amphotericin B or itraconazole initially, followed by itraconazole for a more
prolonged period.78
EMERGING PULMONARY YEAST INFECTION: CRYPTOCOCCUS GATTII

As with the filamentous and dimorphic fungi, an increasing number of less common
yeast infections have been reported over the past two decades. This trend coincides
with the advent of the HIV pandemic, medical advances especially in terms of iatro-
genic immunosuppression, and perhaps even climate change and human ecological
activities.1,4–6,9 The majority of these yeasts are not associated with any specific



Fig. 2. Dematiaceous mold infections. (A, left) Computed tomography (CT) thorax image.
Exserohilum spp invasive pulmonary disease in an allogeneic stem cell transplant recipient.
(A, right) Grocott methenamine silver (GMS) stain of tissue (sinus) biopsy demonstrating Ex-
serohilum spp hyphae from the same patient. (Original magnification �100). (B, left) CT
thorax image. Rhinocladiella spp invasive pulmonary disease in a neutropenic patient
post auto stem cell transplantation for acute lymphoblastic leukemia. (B, right) GMS stain
of tissue (lung) biopsy demonstrating Rhinocladiella spp hyphae from the same patient.
(Original magnification �100).
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pulmonary syndrome except as part of disseminated disease, and a review of these is
beyond the scope of this article.

Cryptococcus gattii

Cryptococcus gattii is one of two major pathogenic cryptococcal species, with
a comparatively narrower geographic distribution because its environmental reservoir
is mainly eucalyptus trees, although it may occasionally be associated with other
species of trees.79 Cases have mainly been reported from Australia, Papua New
Guinea, and Vancouver (Canada). As with the endemic mycoses, infection occurs
almost invariably from environmental exposure (inhalation). Unlike Cryptococcus neo-
formans, C gattii is far more likely to infect immunocompetent hosts, although clinical
features are indistinguishable between the two Cryptococcus spp.80

Although the primary clinical findings are largely caused by pulmonary and neuro-
logic disease, C gattii, like C neoformans, is capable of systemic dissemination.
Underlying risk factors significantly influence the disease manifestations—symptom-
atic pulmonary cryptococcosis was proportionately about 7 times more common in
patients with chronic lung disease in one study.81 The signs and symptoms of pulmo-
nary cryptococcosis are nonspecific, and chest imaging findings run the gamut from
pulmonary nodules (most commonly seen) to ground-glass opacities and adenop-
athy.82 Acute respiratory failure secondary to severe pulmonary disease has been
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reported.83 The diagnosis is clinched on positive serum cryptococcal antigen titers,
and less commonly via positive cultures or histopathology.

Guidelines for the management of cryptococcosis were last published by IDSA in
2000, with an update due in 2010.84 These guidelines do not distinguish C gattii
from C neoformans. In general, fluconazole is recommended for mild to moderate
pulmonary disease if there is no concomitant meningitis, while an initial course of
amphotericin B combined with flucytosine is recommended for severe disease.84

The newer azoles are effective against cryptococcosis, but experience with these
agents is limited. In asymptomatic immunocompetent patients in whom the diagnosis
of cryptococcosis was made after removal of a pulmonary nodule, an initial period of
observation before initiating antifungal therapy is considered reasonable.85

There are no viable strategies for the primary prevention of C gattii or other crypto-
coccal infections at this point in time.

SUMMARY

The incidence of fungal infection, and by extension fungal pulmonary disease, has
risen over the past few decades, with previously rare fungi being isolated at increasing
frequencies even as newer prophylactic strategies reduce but do not completely abro-
gate the risk of infection by more common fungi such as Candida spp. Even with
improved diagnostic capabilities and new antifungal agents, outcomes remain poor
for many types of fungal infections. Better diagnostic tests are required, in particular
for the filamentous fungi that cause disease in severely immunocompromised
patients, while cost-effective and affordable prophylactic strategies are urgently
required for patients who are at risk for these diverse fungal infections. More research
is required to understand the ecology of the endemic mycoses, as well as how to limit
their widening geographic reach.
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Protozoal and helminthic parasitic diseases, although prevalent worldwide, are
common in tropical regions of the world. A decline in parasitic infestations was
observed in the last century, especially in developed countries, as a result of improved
socioeconomic conditions with associated good hygiene practices. The increasing
occurrence of immunosuppression in individuals due to human immunodeficiency
virus (HIV) infection/acquired immunodeficiency syndrome (AIDS), organ transplanta-
tions, or the use of immunosuppressive drugs in the latter part of the last century and
the beginning of this century have made these individuals prone to the development of
parasitic infestations de novo from the environment, or recrudescence from dormant
infestations.1–3 In addition, increase in global travel and changes in climate have
aggravated the situation.2 Many protozoal and helminthic parasites cause clinically
significant lung diseases.4,5 The important parasitic lung infestations are listed in
Table 1.5 Although parasitic diseases are seen worldwide, the major geographic distri-
bution of these diseases are given in Table 2.
PROTOZOAL PARASITES

Entamoeba histolytica, Leishmania spp (Leishmania donovani, Leishmania tropica,
Leishmania major and Leishmania infantum), malarial parasites (Plasmodium vivax,
Plasmodium falciparum, Plasmodium malaria, Plasmodium ovale and Plasmodium
knowlesi), Babesia spp (Babesia microti, Babesia divergens) and Toxoplasma gondii
are the important protozoal parasites that cause pulmonary diseases.
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Table 1
Established pulmonary diseases caused by parasitic infections

Diseases Parasites

Protozoa

Pulmonary amebiasis Entamoeba histolytica

Pulmonary leishmaniasis Leishmania donovani

Pulmonary malaria Plasmodium vivax, Plasmodium falciparum
Plasmodium ovale

Pulmonary babesiosis Babesia microti, Babesia divergens

Pulmonary toxoplasmosis Toxoplasma gondii

Helminths

(a) Cestodes

Pulmonary hydatid disease Echinococcus granulosus
Echinococcus multilocularis

(b) Trematodes

Pulmonary schistosomiasis Schistosoma haematobium
Schistosoma mansoni
Schistosoma japonicum

Pulmonary paragonimiasis Paragonimus westermani

(c) Nematodes

Pulmonary ascariasis Ascaris lumbricoides

Pulmonary ancylostomiasis Ancylostoma duodenale
Necator americanus

Pulmonary strongyloidiasis Strongyloides stercoralis

Tropical pulmonary eosinophilia
(pulmonary filariasis)

Wuchereria bancrofti
Brugia malayi

Pulmonary dirofilariasis Dirofilaria immitis
Dirofilaria repens

Visceral larva migrans Toxocara canis
Toxocara cati

Pulmonary trichinellosis Trichinella spiralis

Data from Vijayan VK. Parasitic lung infections. Curr Opin Pulm Med 2009;15(3):275.
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Pulmonary Amebiasis

Pulmonary amebiasis is one of the most common parasitic infestations worldwide.
Amebiasis has been reported mainly from the developing countries of Asia, Africa,
and Central and South America, especially in malnourished, elderly, immunosup-
pressed, and alcoholic individuals and pregnant women. It has been estimated
that approximately 50 million people worldwide suffer from invasive amebic infes-
tation each year, with a mortality of up to 100,000 annually.6,7 Ingestion of mature
E histolytica cysts in fecally contaminated food, water, or from the hands causes
infestation.8 Evidence shows that invasive amebiasis is an emerging parasitic
disorder in patients with HIV infection9 and in men who have sex with men.10

Pleuropulmonary amebiasis occurs mainly by cephalad extension from the amebic
liver abscess.11,12 The main symptoms are fever, cough, hemoptysis, right upper
quadrant abdominal pain, and chest pain. Some patients may present with respi-
ratory distress and shock. Lung abscess, hepatobronchial fistula, and broncho-
pleural fistula with pyopneumothorax have also been reported. Expectoration of
anchovy sauce–like pus indicates amebiasis.12



Table 2
Major geographic distributions of parasitic diseases

Disease Geographic Distribution

1 Amebiasis Asian subcontinent, Africa, Asian Pacific region, South
and Central America

2 Visceral leishmaniasis India, South America, central Asia, the Middle East, Africa

3 Malaria Africa, South and Central America, central Asia, southwest
Asia, southeast Europe, Indian subcontinent,
Pacific islands

4 Babesiosis United States, Europe

5 Toxoplasmosis France, Central America

6 Ascariasis Tropical and subtropical regions, southeast United States

7 Hookworm disease

Ancylostoma duodenale Europe, North Africa, the Middle East, South America

Necator americanus Southern United States, central Asia, the Caribbean,
northern South America, sub-Saharan Africa,
southern Asia, the Far East

Ancylostoma ceylanicum India, Taiwan, Philippines, Papua New Guinea

8 Strongyloidiasis Indo-China, Central America, southern United States,
Africa, tropical Australia, Pacific Islands, Papua New
Guinea, rural Italy

9 Tropical pulmonary
eosinophilia

India, Sri Lanka, Malaysia, southeast Asia, the Caribbean,
South America, Africa, Polynesia

10 Dirofilariasis Tropical and subtropical areas, southern Europe, United
States, Mediterranean, Australia, Puerto Rico

11 Visceral larva migrans Worldwide

12 Trichinellosis Worldwide, most common in parts of Europe
and United States

13 Hydatid disease

Cystic hydatid disease Mediterranean countries, Middle East, Balkans,
South America, Australia, New Zealand, central Europe

Alveolar echinococcosis The Northern Hemisphere

14 Schistosomiasis

S haematobium Africa, Arabia, the Middle East, Iran

S mansonii Africa, South America, the Caribbean, the Middle East

S japonicum The Far East (China, Philippines, Japan)

15 Paragonimiasis South America, Africa, southeast Asia
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Diagnosis of pleuropulmonary amebiasis is suggested by the findings of
increased hemidiaphragm, tender hepatomegaly, pleural effusion, and basal
pulmonary involvement. Active trophozoites of E histolytica can be found in
sputum or pleural pus. Microscopic examination of stool samples may reveal cysts
or trophozoites of amebae. The presence of amebae in the stool does not indicate
that the disease is due to pathogenic E histolytica because 2 other nonpathogenic
species found in humans (Entamoeba dispar and Entamoeba moshkovskii) are
indistinguishable morphologically.13 A nonpathogenic Entamoeba gingivalis, which
is present in the oral cavity, has to be differentiated from E histolytica in sputum
samples. The diagnostic tests for amebiasis include culture of E histolytica and
serologic tests. A combination of serologic tests with detection of the parasite
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by antigen detection by polymerase chain reaction (PCR) is the best approach to
diagnosis.14 Invasive amebiasis is treated with nitroimidazoles (metronidazole or
tinidazole).3,8 Metronidazole is given in a dosage of 750 mg orally 3 times a day
for 7 to 10 days, and tinidazole in a dosage of 800 mg orally 3 times a day for
5 days.8 Treatment with nitroimidazole should be followed by a luminal amebicidal
drug (paromomycin or diloxanide furoate) to cure intestinal luminal infection. Paro-
momycin is given as 25 to 35 mg/kg per day in 3 divided doses for 7 days, or
diloxanide furoate in a dosage of 500 mg orally 3 times a day for 10 days.8 It
has been shown in an in vitro study that ivermectin has activity against trophozo-
ites of E histolytica.15

Pulmonary Leishmaniasis

Although there are 20 species belonging to the genus Leishmania that are path-
ogenic to humans, the important protozoan parasites that cause leishmaniasis
are L donovani, L tropica, L major, and L infantum.3 Various species of female
Phlebotomus (sand fly) transmit infection to humans.16 Leishmaniasis is endemic
in Asia, Africa, Central and South America, and the Mediterranean area. It has
been estimated that nearly 12 million people are presently infected worldwide
and 2 million new cases occur annually.17 Leishmaniasis and HIV infections
coexist in a deadly synergy, and leishmaniasis accelerates the onset of AIDS in
persons infected with HIV.18 Visceral leishmaniasis is characterized by irregular
fever, weight loss, enlargement of liver and spleen, and anemia. Pneumonitis,
septal fibrosis, pleural effusion, and mediastinal adenopathy are reported in
patients coinfected with HIV.19,20 Leishmaniasis has also been reported in lung
transplant patients.21 Leishmania amastigotes can be found in the alveoli, pulmo-
nary septa, and bronchoalveolar lavage (BAL) fluid.22 Diagnosis of leishmaniasis is
by the presence of the parasites in bone marrow aspirates and by the identifica-
tion of specific DNA sequences in tissues by molecular biology techniques.23

Treatment of leishmaniasis includes amphotericin B (especially the liposome
formulations) and pentavalent antimonials.24 Liposomal amphotericin B is
prescribed in a dosage of 3 mg/kg/d intravenously on days 1 to 5, 15, and 21.
Sodium stibogluconate is given in a dosage of 20 mg/kg daily intravenously or
intramuscularly for 28 days.3 Miltefosine, the first oral drug for the treatment of
visceral leishmaniasis, is prescribed in a dosage of 2.5 mg/kg daily orally for 28
days, and the maximum daily dose is 150 mg.3,25

Pulmonary Malaria

Malaria is caused by obligate intraerythrocytic protozoa of the genus Plasmodium
and is primarily transmitted by the bite of an infected female Anopheles
mosquito.26 Five species of malarial parasites (P vivax, P falciparum, P malaria,
P ovale, and P knowlesi) infect humans.27 It has been estimated that 3.3 billion
people are at risk of malarial infection, and there are around 250 million cases
annually, leading to approximately 1 million deaths in 2006.26 The main symptoms
of malaria include fever, headache, and vomiting, usually manifesting 10 to 15
days after the mosquito bite. Falciparum malaria is the most deadly type
(Fig. 1). The pulmonary manifestations in falciparum malaria range from cough
to severe and rapidly fatal noncardiogenic pulmonary edema and acute respiratory
distress syndrome (ARDS).28 Acute lung injury and ARDS have also been reported
to occur in infestations with P vivax and P ovale.29–31

The diagnosis of malaria is based on the examination by light microscopy of stained
thick and thin blood smears. Radiological findings in severe falciparum malaria include



Fig. 1. Chest skiagram showing bilateral fluffy shadows in a patient presenting with acute
respiratory distress syndrome due to severe falciparum malaria.
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lobar consolidation, diffuse interstitial edema, pulmonary edema, and pleural effusion.
A PCR detection of P falciparum in human urine and saliva samples has been
described.32 The drugs used for treatment of severe malaria are quinine dihydrochlor-
ide, quinidine gluconate, and injectable artemisinin derivatives. Artemisinin-based
combination therapies (artemether 1 lumefantrine, artesunate 1 amodioquine, arte-
sunate 1 mefloquine, or artesunate 1 sulfadoxine-pyrimethamine) are the best anti-
malarial drugs.33 Patients presenting with ARDS require invasive mechanical
ventilation with intensive care management.34

Pulmonary Babesiosis

Babesiosis is caused by intraerythrocytic protozoal parasites, B microti and B
divergens.35 Cattle and wild rodents are the principal reservoirs of babesiosis.
Humans acquire the infection by the bite of an infected tick, Ixodes scapularis
and can also be infected from a contaminated blood transfusion.36 The parasites
attack the red blood cells and can be misdiagnosed as Plasmodium. The risk
factors for systemic infection are immunosuppression, advanced age, and sple-
nectomy. The symptoms are fever, drenching sweats, cough, tiredness, loss of
appetite, myalgia, and headache. ARDS occurring a few days after initiation of
medical therapy is the important pulmonary manifestation.37 Chest radiological
features include bilateral infiltrates with an alveolar pattern and thickening of
the septa. Specific diagnosis is made by examination of a Giemsa-stained thin
blood smear, DNA amplification using PCR, or detection of specific antibody.35

The peripheral blood smears may show, in addition to ring forms, tetrads inside
the red blood cells. These tetrads, known as Maltese cross formations, are
pathognomonic of babesiosis because they are not seen in malaria.38 Treatment
is with a combination of clindamycin (600 mg every 6 hours) and quinine (650 mg
every 8 hours) for 7 to 10 days or atovaquone (750 mg every 12 hours) and azi-
thromycin (500–600 mg on the first day and 250–600 mg on subsequent days)
for 7 to 10 days.39,40

Pulmonary Toxoplasmosis

Toxoplasmosis is caused by a single-celled protozoan parasite, T gondii. Cats are the
primary carriers of the organism.41 Humans acquire the infection by eating raw or
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undercooked meat, vegetables, or milk products contaminated with the parasitic
cysts. The symptoms of toxoplasmosis are flu-like syndrome, enlarged lymph nodes,
or myalgia. Pulmonary toxoplasmosis has been reported with increasing frequency in
patients with HIV infection. Toxoplasma pneumonia can manifest as interstitial pneu-
monia/diffuse alveolar damage or necrotizing pneumonia.42 Diagnosis of toxoplas-
mosis is based on the detection of the protozoa in body tissues. A real-time PCR-
based assay in BAL fluid has been reported in immunocompromised HIV-positive
patients.42,43 Toxoplasmosis can be treated with a combination of pyrimethamine
(25–100 mg per day orally) and sulfadiazine (1–1.5 g 4 times a day orally) for 3 to 4
weeks.3

Emerging Pulmonary Protozoal Infestations

Many protozoal parasites that are known to be nonpathogenic to humans are reported
to cause pulmonary diseases, especially in immunocompromised individuals.3 Acan-
thamoeba species can cause systemic disease with pulmonary manifestations of
nodular infiltrates, pneumonitis, and respiratory failure in immunocompromised
patients.44 Cryptosporidium parvum infection produces interstitial pulmonary infil-
trates and focal areas of consolidation in AIDS patients.45 Pneumonitis, lung abscess,
and bronchiectasis due to recurrent aspiration from secondary megaesophagus have
been reported in Trypanosoma cruzi infection (Chagas disease).46 Cardiogenic pulmo-
nary edema and pulmonary hypertension secondary to cardiac failure and dilated
cardiomyopathy have also been reported in Chagas disease.47 Trypanosoma brucei
rhodesiense can cause noncardiogenic pulmonary edema and ARDS in the acute
stage. Rare pulmonary protozoal infections that have been reported in immunocom-
promised individuals are listed in Table 3.5

HELMINTHIC PARASITES

Helminthic parasites that cause human diseases belong to the genera Nematodes,
Cestodes, and Trematodes.

Nematodes

Pulmonary diseases caused by nematode parasites are pulmonary ascariasis, pulmo-
nary ancylostomiasis, pulmonary strongyloidiasis, tropical pulmonary eosinophilia
(TPE), pulmonary dirofilariasis, visceral larva migrans (VLM), and pulmonary trichinel-
losis. These diseases usually induce blood and tissue eosinophilia.

Pulmonary ascariasis
Ascariasis caused by Ascaris lumbricoides is the most common intestinal helminthic
infection and approximately 1.5 billion individuals worldwide are infected.48 The infec-
tion occurs through soil contamination of hands or food with eggs that are then swal-
lowed.48 The eggs hatch into larvae in the small intestine. The larvae penetrate the wall
of the intestine and travel via capillaries and lymphatics to the hepatic circulation and
to the right side of the heart and then the lungs. Pulmonary migration of larvae is
usually asymptomatic. Ascaris suum has also been reported to cause pulmonary
eosinophilia.49 Patients may present with general symptoms of malaise, loss of appe-
tite, fever lasting 2 to 3 days, headache, and myalgia. The respiratory symptoms
include chest pain, cough with mucoid sputum, hemoptysis, shortness of breath,
and wheezing. Acute severe eosinophilic pneumonia requiring ventilation has also
been reported in ascariasis.50,51 Leucocytosis, particularly eosinophilia, is an impor-
tant laboratory finding. Chest radiographs show unilateral or bilateral, transient, migra-
tory, nonsegmental opacities of various sizes.52 A diagnosis of pulmonary disease due



Table 3
Emerging pulmonary protozoal infections

Diseases Parasites

Pulmonary acanthamebiasis Acanthamoeba castellanii
Acanthamoeba polyphaga

Pulmonary balamuthiasis Balamuthia mandrillaris

Pulmonary naegleriasis Naegleria fowleri

Pulmonary trichomoniasis Trichomonas vaginalis
Trichomonas tenax
Trichomonas hominis

Pulmonary lophomoniasis Lophomonas blattarum

Pulmonary trypanosomiasis Trypanosoma cruzi
Trypanosoma brucei gambiense
Trypanososma brucei rhodesiense

Pulmonary cryptosporidiosis Cryptosporidium parvum
Cryptosporidium hominis
Cryptosporidium meleagridis

Pulmonary cyclosporidiasis Cyclospora cayetanensis

Pulmonary encephalitozoonosis Encephalitozoon cuniculi
Encephalitozoon hellem
Encephalitozoon intestinalis

Pulmonary entercytozoonosis Enterocytozoon bieneusi

Pulmonary balantidiasis Balantidium coli

Data from Vijayan VK. Parasitic lung infections. Curr Opin Pulm Med 2009;15(3):280.
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to ascariasis can be made in an endemic region in a patient who presents with dysp-
nea, dry cough, fever, and eosinophilia. Stool examination usually does not show
Ascaris eggs and stool samples may be negative until 2 to 3 months after respiratory
symptoms occur, unless the patient was previously infected. Larvae can sometimes
be found in respiratory or gastric secretions.53

Pulmonary disease due to ascariasis is a self-limiting disease. However, the persis-
tence of gastrointestinal ascariasis may result in repeated episodes of respiratory
symptoms due to larval migration. To eradicate A lumbricoides from the intestine,
mebendazole is given in a dose of 100 mg twice a day for 3 days or as a single
dose of 500 mg.54 Albendazole can also be given as a single dose of 400 mg. The
safety of mebendazole and albendazole during pregnancy has not been established.
Other drugs are pyrantel pamoate (11 mg/kg, maximum dose 1 g) as a single dose and
piperazine citrate (50–75 mg/kg/d for 2 days). Pediatric dose is the same as the adult
dose. Ivermectin has also been found to be useful.55
Pulmonary ancylostomiasis
Ancylostomiasis, or hookworm disease, is caused by 3 parasite species, Ancylostoma
duodenale, Necator americanus, and Ancylostoma ceylanicum. Humans are the only
definitive host. Eggs containing segmented ova with 4 blastomers are passed in the
feces. The filariform larva formed in the soil penetrates the intact skin. These larvae
reach the pulmonary circulation through the lymphatics and venules. During pulmo-
nary larval migration, patients may present with fever, cough, wheezing, and transient
pulmonary infiltrates in chest radiographs.1,4 Bronchitis and bronchopneumonia can
occur when the larvae break through the pulmonary capillaries to enter the alveolar
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spaces. This stage is associated with blood and pulmonary eosinophilia. A direct
microscopic examination of stools shows the presence of characteristic hookworm
eggs. Mebendazole is given as 100 mg twice daily for 3 days, and albendazole as
a single dose of 400 mg. Pyrantel pamoate at a dose of 11 mg/kg orally (maximum
1 g) as a single dose has also been found to be useful.

Pulmonary strongyloidiasis
Strongyloides stercoralis is seen worldwide, but is common in South America, south-
east Asia, sub-Saharan Africa, and the Appalachian region of the United States.56 It
infects 30 million people in 70 countries.57 The unique feature of S stercoralis is that
it can complete its life cycle in the human host or in the soil. The filariform larvae
produced in the intestine can penetrate the intestinal epithelium or the perianal skin
without leaving the host. This ability is responsible for autoinfection and for persis-
tence of infection for 20 to 30 years in persons who have left the endemic areas.58

The filariform larvae that are produced in the soil can penetrate directly through the
skin, invade the tissues, penetrate into the venous or lymphatic channels, and be
carried by the blood stream to the heart and then to the lungs.59 When there is immu-
nosuppression, autoinfection is enhanced and leads to hyperinfection. In this situa-
tion, the number of migrating larvae increases greatly and they disseminate into
many organs including lungs, meninges, brain, lymph nodes, and kidneys.60 Patients
infected with HIV are at a higher risk of dissemination.60 Strongyloides hyperinfection
syndrome has been reported in lung transplant individuals.61 During migration of filari-
form larvae through the lungs, bronchopneumonia and hemorrhages in the alveoli can
occur. The inflammation following such invasion of larvae leads to disseminated stron-
gyloidiasis that is usually fatal. As the larvae penetrate the intestinal mucosa, gram-
negative bacteria from the gut are carried by the larvae on their cuticles. As a result
of invasion of bacteria along with the larvae, diffuse and patchy bronchopneumonia
and pulmonary abscess can occur.

The lung signs and symptoms include cough, shortness of breath, wheezing, and
hemoptysis.62 In patients at high risk for strongyloidiasis, adult respiratory distress
syndrome and septicemia can occur.59,60 The diagnosis of strongyloidiasis by exam-
ination of a single stool specimen using conventional techniques usually fails to detect
larvae in up to 70% of cases.57 The diagnostic yield can be increased by examination
of several stool specimens on consecutive days. In disseminated disease, larvae and
adult parasites can be seen in sputum, urine, BAL fluid, and other body fluids.63,64

Treatment is with ivermectin at a dosage of 200 mg/kg orally for 1 or 2 days, or thiaben-
dazole at 25 mg/kg twice a day for 2 days. Albendazole 400 mg twice a day for 5 days
has also been found to be useful in the treatment of strongyloidiasis.65 In immunocom-
promised individuals with disseminated strongyloidiasis, the dose of thiabendazole
has to be doubled and the duration of treatment may be several weeks. In addition,
appropriate treatment of bacterial infection has to be instituted. Corticosteroids
should not be prescribed to such patients and, if they have already been prescribed,
they must be tapered off and discontinued.

TPE (pulmonary filariasis)
TPE is caused by immunologic hyperresponsiveness to the human filarial parasites
Wuchereria bancrofti and Brugia malayi.66–69 A pseudo-tuberculosis condition associ-
ated with eosinophilia was described in 1940 in a group of patients with bilateral
miliary mottling and massive blood eosinophilia not responding to antituberculosis
treatment,70 and the name tropical eosinophilia for this entity was coined by
Weingarten.71 It is prevalent in filarial endemic regions of the world, especially the
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Indian subcontinent, south east Asia, and the South Pacific islands.67–69 As a result of
the global increase in travel by individuals from filarial endemic regions to nonendemic
regions, TPE is being increasingly reported from countries to which filarial infection is
not endemic.72 Conversely, individuals from nonendemic areas visiting filarial endemic
regions are more prone to develop TPE because they do not have natural immunity
against filarial infection to the same degree as endemic normal subjects.73,74 BAL
studies have shown an intense eosinophilic inflammatory process in the lower respi-
ratory tract.75,76 Electron microscopic examination of lung eosinophils have shown
eosinophils in an activated state.75 Patients with TPE show marked increases of
filaria-specific immunoglobulin G (IgG), immunoglobulin M (IgM), and immunoglobulin
E (IgE) antibodies in peripheral blood and lung epithelial lining fluid.77 If untreated,
partially treated, or treated late, TPE may lead to the development of interstitial lung
disease.67,74

The lung is the main organ involved in TPE, but other organs, such as liver, spleen,
lymph nodes, brain, and gastrointestinal tract, may also be involved.67,78 The male/
female ratio is 4:1 and it is mainly seen in older children and young adults between
the ages of 15 and 40 years.67 The systemic symptoms include fever, weight loss,
and fatigue. The respiratory symptoms are paroxysmal cough, breathlessness, and
nocturnal wheezing and chest pain. Leucocytosis with an absolute increase in eosin-
ophils in the peripheral blood is the hallmark of TPE. Absolute eosinophil counts are
usually more than 3000 cells/mm and may range from 5000 to 80,000.79 The chest
radiological features of TPE include reticulonodular shadows predominantly seen in
mid and lower zones (Fig. 2). In patients with a long-standing history, a few patients
have honeycomb lungs.67 Lung function tests reveal mainly a restrictive ventilation
defect with superimposed airways obstruction.80,81 Single-breath carbon monoxide
transfer factor is reduced in 88% of untreated patients with TPE.82

The treatment recommended for treatment of TPE is oral diethylcarbamazine citrate
(DEC) 6 mg/kg per day for 3 weeks.83 However, there is an incomplete reversal of clin-
ical, hematologic, radiological, and physiologic changes in TPE 1 month after
a 3-week course of DEC.84 A chronic mild interstitial lung disease has been found
to persist in TPE despite treatment.85
Pulmonary dirofilariasis
Pulmonary dirofilariasis is a zoonotic infection caused by the filarial nematodes Dirofi-
laria immitis and Dirofilaria repens. Humans are accidental hosts of this parasite, which
Fig. 2. HRCT scan of a patient with TPE showing bilateral nodular shadows.
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is transmitted to humans by the mosquito. The parasite is a vascular parasite86 and is
usually seen in the pulmonary artery where they produce a pulmonary nodule or coin
lesion.87 Nearly 50% of subjects infected with dirofilariasis are asymptomatic. Clinical
symptoms are chest pain, cough, fever, hemoptysis, and dyspnea. Computerized
tomography (CT) may show a well-defined nodule with smooth margin connected to
an arterial branch.88 Rarely, cavity formation in the lung has also been reported.89 A
PCR-based diagnosis of D repens in human pulmonary dirofilariasis is available.90

A definitive histopathologic diagnosis of pulmonary dirofilariasis can be made in tissue
specimens obtained by wedge biopsy, video-assisted thoracoscopy, or, rarely, by fine
needle biopsy. There is no specific treatment of human dirofilariasis.

Pulmonary VLM
Certain nematode parasites entering an unnatural host (eg, humans) may not be able
to complete their life cycle and their progress is arrested. VLM occurs when the para-
site enters the body via the oral route.91 The common parasites that cause VLM in
humans are a dog ascarid (Toxocara canis) and, less commonly, a cat ascarid (Toxo-
cara cati). The animals acquire the infection by ingestion of eggs of the parasites from
contaminated soil. The life cycle is then completed in the definitive hosts (dogs and
cats). Eggs are passed by the animals in feces and embryonate in the soil. When
ingested by an intermediate host (eg, humans), these embryonated Toxocara eggs
hatch into infective larvae in the intestine. The infective larvae penetrate the intestinal
wall and are carried by the circulation to many organs including liver, lungs, muscles,
central nervous system, and eye. The progress of the larvae is arrested in these sites of
the intermediate host by the formation of a granulomatous lesion. In humans, the
larvae never develop into adult worms. Therefore, infected humans never excrete tox-
ocara eggs in the feces. VLM is characterized by leucocytosis and eosinophilia. Most
children infected with Toxocara spp are asymptomatic. The main symptoms in
patients with VLM are fever, cough, wheezing, seizures, anemia, and fatigue. Pulmo-
nary manifestations are reported in 80% of cases, and patients may present with
severe asthma. Chest skiagram may reveal focal, patchy infiltrates. In some cases,
severe eosinophilic pneumonia may lead to respiratory distress.92,93 Other clinical
features include generalized lymph node enlargement, hepatomegaly, and spleno-
megaly. Serologic tests by enzyme-linked immunosorbent assay (ELISA) using
excretory-secretary proteins obtained from cultured T canis may be useful in the diag-
nosis.94 Because humans are not the definitive host of Toxocara spp, eggs or larvae
cannot be found in the feces.

VLM is a self-limiting disease and there may be spontaneous resolution. Therefore,
mild to moderately symptomatic patients may not require any drug therapy. Patients
with severe VLM can be treated with DEC, thiabendazole, or mebendazole. DEC can
be given in a dose of 6 mg/kg/d for 21 days and mebendazole in a dose of 20 to
25 mg/kg/d for 21 days.95

Pulmonary trichinellosis
Five species of Trichinella (Trichinella spiralis, Trichinella nativa, Trichinella nelsoni,
Trichinella britovi, and Trichinella pseudospiralis) can infect humans, and the most
important species is T spiralis.96 The parasite has a direct life cycle with complete
development in 1 host (pig, rat, or human). However, 2 hosts are required to complete
the life cycle and perpetuate the species. Humans can be infected from raw and
partially cooked pork, if infected pig muscle containing larval trichinellae is eaten.
The larvae develop into adults (males and females) in the duodenum and jejunum.
The newborn larvae produced by female parasites pass through the lymphatics or
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blood vessels to reach the striated muscles.97 The larvae undergo encystment in the
muscle and a host capsule develops around the larvae. Later, it may become calcified.
The life cycle is completed when infected muscle is ingested by a suitable host.

The common symptoms of trichinellosis are muscle pain, periorbital edema, fever,
and diarrhea.98 Pulmonary symptoms include dyspnea, cough, and pulmonary infil-
trates. Dyspnea may be due to the involvement of the diaphragm. Leucocytosis,
eosinophilia, and increased levels of serum muscle enzymes are important laboratory
findings. A definitive diagnosis can be made by muscle biopsy (usually deltoid muscle)
that may show larvae of T spiralis.99 Symptomatic treatment of trichinellosis includes
analgesics and corticosteroids. Specific treatment is with mebendazole at a daily dose
of 5 mg/kg in 2 doses, or with albendazole at 800 mg/d (15 mg/kg/d) in 2 doses.100

Mebendazole is prescribed in higher doses (up to 20–25 mg/kg/d in 3 doses) in
some countries.100 Both drugs are prescribed for 10 to 15 days. The treatment cycle
may be repeated after 5 days.100 Trichinellosis can be prevented by only consuming
properly cooked pork.

Cestodes

Hydatidosis is caused by the larval stage of taeniid tapeworms of the Echinococcus
genus: Echinococcus granulosus and Echinococcus multilocularis. The adult worm
lives in the intestine of canids, which are the definitive hosts. The canids are infected
by eating contaminated organs of the intermediate hosts, herbivores. Humans are
accidental hosts, and are infected from food, drinks, or hands contaminated by
embryonated eggs that have been excreted in the feces of canids. The larvae reach
the blood and lymphatic circulation of intestines and are transported to the liver, which
is the main target. The lungs and other organs may also be affected.

Pulmonary cystic hydatidosis
Cystic hydatidosis or hydatid cyst caused by E granulosus is a serious health problem
in most parts of the world, particularly in sheep-raising areas of the Mediterranean
countries, the Middle East, the Balkans, South America, Australia, and New Zealand,
where it is endemic in rural areas. There are about 65 million infected people in approx-
imately 100 countries. The incidence of hydatidosis varies from less than 1/100,000 to
more than 15/100,000, with a tendency to increase in some regions (Balkans,
Kazakhstan, China) suggesting that it is a re-emerging disease.101 Dogs are the defin-
itive hosts and sheep the main intermediate host. The liver is the primary location in
55% to 70% of cases, followed by the lung in 18% to 35%.102 Typically, larvae that
pass through or bypass the liver filter are trapped in pulmonary arterial capillaries.
The entrapped larvae develop into hydatid cysts that grow gradually and often create
complications by rupturing in the airway or, less commonly, in the pleural space.

Secondary pulmonary hydatidosis is exceptional. Secondary metastatic pulmonary
hydatidosis may occur by the rupture of a liver cyst in vena caval circulation or a heart
cyst in the right ventricular cavity. Secondary bronchogenic pulmonary hydatidosis
may occur by the rupture of a primary lung cyst in the bronchi and then seeding of
the protoscolices along the bronchial tree.

In most cases (72%–82%), primary lung hydatidosis is single. Multiple hydatidosis
(20%) may be unilateral or bilateral. Patients are asymptomatic in the initial stages of
infection. Chest pain, hemoptysis, dyspnea, or allergic reaction may occur subse-
quently. Giant cysts in childhood may be manifested by developmental disturbances
or dysmorphic deviation of the thorax. Bronchial rupture of the cyst is observed in 30%
of cases and can result in vomiting of the contents of hydatid cysts, hemoptysis, and
infection of the cysts. Intrapleural rupture may be the initial manifestation in 3.5% to
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6% of cases. This rupture may be acute, leading to hydropneumothorax or empyema
(Fig. 3), or insidious with delayed development of secondary pleural hydatidosis.103,104

Secondary metastatic hydatidosis can rapidly be fatal or may lead to the development
of secondary disseminated metastatic pulmonary hydatidosis, often associated with
obstruction of pulmonary artery branches resulting in chronic hydatic cor
pulmonale.104–106

Secondary bronchogenic hydatidosis leads to disseminated lesions as grapes of
small multilocular hydatids. It may be seen after spontaneous rupture of a primary
cyst or observed after surgical cyst removal and perioperative inoculation (Fig. 4).
Vomiting of small entire hydatids is a specific sign called hydatidoptysis.104–108

Diagnosis of pulmonary hydatid cyst is still based on radiography, and a noncompli-
cated cyst presents as a well-defined homogenous hydrous round (cannonball)
opacity that may be lobulated by contiguous bronchovascular axes (Fig. 5). Fissured
or ruptured cyst in the bronchi may have the characteristic findings of air crescent,
pneumocyst, floating membrane, ring within a ring, or completely empty cavity
images. The dry membrane retention image may have a polymorphous aspect and
may mimic a tumor. Complicated cases may have atypical presentation with hetero-
geneous images or associated atelectasis.109–111 Thoracic ultrasonography may be
useful if the cyst is accessible to ultrasound examination. It may confirm the cystic
Fig. 3. Hydatid cyst of the right lung with simultaneous rupture into bronchi and pleura:
chest radiographs (A, B) showing hydropneumothorax, CT (C) with the retracted membrane
in the cystic cavity, and operative view (D).



Fig. 4. Postoperative secondary bronchogenic hydatidosis: (A, B) preoperative chest radio-
graphs showing complicated hydatid cyst of the left upper lobe with retracted membrane.
(C, D) Chest radiographs and CT 14 months after surgery showing disseminated secondary
bronchogenic hydatidosis in the left lower lobe.

Fig. 5. Bilateral typical cannonball images of noncomplicated hydatid cysts on chest
radiographs.
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structure, showing the characteristic double-contour aspect (the pericyst and the
parasite membrane endocyst) in nonruptured cysts (Fig. 6). Detached or retracted
membrane may be observed in ruptured cysts. Daughter cysts are rarely observed
in lung hydatidosis. Liver and abdomen ultrasound study is generally systematically
performed to search for associated abdominal hydatid cysts.112,113 CT is helpful in
doubtful cases, because the internal structure of the cyst can be analyzed and its
density measured; the state of the neighboring parenchyma and the whole thorax
and abdomen can be evaluated for associated cystic lesions or anomalies.114,115

Laboratory tests are complementary to clinical and imaging investigations. Eosino-
phils can be slightly increased in complicated cysts. Serologic tests are less sensitive
in patients with lung hydatidosis (65%) than in those localized in liver
(80%–94%).116,117 False-positive tests may be observed in patients suffering from
other helminthic infestations. Immunologic tests may be helpful to confirm the hydatic
origin of a cystic lesion and permit the serologic monitoring of medically or surgically
treated patients.

Surgery is the main treatment of pulmonary hydatidosis and aims to remove the
parasite and treat associated parenchymal, bronchial, or pleural disease. During
surgery, spillage of hydatid fluid must be avoided to prevent secondary hydatidosis.
Relapse rates up to 11.3% have been reported. Parasite extraction may be achieved
by the removal of intact hydatid (Fig. 7) or by hydatid fluid aspiration with or without the
use of scolicidal agents. Surgery must be as conservative as possible and resection is
necessary in case of severe and irremediable lung damage. Lung resection rates vary
from 7% to 16%. Bilateral lung hydatidosis, present in 4% to 26% of operated cases,
may be treated in 1-stage or 2-stage surgery by bilateral thoracotomy or sternotomy.
Video-assisted thoracoscopic surgery (VATS) can be safely used in selected cases
with the same surgical rules as in open surgery.102,118–121 If there are associated cysts,
especially in the liver, these may be treated in the same operation or separately. Long-
term treatment with benzoimidazole carbamates (albendazole or mebendazole) has
not been found to be effective in lung hydatidosis. Treatment with benzoimidazole
has been suggested to prevent recurrences, although there is no evidence of its effi-
cacy.121,122 The effects of these drugs are variable because of poor absorption and
low drug availability in blood and in the cyst despite 6 to 12 months of treatment.
Treatment with these drugs has also been found to be associated with alopecia and
Fig. 6. Ultrasound study of a right lower lobe cyst by retrograde transhepatic and trans-
diaphragmatic approach with typical double contour aspect of the cyst (black arrow)
(FOIE, liver, KYSTE, cyst).



Fig. 7. Operative view of entire hydatid delivery after pericyst incision.
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hepatic and hematologic toxicity. Therefore medical therapy must be reserved for
inoperable or complex cases.123–125 Surgery is the main treatment in most cases,
with a low mortality (0%–5%) and morbidity (0%–13%).102,118–122 Percutaneous treat-
ment by puncture-aspiration-injection-reaspiration (PAIR) or percutaneous thermal
ablation is used in hepatic hydatidosis. PAIR has rarely been used for lung hydatidosis
because of the risk of anaphylactic shock, pneumothorax with pleural spillage, and
bronchopleural fistulae.116,122,126 Hydatidosis remains endemic in many parts of the
world and preventive programs to break the parasite cycle remain hard to realize in
sheep-raising countries. Immunologic and parasite antigen detection studies are in
progress to produce an efficient vaccine for dogs and sheep.116,122
Pulmonary alveolar echinococcosis
Alveolar echinococcosis is a rare but severe, highly pathogenic, and potentially fatal
form of echinococcosis. Wild canines, especially foxes, are the definitive hosts, and
other hosts are dogs, cats, and wolves. Small animals (mainly rodents) are the inter-
mediate hosts. Alveolar echinococcosis is restricted to the Northern Hemisphere
(Europe, North America, some regions of China, and Japan) with a tendency to extend
to endemic zones because of the increase in fox populations, especially in cities,
leading to an urban cycle of the parasite.101,116,127 The liver is the first target of the
parasite, with a silent and long incubation period (5–15 years). Exogenous proliferation
causes infiltration of adjacent tissues and pressure necrosis. It can metastasize to
distant organs; mainly lungs, brain, and bones. Lung involvement results from meta-
static dissemination or direct extension through the diaphragm of hepatic echinococ-
cosis with intrathoracic rupture into the bronchial tree, pleural cavity, or mediastinum.
Direct extension to the right atrium through the inferior vena cava with recurrent
episodes of pulmonary embolism has also been reported. Imaging studies with radi-
ography, ultrasonography, CT, and magnetic resonance imaging (MRI), may help in
the diagnosis of metastatic lung disease. Biopsy may be needed to confirm the diag-
nosis.128,129 Serologic tests (ELISA, indirect hemagglutination assay [IHA]), are avail-
able and are of great value for early detection in endemic areas to confirm
diagnosis and to plan early surgery.116,130 Radical resection of localized lesions is
the only curative technique for alveolar echinococcosis but it is rarely possible in inva-
sive and disseminated disease. Medical treatment is with mebendazole 40 to
50 mg/kg/d in 3 divided doses, or with albendazole 10 to 15 mg/kg/d orally in 2 divided
doses for a long period (minimum of 2 years) after radical surgery, or life-time treat-
ment of nonresectable or incompletely resected lesions.116,123
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Trematodes

Pulmonary schistosomiasis and pulmonary paragonimiasis are the important diseases
caused by trematodes.

Pulmonary schistosomiasis
Schistosomiasis (bilharziasis) affects more than 200 million people around the world in
more than 70 countries. It is the third most common endemic parasitic disease after
malaria and amebiasis.131 Three important species of schistosoma that may cause
pulmonary disease are Schistosoma haematobium (Africa, Arabia), Schistosoma man-
sonii (Africa, Arabia, Antilles, and South America), and Schistosoma japonicum (Japan,
China). Infected humans excrete schistosoma eggs in urine or feces. The intermediate
host, snails, ingest the eggs, which go through several multiplication cycles to
produce the infective form, cercaria. Cercaria are found in water and are able to pene-
trate human skin or intestinal mucosa after ingestion. Swimming in contaminated
water is the common mode of transmission. After penetration of the skin, the young
form of the parasite, called schistosomula, migrate to the lung and later to the liver.
Adult forms migrate in groups to mesenteric or pelvic veins.

Acute pulmonary manifestations are observed 3 to 8 weeks after skin penetration
and present as an acute febrile illness with wheezing, dry cough, and shortness of
breath due to an immunologic reaction in which eosinophils are sequestrated in the
lungs (Katayama syndrome). Urticaria, headache, hepatosplenomegaly, and marked
eosinophilia are generally observed in the acute form.132–134 Chest radiography and
CT show small, ill-defined nodular lesions, reticulonodular lesions, or diffuse
ground-glass opacity. Chronic pulmonary schistosomiasis results from a granuloma-
tous reaction to eggs or worms embolized from pelvic veins in small pulmonary
vessels through the inferior vena cava for S haematobium, or from mesenteric veins
through portacaval anastomosis in patients with portal hypertension (S Mansonii
and S japonicum). At this stage, pulmonary schistosomiasis is frequently asymptom-
atic with different radiographic findings: nodules, miliary forms, pseudo-tumoral
forms, or cavitary lesions. Pulmonary arterial hypertension (PAH) may develop after
many years and may lead to chronic cor pulmonale in 2% to 6% of cases. Recent
studies have shown an incidence of PAH of 6.3% to 13.5% in patients with schistoso-
miasis, and it is the most prevalent cause of PAH in endemic zones such as
Brazil.135,136 PAH associated with schistosomiasis was believed to be related to
mechanical vascular obstruction by the parasites and was classified in group 4 of
the Venice Clinical Classification of Pulmonary Hypertension in 2003. Recent studies
have found that mechanical obstruction is not the main factor and have suggested that
inflammation and vasospastic factors play a significant role; this has been confirmed
by necropsy studies of lung specimens with vascular lesions indistinguishable from
those of idiopathic PAH. Therefore, pulmonary hypertension associated with schisto-
somiasis is now classified in group 1 of the Updated Clinical Classification of
PAH.136,137

Diagnosis of schistosomiasis may be made by stool and urine examination for para-
site eggs, or by rectal biopsy. The sensitivity of these tests is low for early infection. In
chronic schistosomiasis without portacaval hypertension, rectal biopsy has 80% posi-
tivity and parasitologic examination about 50%. Serologic tests (ELISA to be
confirmed by enzyme-linked immunoelectro transfer blot) are positive 2 weeks after
infestation, and may aid in the diagnosis if associated with eosinophilia in the acute
phase. They remain positive for years, and are not helpful for determining the prog-
nosis, and cannot differentiate a current disease from former infection. Lung biopsy
may show the bilharzial granuloma surrounding the parasite egg.133–138
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Treatment is with praziquantel 40 mg/kg daily. Treatment may cause a reactive
pneumonitis to dying eggs or worms. Acute pneumonia can be observed 2 weeks after
treatment, which is believed to be related to lung embolization by detached adult
worms in pelvic veins.139 Patients with PAH are treated with specific PAH treatment
along with antiparasitic medication. It is not found to have a significant hemodynamic
effect on PAH.136 Studies are in progress to develop a vaccine against
schistosomiasis.140

Pulmonary paragonimiasis (lung flukes)
Paragonimiasis is a food-borne zoonosis caused by Paragonimus westermani or other
species of Paragonimus. It is endemic in east and southeast Asia, Africa, and South
America. The parasite is transmitted via snails to freshwater crabs or crayfish, and
then to humans or other mammals (cats, dogs, tigers). Human infection occurs by
ingestion of raw or incompletely cooked freshwater crabs or crayfish infected with
the metacercaria. The ingested metacercaria excyst in the duodenum and then
migrate through the intestinal wall into the abdominal cavity in 3 to 6 hours and, after
several days, they penetrate the diaphragm into the pleural cavity and lungs, reaching
the bronchioles where they develop into adult worms. The eggs produced by the adult
worms are expectorated in sputum or passed out in feces if bronchial secretions are
swallowed. The lung is the main target organ and ectopic locations may be the central
nervous system or skin.141–143

Pulmonary manifestations include fever, chest pain, chronic cough with blood-
tinged sputum, or hemoptysis that may mimic tuberculosis. Pleural effusion or pneu-
mothorax may be the first manifestation during intrapleural migration of the juvenile
worms.141,142 Chest radiography or CT may show patchy airspace consolidation
due to exudative or hemorrhagic pneumonia that may cavitate. Worm cysts may be
seen as solitary or multiple nodules or gas-filled cysts with ring shadows and crescent
shaped areas within the cyst that represent worms attached to the wall of the
cavity.144,145 Diagnosis is confirmed by the detection of eggs in the sputum or BAL
2 to 3 months after infection. Eggs or worms may be detected in a subcutaneous
lump or in pleural effusion. Intradermal and serologic tests are also available (ELISA,
dot immunogold filtration assay [DIGFA], indirect hemagglutination, indirect fluores-
cent antibody tests, and immunoblot). Differentiation of paragonimiasis from tubercu-
losis may be difficult.141,142

Praziquantel and triclabendazole are the drugs recommended to treat paragonimia-
sis. Praziquantel is administered at a total dose of 150 mg/kg, 3 doses per day for 2
days with a cure rate of 80% to 90%. Triclabendazole is administered at a dose of
20 mg/kg/d in 2 divided doses with a cure rate of up to 98.5%. Other drugs, such
as mebendazole and bithionol, have been tried with cure rates of 70% and 50% to
60% respectively. Surgical removal of parasites and infected tissues may be indicated
in selected cases, especially cerebral and spinal paragonimiasis.140,141 The most
efficient way to prevent and control the disease is to avoid consumption of under-
cooked crabs, shrimps, and crayfish.

SUMMARY

Many lung infestations from established and newly emerging parasites have been
reported as a result of the emergence of HIV/AIDS, the increasing use of immunosup-
pressive drugs, increasing organ transplantations, the increase in global travel, and
climate change. A renewed interest in parasitic lung infections has been observed
recently because many protozoal and helminthic parasites cause clinically significant
lung diseases. The diseases caused by these parasites may mimic common and
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complicated lung diseases ranging from asymptomatic disease to ARDS requiring
critical care management. The availability of new molecular diagnostic methods and
antiparasitic drugs enables early diagnosis and prompt treatment to avoid the
morbidity and mortality associated with these infestations. Good hygiene practices,
improvement in socioeconomic conditions, vector control measures, and consump-
tion of hygienically prepared and properly cooked food are essential to reduce the
occurrence of parasitic infestations.
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INFLUENZA VIRUSES

Influenza viruses belong to the family of Orthomyxoviridae, which are lipid-enveloped,
single-stranded, negative-sense, 8-segmented RNA viruses (Fig. 1). Of the 3 known
serotypes of influenza (A, B, and C), only types A and B cause frequent and occasion-
ally severe diseases in humans. There is only 1 type of influenza B, whereas influenza A
has multiple subtypes, characterized by a combination of the 16 known hemagglutinin
(HA) and 9 neuraminidase (NA) genes that code for these viral envelope or surface
proteins. These proteins play a role in viral entry and egress from human respiratory
epithelial cells within which the virus replicates. Of these 16 HA subtypes, 6 have
been found in human infections (H1, H2, H3, H5, H7, and H9). It is generally accepted
that the human immune response is mainly targeted at the HA protein epitope of the
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Fig. 1. Negatively stained transmission electron micrographs showing some of the
ultrastructural morphology of (A) the recently emerged pandemic influenza A (H1N1)
2009 virus of swine origin (strain: A/CA/4/09), (B) the recreated 1918 pandemic influenza
A (H1N1) virus grown in Madin-Darby canine kidney cell culture, and (C) 2 avian influenza
A (H5N1) viruses (magnification �108,000) showing the stippled appearance of the rough-
ened surface of the proteinaceous coat encasing each virion. It should be noted that
although these images show different views of these influenza viruses, electron microscopy
generally cannot distinguish among the different influenza virus types, subtypes, or strains.
(Data from The Centers for Disease Control Public Health Images Library. Available at http://
phil.cdc.gov/phil/home.asp. Accessed April 17, 2010; #11,212 [A], #8243 [B], and #8038 [C].)
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virus, which is why the seasonal influenza vaccine is mainly characterized by its HA
(rather than its NA) composition for influenza A.

So far, only 3 subtypes of HA (H1, H2, H3) and 2 subtypes of NA (N1, N2) have
caused pandemics in humans. Traditional pandemic surveillance has focused on
monitoring the antigenic shift, that is, the reassortment of HA and/or NA genes
between human and zoonotic influenza A viruses during rare events of dual infections
in a human or an intermediate host. For the surveillance of currently circulating
seasonal influenza viruses, most recently the A (H3N2) and A (H1N1) viruses, viral
isolates are collected throughout the year to determine the most appropriate seasonal
influenza vaccine composition for the coming influenza seasons in the northern and
southern hemispheres.

http://phil.cdc.gov/phil/home.asp
http://phil.cdc.gov/phil/home.asp
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Avian Influenza A (H5N1)

A zoonotic virus (ie, originating from animals and spreading to humans), avian influ-
enza A (H5N1) emerged for the first time in Hong Kong in 1997 from chickens to infect
humans, infecting 18 people and killing 6 of them—a high mortality rate of more than
30%.1

Originally discovered to be circulating on geese farms in 1996 in Guangdong, China,
this highly pathogenic avian influenza A (H5N1) virus soon spread to Hong Kong,
causing outbreaks among poultry in 1997. It was eventually eradicated from Hong
Kong after a mass cull of all poultry, but it apparently continued to circulate asymp-
tomatically amongst birds in southern China,2 from where it eventually reemerged in
the human population in 2002 to 2003 and has been causing ongoing sporadic human
infection and disease, with a high mortality (close to 60%) till present. As of August 31,
2009, the World Health Organization has reported 440 cases of sporadic H5N1 human
infection, of which 262 were lethal (a 60% case-fatality rate).3

In addition, sporadic, generally mild (although there has been at least 1 recorded
death because of H7N7) human infections resulting from occasional bird-to-human
transmissions, with low pathogenic avian influenza strains (eg, subtypes H9N2,
H7N7, H7N2, and H7N3) have been ongoing since 1997, when heightened surveil-
lance for avian influenza viruses began (Fig. 2).4 So far, all these low pathogenic avian
influenza viruses isolated from these sporadic human infections have been genetically
similar to the corresponding avian influenza viruses circulating in birds. Thus, so far
and within the limits of current surveillance, there seems to have been no further reas-
sortment of these viruses with either human or swine influenza viruses. Until recently,
avian influenza A (H5N1) was considered the prime virus subtype candidate for
causing the next influenza pandemic.

However, the recent unexpected emergence of the pandemic influenza A (H1N1)
2009 virus (also referred to as H1N1v) of swine origin from Mexico has demonstrated
that even influenza subtypes that have been encountered in previous influenza
pandemics may constitute new pandemic threats.5
INFLUENZA PANDEMICS

Before the emergence of the recent pandemic influenza A (H1N1) 2009 virus, there
were 3 pandemics during the twentieth century: in 1918 (the Spanish flu), 1957 (the
Asian flu), and 1968 (the Hong Kong flu). These incidents have been widely studied
with the help of available (and sometimes extensive) epidemiologic records and any
preserved, archived viral isolates or infected tissue specimens.

The first of these pandemics in 1918 coincided with World War I and infected an
estimated one-third of the world’s population (approximately 500 million people),
with approximately 50 million deaths. In contrast, the subsequent 1957 and 1968
pandemics (now shown to have originated in Asia) resulted in a lower morbidity and
mortality but still had a significant global effect. Perhaps most importantly, the occur-
rence of these subsequent pandemics gave rise to the concept that such pandemics
could and would recur.

Pandemic influenza viruses are thought to arise when there is frequent human
contact with certain animal species that can be infected with their own specific influ-
enza viruses and when these viruses develop the ability to jump the species barrier to
infect humans. This crossing is made possible in the presence of certain gene muta-
tions permitting the binding of such animal influenza viruses to surface proteins on
human respiratory epithelial cell receptors.6



Fig. 2. Reassortment history of human pandemic influenza strains. Each influenza gene
segment is represented by a colored horizontal bar. The 1918 Spanish flu influenza and
classic swine influenza probably originated from an avian influenza virus population at
some point in the past, but arrows indicating their origins have been omitted here because
the exact species-crossing events cannot be defined for certain and remain controversial.
The reassortment events generating the H3N2 Hong Kong flu pandemic strain have been
simplified here because of space constraints. Sporadic bird-to-human transmission events
are also shown in the bottom right corner.
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Birds are the natural reservoir for influenza A viruses, although other animals such as
pigs and horses have also acquired and maintained their own separate genetic line-
ages of influenza.7 The origin of the 1918 A (H1N1) pandemic influenza virus has
become more controversial recently, and there is a debate over whether it was derived
from a human influenza strain existing before 1918,8 or directly from a purely avian
influenza strain from around 1918,9 or whether it was generated by the reassortment
or recombination between human and avian influenza viruses cocirculating around
that time. The reason for this controversy is that there are very few viral isolates avail-
able for analysis from around this time (before 1918); therefore, the complete diversity
of avian influenza viruses circulating then cannot be known.

In contrast, the origins of the 1957 and 1968 influenza pandemics have been more
clearly defined (see Fig. 2). The 1957 pandemic was caused by an A (H2N2) reassor-
tant strain admixing HA, NA, and polymerase basic protein 1 (PB1) gene segments
from avian influenza strains, with the remaining gene segments from the A (H1N1)
human pandemic influenza virus subtype that had been circulating since its emer-
gence in 1918.10 The strain A (H2N2) eventually replaced A (H1N1); then A (H2N2)
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was itself replaced by the 1968 A (H3N2) pandemic subtype. The 1968 A (H3N2) virus
was also a reassortant strain in which the HA and PB1 gene segments from an avian
influenza strain reassorted with the then currently circulating A (H2N2) virus.10 Since
1977, this A (H3N2) virus has been cocirculating with an A (H1N1) strain similar to
the 1918 A (H1N1) pandemic virus, which was accidentally released from a labora-
tory.11 Thus, these 2 viruses have now become familiar to us as the seasonal influenza
A subtypes for more than 30 years. Analyses of the viruses that caused the 1957 and
1968 influenza pandemics therefore proved that zoonotic transmissions of influenza
viruses (ie, from animals to man) with gene reassortment were capable of generating
antigenically new influenza strains, novel to human immunity, with significant effects
on the public health.

Pandemic Influenza A (H1N1) 2009

The emergence of the first influenza pandemic virus in April 2009 in more than 40 years
caught the world by surprise. It was a surprise not just because of the zoonotic origin
of the virus (ie, swine rather than avian) but also because of the geographic origins (ie,
the Americas rather than Southeast Asia).12 However, the pandemic preparedness
that was already in place to combat the more expected avian influenza pandemic
has been used to good effect. The stockpiling of antivirals and a lot of basic and
applied research into developing vaccines against novel influenza viruses had already
commenced.

Apart from the clinical preparedness, a lot of groundwork has also already been
done on the development and application of mathematical models for describing
and predicting how the pandemic will evolve,13,14 as well as identifying and prioritizing
public health interventions.15 This approach has been stimulated greatly by the severe
acute respiratory syndrome outbreaks of 2003, and it was easy to apply these tech-
niques to influenza. These mathematical models included not just the traditional
epidemiologic models but also the newer approach of phylogenetic analysis applied
to partial or whole viral genomes. In some recent analyses of the novel pandemic influ-
enza A (H1N1) virus, this latter approach has been used to give unique insights into the
evolution of this new virus.16
CLINICAL FEATURES, DIAGNOSIS, AND MANAGEMENT OF INFLUENZA

Case definitions form the cornerstone of the investigation and management of indi-
vidual patients and outbreaks, although the different influenza subtypes may present
in slightly different ways. However, these differences, although statistically noticeable
in comparative case series, may not be necessarily useful when faced with individual
patients. Ultimately, laboratory diagnosis will always be required to distinguish among
the different infecting subtypes.

Clinical Presentation

Seasonal influenza viruses
Clinically, influenza is usually a self-limiting disease. After an average incubation
period of around 1 to 2 days, onset of illness is characterized by an abrupt onset of
fever and chills accompanied by headache, generalized myalgia, rhinorrhea, sore
throat, and cough. Gastrointestinal symptoms such as vomiting, abdominal pain,
and diarrhea are often reported. The most common cause of hospitalization is lower
respiratory tract infection, including croup, bronchitis, bronchiolitis, and pneumonia.
Manifestations involving the central nervous system may be observed, including
encephalopathy, postinfluenza encephalitis, transverse myelitis, Guillain-Barr�e
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syndrome, and acute necrotizing encephalitis. Myositis often occurs 3 days (range, 0–
18 days) after onset of illness. In young infants, influenza can mimic generalized
sepsis. Myocarditis is a rare complication. Epidemiologically, most deaths occur in
infants and the elderly (>65 years old) during the annual influenza epidemics as a result
of decreased immunity against influenza virus infection. The mortality curve typically
presents with a U shape when age-specific excess mortality caused by pneumonia
and seasonal influenza is plotted.17

Avian influenza A (H5N1) virus
The incubation period for this virus has been estimated to be up to 7 days, but it is
more commonly 2 to 5 days after the last known exposure to sick or dead poultry.
In cases where limited human-to-human transmission likely occurred, the incubation
period was estimated to be between 2 and 10 days.18

Analyses of the human A (H5N1) infections in Hong Kong, Vietnam, Thailand, and
Cambodia revealed that fever and cough were the most common initial symptoms.
Gastrointestinal symptoms including vomiting, diarrhea, and abdominal pain were
reported early in the course of illness in some cases.19 Others reported pleuritic
pain and bleeding from the nose and gums. Generally, patients with H5N1 virus infec-
tion were hospitalized 4 to 6 days after onset of illness.18

Common laboratory findings in patients with A (H5N1) infection at the time of
hospital admission include leukopenia, lymphopenia, and mild-to-moderate thrombo-
cytopenia.19 However, for patients with a clinically mild illness, there was no decrease
in the white cell count. Chest radiographic findings included patchy, interstitial, lobar,
and/or diffuse infiltrates; consolidation; pleural effusion; and pneumothorax. In fatal A
(H5N1) cases, the median time from onset to death was 9 days.18

The fatality rate among hospitalized patients has been high and varies considerably
between countries (33%–100%), although the true rate maybe much lower because of
an unknown number of milder nonfatal infections in the community.20 Acute respira-
tory distress syndrome complicated 76.5% (13 in 17) of cases in Thailand and
44.4% (8 in 18) of cases in Hong Kong. Multiple organ failure, with signs of renal
dysfunction and sometimes cardiac compromise, was often noted. In the severe
human A (H5N1) infections in Hong Kong, reactive hemophagocytic syndrome was
a unique pathologic feature in 3 fatal cases, as were increased blood levels of inter-
feron-a, tumor necrosis factor a, and other cytokines, providing evidence that cytokine
responses contributed to the pathogenesis of human H5N1 infections.21

Exactly how the severity of illness varies by clade or subclade of H5N1 virus infec-
tion, by age, or by immunologic, genetic, or other factors is unknown.18 Most patients
who died did not have a preexisting disease, in contrast to situations where other
subtypes of human influenza virus infections caused epidemics during interpandemic
periods. However, patients with underlying cardiovascular, pulmonary, or renal
diseases were, as expected, still more susceptible to severe influenza infection.20

Pandemic influenza A (H1N1) 2009 virus
An analysis of 18 cases of pneumonia with confirmed A (H1N1) 2009 infection among
98 patients hospitalized for acute respiratory illness in Mexico City, Mexico, showed
that more than 50% of them were between ages 13 and 47 years and only 8 had pre-
existing medical conditions. All patients had fever, cough, dyspnea or respiratory
distress, increased serum lactate dehydrogenase levels, and bilateral patchy pneu-
monia (Fig. 3). Other common findings were an increased creatine kinase level (in
62% of the patients) and lymphopenia (in 61%). Twelve patients required mechanical
ventilation, and 7 died. Within 7 days after contact with the initial case patients, a mild
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or moderate influenzalike illness developed in 22 health care workers, none of whom
required hospitalization.22

In a study of 642 confirmed cases of human A (H1N1) 2009 infection identified from
the rapidly evolving US outbreak in April 2009, the age of patients ranged from 3
months to 81 years; 60% of patients were 18 years old or younger. Of patients with
available data, 18% had recently traveled to Mexico and 16% were identified from
Fig. 3. A series of consecutive chest radiographs showing the progression and final reso-
lution of an adult woman aged 22 years infected with pandemic influenza A (H1N1)
2009. The initial appearance is suggestive of a developing viral pneumonitis, which
then seems to resolve (A–C), but then the patient probably developed a secondary bacte-
rial infection (although not proven conclusively) (D) that necessitated a transfer to the
intensive care unit (E) before finally resolving (F). The patient was finally discharged
feeling well, with no long-term sequelae. (Courtesy of University College London Hospi-
tals NHS Trust, London, UK.)
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school outbreaks of A (H1N1) 2009 infection. The most common presenting symptoms
were fever (94%), cough (92%), and sore throat (66%); 25% of patients had diarrhea,
and 25% had vomiting. Of the 399 patients for whom hospitalization status was
known, 36 (9%) required hospitalization and 2 died.12

A Canadian study also reported cough in 90% of patients but fever in only 59% of
confirmed and probable cases. Other common symptoms included headache (83%),
sore throat (76%), and nasal congestion (76%). None of the cases was admitted to
hospital. No deaths were associated with the cluster.23

It is now becoming clear that most cases of A (H1N1) 2009 infection are mild and
self-limiting and present in a manner that is indistinguishable from seasonal influenza.
As for seasonal influenza, those with preexisting medical conditions such as the tradi-
tional chronic diseases (eg, diabetes, asthma, renal or cardiac failure, and any form of
immunosuppression) seem to be at greater risk of severe disease and death (and are
therefore routinely targeted for the annual seasonal influenza immunization). Even so,
with this virus, it has been suggested that obesity may be an additional risk factor for
serious disease,24 as is pregnancy,25 which is also a recognized risk in seasonal influ-
enza infection.

The age distribution of infection with this novel virus also differs from seasonal influ-
enza. For example, the older age groups (>65 years) have always been considered to
be vulnerable to seasonal influenza infection, but they seem to be less frequently
infected by this novel virus. This trend is now thought to be caused by some preexist-
ing cross-reacting immunity to this virus as a result of their past exposure to the older
circulating seasonal influenza A (H1N1) strains that have been more similar to the
current pandemic A (H1N1) 2009 virus. The current circulating seasonal influenza A
(H1N1) virus and its corresponding seasonal influenza vaccine antigen components
seem to not provide any cross-immunity to the pandemic strain.26

In the more frequently targeted younger adult age groups, an unusual feature has
been observed; more patients in this group progress to more serious respiratory
disease, whereas there is also a significant gastrointestinal component (nausea, vom-
iting, and diarrhea in 10%–50% of cases) involved.12 In addition, in children infected
with A (H1N1) 2009, the incidence of seizures seems to be prominent. Although this
is also seen with seasonal influenza,27 the few recent case reports available so far
suggest that outcomes are better with the pandemic A (H1N1) 2009 infection.28

Antivirals
For all these influenza subtypes, apart from the usual respiratory support and moni-
toring, there are only a few specific antiviral drugs for treatment. In the cases of
seasonal influenza A (H3N2), avian influenza A (H5N1), and pandemic influenza A
(H1N1) 2009, virtually all these viruses are resistant to treatment with the adamantane
drugs (amantadine and rimantadine) but still susceptible to the NA inhibitors (NAIs)
such as oseltamivir and zanamivir. In the case of seasonal influenza A (H1N1), most
viruses are resistant to oseltamivir (although zanamivir is still effective in most cases)
but still susceptible to the adamantane drugs, although resistance seems to be
increasing. Another member of the NAI group, peramivir, is still in clinical trials. Pera-
mivir has an advantage over oseltamivir (taken orally) and zanamivir (taken by inhala-
tion) in that it can be given intravenously. Combination therapy with oseltamivir and
rimantadine can be given empirically if the influenza subtype is unknown, and some
patients infected with A (H1N1) 2009 have been given this combination as initial
empiric therapy.28

According to the manufacturer’s information, oseltamivir is generally well tolerated
and its adverse effects are mild and mainly gastrointestinal (ie, nausea, vomiting,
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diarrhea). However, reports from the use of oseltamivir as postexposure prophylaxis
(75 mg once daily for 10 days) in primary and secondary school children (age, 4–12
years) have described additional symptoms such as feeling sick, headaches, stomach
aches, difficulty sleeping, nightmares, and poor concentration.29,30

Table 1 shows the currently recommended NAI doses for treatment and postexpo-
sure prophylaxis for patients of different ages. Treatment is recommended for 5 days,
whereas prophylaxis is recommended for at least 2 weeks or a minimum of 7 days (eg,
at least 10 days as per CDC recommendations in Table 1) after contact with the last
infected individual and onset of illness. Pediatric dosing is based on weight for those
weighing less than 40 kg and older than 1 year. For children younger than 1 year, osel-
tamivir is not licensed to be administered; however, it can be used on an ‘‘emergency
authorization use’’ basis, for which the recommended dosing regimen is also shown in
Table 1. There should be careful monitoring for adverse effects when the drug is used
in this younger age group outside its licensure.

The treatment of pregnant women infected with A (H1N1) 2009 is considered
a priority, because there seems to be an increased risk (although this is relative) of
complications in this population.25 A recent study suggests that, so far, treatment
with oseltamivir appears to be safe in pregnancy31 and that, on this basis, it should
be commenced as soon as possible after the onset of symptoms,32 as well as being
offered for postexposure prophylaxis.33 However, as always, the actual application of
these recommendations is left to the individual decision and risk assessment of the
patient and the doctor.
Table 1
Recommended antiviral dosing regimens (for oseltamivir and zanamivir) for the treatment
and prophylaxis of influenza A (H1N1) 2009 virus

Recommended Dose for
Treatment

Recommended Dose for
Prophylaxis

Oseltamivir (treatment, 5 d; prophylaxis, at least 10 da)

Adults 75 mg twice daily 75 mg once daily

Children aged <12 mo

<3 mo 12 mg twice daily Not recommended unless critically
ill because of limited data in this
age group.

3–5 mo 20 mg twice daily 20 mg once daily

6–11 mo 25 mg twice daily 25 mg once daily

Children aged R12 mo and based on weight

15 kg or less 60 mg/d, divided into 2 doses 30 mg once daily

16–23 kg 90 mg/d, divided into 2 doses 45 mg once daily

24–40 kg 120 mg/d, divided into 2 doses 60 mg once daily

>40 kg 150 mg/d, divided into 2 doses 75 mg once daily

Zanamivir

Adults Two 5-mg inhalations (10 mg total)
twice per day

Two 5-mg inhalations (10 mg total)
once per day

Children Two 5-mg inhalations (10 mg total)
twice per day (7 y or older)

Two 5-mg inhalations (10 mg total)
once per day (5 y or older)

a As recommended in the manufacturer’s fact sheet on oseltamivir for health care providers at
http://www.cdc.gov/h1n1flu/EUA/pdf/tamiflu-hcp.pdf.

Adapted from the Centers for Disease Control and Prevention Web site. Available at: http://www.
cdc.gov/h1n1flu/recommendations.htm. Accessed August 28, 2009.

http://www.cdc.gov/h1n1flu/EUA/pdf/tamiflu-hcp.pdf
http://www.cdc.gov/h1n1flu/recommendations.htm
http://www.cdc.gov/h1n1flu/recommendations.htm
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Resistance to oseltamivir arising in patients treated with it has been reported in
a few cases so far. The most commonly reported resistance mutation, H275Y, occurs
in the NA gene.34,35 The incidence and prevalence of oseltamivir-resistant A (H1N1)
2009 viruses is likely to increase, given the continued widespread use of the drug
for treatment. However, oseltamivir should be used for treating only severely ill cases
of A (H1N1) 2009 infection (as per seasonal influenza use recommendations) and not
for postexposure prophylaxis unless vulnerable groups have been exposed.32 There
has been one case of oseltamivir resistance reported in an individual with no history
of oseltamivir use.36 The issue of worry then is whether such resistant viruses will
eventually become fit enough to transmit efficiently in the population (perhaps displac-
ing the wild-type susceptible virus), making the worldwide stockpiles of oseltamivir
effectively useless.

Treatment

Antibiotics
There is increasing evidence and conviction that a significant proportion (20%–30%)
of deaths caused by past influenza pandemics may have been a result of secondary
bacterial infections. Recent analyses of the 1918 pandemic mortality figures suggest
that a significant number of deaths were caused by secondary infections with Haemo-
philus influenzae, Streptococcus pneumoniae, Streptococcus pyogenes, and/or
Staphylococcus aureus.37 These findings suggest that antibiotics and antibacterial
vaccines may be important in the management of influenza infections.38
PUBLIC HEALTH ISSUES: PREVENTION AND CONTROL

There are several approaches to prevent infection by the pandemic influenza A (H1N1)
2009 virus, although not all of them are currently available and the evidence supporting
the use of some approaches is limited or controversial.

At the individual and population level (ie, in terms of increasing overall herd immu-
nity), immunization with a specific A (H1N1) 2009 vaccine is one of the most effective
ways to prevent infection. There are multiple ongoing vaccine trials,39,40 and recently,
a specific live attenuated vaccine (indicated for children and adults, aged 2 to 49
years) has been approved by the US Food and Drug Administration, as of September
15, 2009. Other countries are in the process of approving the vaccine, and it is likely
that vaccines against the pandemic influenza virus will be widely available in most
countries by the time this article is published. The rapid licensing of this new vaccine
has only been made possible by the urgency of the pandemic situation and the appli-
cation of existing seasonal influenza vaccine manufacturing regulations that do not
require annual changes in influenza antigen composition of the seasonal influenza
vaccine to undergo relicensing each year. To make the limited supply of these
vaccines go further, lower antigenic doses and different adjuvants are being tested
to immunize as much of the population as required.41

In addition, individual vaccination benefits the population as a whole by reducing the
number of susceptible individuals who can be infected by the virus. Given the currently
accepted relatively low value for the reproductive number (Ro) of 1 to 2,13,14 less than
60% (where required vaccine coverage, Vc, is estimated by the formula Vc 5 1� 1/Ro)
of the population requires vaccination to curtail the onward transmission of influenza.
However, there are significant technical (ie, how to make and deliver such a huge
amount of vaccine in a short time), moral, and economic (ie, who gets vaccinated first
and for what price) challenges that will be faced by the planned global immunization
program against the pandemic A (H1N1) 2009 influenza virus.42,43 With such large
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populations being vaccinated, there needs to be careful monitoring for common and
rarer (eg, Guillan-Barr�e syndrome) adverse effects.44

Postexposure prophylaxis with oseltamivir for those in close contact with confirmed
cases has already been discussed. The disadvantage of mass prophylaxis has been
seen in school children when the incidence of adverse effects may be greater than
the incidence of secondary infections.29,30 This situation becomes more relevant
with lower estimates of influenza transmissibility (ie, the lower the value of Ro),
although this may be higher in certain situations, such as the dense crowding seen
in schools and other public entertainment venues.

Simple surgical and N95 masks are probably effective to a certain extent either
in preventing the noninfected wearer (eg, health care workers) from inhaling
influenza-containing droplets (from either a close or more distant source) or in
containing the infectious exhaled air from an infected wearer (eg, patients). The
problem with wearing masks for either purpose tends to mainly be that of
Box 1

Nonpharmaceutical public health interventions

Human surveillance

� Case reporting

� Early rapid viral diagnosis

� Disinfection

� Hand hygiene

� Respiratory etiquettes

� Surgical and N95 masks

� Other personal protective equipmenta

Community restrictions

� School closures

� Workplace closures

� Cancellation of group events

� International and domestic travel restrictionsb

Patient management

� Isolation of sick individuals

� Provision of social support services to the isolated

Contact management

� Quarantinec

� Voluntary shelteringd

� Contact tracing

a Gowns, gloves, and protective eye covers.
b Exit and entry screening, travel advisories.
c Separating exposed individuals from others.
d Voluntary sequestration of healthy persons to avoid exposure.
Data from Aledort JE, Lurie N, Wasserman J, et al. Non-pharmaceutical public health interven-
tions for pandemic influenza: an evaluation of the evidence base. BMC Public Health
2007;7:208.
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maintaining an effective mask position on the face for long periods of time.45

Sweating and contact irritation can combine to cause mask displacement or
removal (noncompliance). It may be particularly difficult when patients suffering
from coughing or sneezing are made to wear masks to contain their infection
as a form of infection control.

Social distancing has received much attention because of its potential to mitigate
and perhaps even curtail the widespread transmission of pandemic influenza. One
well-investigated example of this has been the effects of school closure on the subse-
quent progression of an influenza pandemic. Various mathematical modeling studies
have suggested that, although there may be some delay in the spread of the pandemic
from closing schools, this measure will only be effective if the subsequent behavior of
children outside the school does not result in a similar number of contacts and that
such relative isolation is prolonged during the pandemic period. However, the social
and economic disruption for the working parents with such a strategy may be difficult
to overcome because at least one parent will have to take time off work to look after
young children at home. In particular, school closure has to be part of an overall miti-
gation strategy, including the treatment and home isolation of infected individuals to
reduce further contacts.15

Air travel can rapidly transport infections between different destinations around the
world and also act as a source for generating new infections within the crowded
confines of modern passenger planes. Various mathematical modeling tools have
been used to assess the effect of restricting air travel on the spread of pandemic influ-
enza. However, the benefits may be fairly minor and may not be worth the inevitable
and serious social and economic disruption this will cause.46

The possible nonpharmaceutical public health interventions are summarized in
Box 1.47

SUMMARY

The understanding of how novel influenza viruses arise (usually from animal reservoirs)
has increased at an incredible rate assisted by the rapid advances in sequencing tech-
nologies and phylogenetic methods. Such understanding allows more effective public
health surveillance of seasonal human influenza viruses, as well as candidate
pandemic viruses that may cross the species barrier from animals to humans. Devel-
opment in antiviral drugs for influenza is still slow (compared with rapid advances and
the variety in the case of anti–human immunodeficiency virus drugs), but this is coun-
terbalanced by the effective and highly organized and regulated vaccine-
manufacturing base that is already in existence for the seasonal influenza vaccines.
Unlike infectious agents that infect humans only (such as smallpox and measles), influ-
enza viruses, being zoonotic (with animal and human reservoirs), will continue to pose
a persistent and variable threat to human health for the foreseeable future. It is there-
fore important that systems are in place, in health care institutions and in the general
community, to react and adapt quickly to limit human morbidity and mortality caused
by this ever-changing pathogen.
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Severe acute respiratory syndrome (SARS) emerged unexpectedly in 2003 and posed
an enormous threat to international health and economy.1–4 By the end of the
epidemic in July 2003, 8098 probable cases were reported in 29 countries and regions
with a mortality of 774 (9.6%).5 SARS re-emerged at small scales in late 2003 and early
2004 in South China after resumption of wild animal trading activities in markets.6,7
THE VIRUS AND ITS ORIGIN

Members of the Coronaviridae family are classified into 3 groups based on serologic
and, more recently, genetic similarity. Coronaviruses (CoVs) are found in a wide range
of animal species including cat, dog, pig, rabbit, cattle, mouse, rat, chicken, pheasant,
turkey, whale, as well as humans. Before the SARS epidemic, the only recognized
coronaviruses causing respiratory tract infection in humans were HCoV-OC43 and
HCoV-229E. In 2003, a previously unrecognized CoV was detected from SARS
patients,8–15 and was confirmed to be the causative agent for SARS; it became known
as SARS-CoV. Retrospective serologic surveys suggested that cross-species trans-
mission of SARS-CoV or its variants from various animal species to humans might
have occurred frequently in the wet market, as a high seroprevalence was detected
among animal handlers who had no notable SARS-like illnesses.16

The role of masked palm civets in transmitting SARS-CoV to humans was first sus-
pected in 2003 when a closely related variant of SARS-CoV was detected from palm
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civets in Dongmen market, Shenzhen.17 Further epidemiologic evidence was obtained
during a small-scale outbreak in late 2003 and early 2004, in which 3 of the 4 patients
had direct or indirect contact with palm civets.6,18 Subsequent sequence analysis sug-
gested that the SARS-CoV–like virus has not been circulating among market masked
civets for a long period, and therefore the true natural reservoir for SARS-CoV was
sought. In 2005, CoVs that are similar to SARS-CoV were found in horseshoe bats
by 2 independent research teams.19,20 These bat SARS-like CoVs share 88% to
92% sequence homology with human or civet isolates, but with key differences found
in the region encoding spike (S) protein that is critical in determining host range and
tissue tropism.21 The data suggest that bats could be a natural reservoir of a close
ancestor of SARS-CoV, and that the CoVs seem to have used an entirely new receptor
when they crossed species from bats to palm civets and humans.

In addition to masked palm civets and bats, other animal species might have been
involved in the evolution and emergence of SARS-CoV. At least 7 animal species can
harbor SARS-CoV in certain circumstances, including raccoon dog, red fox, Chinese
ferret, mink, pig, wild boar, and rice field rat.21
EPIDEMIOLOGY

In November 2002, there was an unusual epidemic of severe pneumonia of unknown
origin in Foshan, Guangdong Province in southern China, with a high rate of transmis-
sion to health care workers (HCWs).22,23 A retrospective analysis of 55 patients
admitted to a chest hospital with atypical pneumonia in Guangzhou between January
24 and February 18 2003 showed positive SARS-CoV in the nasopharyngeal aspirates
(NPA), whereas 48 (87%) patients had positive antibodies to SARS-CoV in their conva-
lescent sera. Genetic analysis showed that the SARS-CoV isolates from Guangzhou
had the same origin as those in other countries, with a phylogenetic pathway that
matched the spread of SARS to other parts of the world.24

A 64-year-old physician from southern China, who had visited Hong Kong (HK) on
21 February 2003 and died 10 days later of severe pneumonia, was the source of
infection causing subsequent outbreaks of SARS in HK and several other coun-
tries.1–3,25 At least 16 hotel guests or visitors were infected by the Guangdong physi-
cian while they were visiting friends or staying on the same floor of Hotel M, where the
physician had stayed briefly. Through international air travel, these visitors spread the
infection globally within a short period.

SARS seems to spread by close person-to-person contact via droplet transmission
or fomite.26 The high infectivity of this viral illness is shown by the 138 patients (many of
whom were HCWs) who were hospitalized with SARS within 2 weeks as a result of
exposure to a single patient (a visitor to Hotel M), who was admitted with
community-acquired pneumonia (CAP) to a general medical ward at the Prince of
Wales Hospital (PWH) in HK.1,27 This super-spreading event was believed to be
related to the use of a jet nebulizer, driven by air at 6 L/min, for the administration of
aerosolized salbutamol to an index patient, together with overcrowding and poor
ventilation in the hospital ward.1,28 SARS-CoV was also detected in respiratory secre-
tions, feces, urine, and tears of infected individuals.28 In addition, there was evidence
to suggest that SARS might have spread by airborne transmission in a major commu-
nity outbreak at the Amoy Garden, a private residential complex in HK.29 Higher naso-
pharyngeal viral load was found in patients living in adjacent units of the same block
inhabited by the index patient at the Amoy Garden, whereas a lower, but detectable,
nasopharyngeal viral load was found in patients living further away from the index
patient.30 Air samples obtained from a room occupied by a SARS patient and swab
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samples taken from frequently touched surfaces in rooms and in a nurses’ station
were positive by polymerase chain reaction (PCR) testing.31 The temporal-spatial
spread of SARS among inpatients in the index medical ward of the PWH in HK was
also consistent with airborne transmission.32 These data support SARS having the
potential to be converted from droplet to airborne droplet transmission,27–32 and
they emphasize the need for adequate respiratory protection in addition to strict
contact and droplet precautions when managing SARS patients.

CLINICAL FEATURES

The estimated mean incubation period was 4.6 days (95% confidence interval [CI]
3.8–5.8 days), whereas the mean time from symptom onset to hospitalization varied
between 2 and 8 days, decreasing in the course of the epidemic. The mean time
from onset to death was 23.7 days (CI 22.0–25.3 days), whereas the mean time
from onset to discharge was 26.5 days (CI 25.8–27.2 days).33 The major clinical
features on presentation include persistent fever, chills/rigor, myalgia, dry cough,
headache, malaise, and dyspnea. Sputum production, sore throat, coryza, nausea
and vomiting, dizziness, and diarrhea are less common features (Table 1).1–4,34

Watery diarrhea was a prominent extrapulmonary symptom in 40% to 70% of
patients with SARS 1 week into the clinical course of the illness.35,36 Intestinal biopsy
specimens taken by colonoscopy or autopsy revealed evidence of secretory diarrhea
with minimal architectural disruption, but there was evidence of active viral replication
within the small and large intestines.36 Reactive hepatitis was a common complication
of SARS-CoV infection, with 24% and 69% of patients respectively having increased
alanine aminotransferase (ALT) levels on admission and during the subsequent course
of the illness. Those with severe hepatitis had worse clinical outcomes, but chronic
hepatitis B itself was not associated with disease severity.37

SARS-CoV was detected in the cerebrospinal fluid and serum samples of 2 cases
with status epilepticus.38,39 The data suggest that a severe acute neurologic
syndrome might occasionally accompany SARS.
Table 1
Clinical features of SARS on presentation

Symptom % of Patients with Symptom

Persistent fever >38�C 99–100

Nonproductive cough 57–75

Myalgia 45–61

Chills/rigor 15–73

Headache 20–56

Dyspnea 40–42

Malaise 31–45

Nausea and vomiting 20–35

Diarrhea 20–25

Sore throat 13–25

Dizziness 4.2–43

Sputum production 4.9–29

Rhinorrhea 2.1–23

Arthralgia 10.4

Data from Refs. 1–4,25
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Older subjects might have atypical presentation such as decrease in general well-
being, poor feeding, fall/fracture,40 and, in some cases, delirium, without the typical
febrile response (temperature >38�C).40–42 In contrast, young children (<12 years of
age) often ran a more benign clinical course mimicking other viral upper respiratory
tract infections, whereas teenagers tended to have a clinical course similar to that
of adults.1,43 There was no reported fatality in young children and teenage
patients,43–46 but SARS in pregnancy carried a significant risk of mortality.47 Orchitis
was reported as a complication in male patients.48 A meta-analysis showed overall
seroprevalence rates of 0.1% for the general population and 0.23% for HCWs,
although the true incidence of asymptomatic infection remains unknown.49

A case-control study involving 124 medical wards in 26 hospitals in Guangzhou and
HK has identified 6 independent risk factors of super-spreading nosocomial outbreaks
of SARS (Box 1): minimum distance between beds less than 1 m, performance of
resuscitation, staff working while experiencing symptoms, SARS patients requiring
oxygen therapy or noninvasive positive pressure ventilation (NPPV), whereas avail-
ability of washing or changing facilities for staff was a protective factor.50 Experimental
studies have shown that the exhaled air particle dispersion distances from patients
receiving oxygen via a simple oxygen mask and a jet nebulizer were 0.4 m and at least
0.8 m, respectively.51,52 Exhaled air distances from NPPV via the different face masks
could range from 0.4 m to 1 m, with more diffuse room contamination for face masks
that require connection to the whisper swivel exhalation device.53,54 These data have
important clinical implications in preventing any future nosocomial outbreaks of SARS
and other respiratory infections. HCWs should take adequate respiratory precautions
when managing patients with CAP of unknown cause that is complicated by respira-
tory failure within these distances.

The clinical course of SARS generally followed a typical pattern35: phase I (viral repli-
cation) was associated with increasing viral load and was clinically characterized by
fever, myalgia, and other systemic symptoms that generally improved after a few
days; phase II (immunopathologic injury) was characterized by recurrence of fever,
hypoxemia, and radiological progression of pneumonia with reductions in viral load.
The high morbidity of SARS was highlighted by the observation that, even when there
was only 12% of total lung field involved by consolidation on chest radiographs, 50%
of patients would require supplemental oxygen to maintain satisfactory oxygenation
greater than 90%,55 whereas about 20% of patients would progress into acute respi-
ratory distress syndrome (ARDS) necessitating invasive ventilatory support.34 Peiris
and colleagues35 showed a progressive decrease in rates of viral shedding from
Box 1

Independent risk factors of super-spreading nosocomial outbreaks of SARS

Minimum distance between beds <1 m (odds ratio [OR] 6.98, 95% CI 1.68–28.75, P 5 .008)

Washing or changing facilities for staff (OR 0.12, 95% CI 0.02–0.97, P 5 .05)

Performance of resuscitation (OR 3.81, 95% CI 1.04–13.87, P 5 .04)

Staff working while experiencing symptoms (OR 10.55, 95% CI 2.28–48.87, P 5 .003)

SARS patients requiring oxygen therapy (OR 4.30, 95% CI 1.00–18.43, P 5 .05)

SARS patients requiring NPPV (OR 11.82, 95% CI 1.97–70.80, P 5 .007)

Data from Yu IT, Xie ZH, Tsoi KK, et al. Why did outbreaks of severe acute respiratory syndrome
occur in some hospital wards but not in others? Clin Infect Dis 2007;44:1017–25.
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nasophargynx, stool, and urine from day 10 to day 21 after symptom onset in 20
patients who had serial measurements with reverse transcriptase (RT)-PCR. Thus,
clinical worsening during phase II was most likely the result of immune-mediated
lung injury as a result of an overexuberant host response and could not be explained
by uncontrolled viral replication.35

LABORATORY FEATURES

Lymphopenia, low-grade disseminated intravascular coagulation (thrombocytopenia,
prolonged activated partial thromboplastin time, increased D-dimer), increased
lactate dehydrogenase (LDH), and creatinine phosphokinase (CPK) were common
laboratory features of SARS.1–3,56,57 Absolute lymphopenia occurred in 98% of cases
of SARS during the clinical course of the disease. The CD4 and CD8 T lymphocyte
counts declined early in the course of SARS, whereas low counts of CD4 and CD8
at presentation were associated with adverse clinical outcome.58 The CD3 and CD4
T cell percentages were reported to be negatively correlated with the appearance of
immunoglobulin G (IgG) antibody against SARS-CoV.59

A retrospective study in Toronto found that all laboratory variables except absolute
neutrophil count (ANC) showed fair to poor discriminatory ability in distinguishing
SARS from other causes of CAP, and that routine laboratory tests may not be reliable
in the diagnosis of SARS.60 Nevertheless, when evaluating patients with CAP and no
immediate alternative diagnosis who are epidemiologically at high risk, a low ANC on
presentation, along with poor clinical and laboratory responses after 72 hours of anti-
biotic treatment, may raise the index of suspicion for SARS and indicate a need to
perform SARS-CoV testing.61 Scoring systems may help identify patients who should
receive more specific tests for influenza or SARS.62

RADIOLOGICAL FEATURES

Radiographic features of SARS generally resemble those found in other causes of
CAP.63 The more distinctive radiographic features of SARS include the predominant
involvement of lung periphery and the lower zone in addition to the absence of cavi-
tation, hilar lymphadenopathy, or pleural effusion.1,63 Radiographic progression
from unilateral focal air-space opacity to multifocal or bilateral involvement during
the second phase of the disease, followed by radiographic improvement with treat-
ment, is commonly observed.1,63 In a case series, 12% of patients developed sponta-
neous pneumomediastinum, and 20% of patients developed evidence of ARDS in
a period of 3 weeks.35 The incidence of barotrauma (26%) in intensive care unit
(ICU) admissions was high despite the application of low-volume and low-pressure
mechanical ventilation.64 High-resolution computed tomography (HRCT) of thorax
was useful in detecting lung opacities in cases with a high index of clinical suspicion
of SARS but unremarkable chest radiographs. Common HRCT features included
ground-glass opacification, sometimes with consolidation, and interlobular septal
and intralobular interstitial thickening, with predominantly a peripheral and lower
lobe involvement (Fig. 1).65

PATHOGENESIS

The route of entry for SARS-CoV in humans is through the respiratory tract, mainly via
droplet transmission. Although human intestinal cells have proven to be susceptible to
SARS-CoV replication, the role of the intestinal tract as a portal of entry remains uncer-
tain.66 Similarly, although infectious viruses were found in stool samples, there was



Fig. 1. Thoracic HRCT of a patient with SARS showing typical early changes with solitary
ground-glass opacification at the left lower lobe.
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insufficient evidence to support the fecal-oral route of transmission for SARS-CoV
infection.

The surface envelop S protein of SARS-CoV seems to play a key role in establishing
infection and determining the cell and tissue tropism. The SARS-CoV S protein has 3
domains: the N-terminal half (S1) contains a receptor-binding domain (RBD), and the
C-terminal half (S2) contains a fusion peptide. Entry of the virus requires receptor
binding, followed by conformational change of the S protein, and then cathepsin
L–mediated proteolysis within the endosome.67–69 The angiotensin-converting
enzyme 2 (ACE2) is the receptor for SARS-CoV,70 and is expressed on a wide variety
of tissues including lungs, intestine, kidneys, and blood vessels. The presence of
ACE2 seems not to be the sole determinant for tropism of SARS-CoV. For instance,
SARS-CoV has been found in colonic enterocytes and hepatocytes that lack ACE2,
whereas SARS-CoV has not been detected in endothelial cells of blood vessels and
smooth muscle cells of intestine, despite their expression of ACE2.36,71,72

There are some data to suggest that, in addition to ACE2, 2 other surface molecules
play a critical role in establishing SARS-CoV infection in human cells. DC-SIGN
(CD209) dendritic cell–specific intercellular adhesion molecule–grabbing nonintegrin,
is a type 2 transmembrane adhesion molecule that recognizes a variety of microorgan-
isms. DC-SIGN is expressed in macrophages and dendritic cells including those found
in skin, lungs, intestine, rectum, cervix, placenta, and lymph node. However, the
binding of SARS-CoV to DC-SIGN does not lead to entry of viruses into dendritic cells;
instead it facilities the transfer of viruses to other susceptible cells. In this way, the
dendritic cells play an important role in virus dissemination within the infected
host.73–75 L-SIGN (CD209L or DC-SIGNR) is a homolog of DC-SIGN, which is
expressed in liver, lymph node, and placenta. L-SIGN acts in conjunction with the liver
and lymph node sinusoidal endothelial cell C-type lectin (LSECtin) to enhance SARS-
CoV infection. There is evidence to show that L-SIGN serves as an alternative receptor
to mediate the entry of SARS-CoV.73,76,77

Once infection can be established, the mechanisms by which SARS-CoV causes
disease can be separated into (1) direct lytic effects on host cells and (2) indirect conse-
quences resulting from the host immune response. Clinically, SARS is characterized by
a pronounced systemic illness, but the pathology of SARS, as revealed from fatal
cases, was mainly confined to the lungs, where diffuse alveolar damage was the
most prominent feature. Multinucleated syncytial giant cells, although characteristic,
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were rarely seen. In cases without secondary infection, a lack of immune response was
observed at this late terminal stage. Apart from those related to end-stage multiorgan
failure, the pathologies of gastrointestinal tract, urinary system, liver, and other organ
systems were unremarkable.78–82 Lungs and intestinal tract are the only 2 organ
systems that support high levels of SARS-CoV replication.72,83

At least 2 mechanisms of direct injury in infected lungs have been revealed. First, in
addition to being the host receptor mediating the entry of SARS-CoV, the ACE2 prob-
ably contributes to the diffuse alveolar damage. ACE2 is a negative regulator of the local
renin-angiotensin system, where its imbalance leads to the development of diffuse alve-
olar damage. Data from animal studies suggest that the diffuse alveolar damage seen in
SARS is mediated by the S protein-ACE2-renin-angiotensin pathway.84,85 The second
direct injury mechanism is by the induction of apoptosis. The SARS-CoV–encoded 3a
and 7a proteins have been shown to be a strong inducer of apoptosis in cell lines derived
from different organs including lungs, kidneys, and liver.86–88

IMMUNOBIOLOGY

Clinically, SARS is characterized by a phase of cytokine storm. The intense immune
response to infection, as reflected by the increase in chemokines and cytokines,
results in the pathology seen in cases that run a severe course of illness. In post-
mortem lung tissues, chemokine C-X-C motif ligand (CXCL)-10 (or interferon [IFN]-
inducible protein [IP] 10) and interleukin (IL)-18 were found to be increased.78 During
the first 2 weeks, a variety of cytokines/chemokines were found to be increased in the
peripheral circulation, including CXCL-9 (chemokine C-X-C motif ligand 2 or monokine
induced by g-IFN), CXCL-10 (or IP-10), and C-C motif ligand (CCL)-2 or monocyte
chemoattractant protein-1 [MCP-1]), IL-1b, IL-6, IL-8 (CXCL-8), IL-12, IFN-g, trans-
forming growth factor (TGF)-b, monokine induced by IFN-g (MIG, CXCL-9).89–93

Among these increased cytokines/chemokines, increased levels of IP-10, MIG, and
IL-8 during the first week after the onset of fever and increase of MIG during the
second week were associated with poor outcome.92

Several host genetic markers have been reported to have an association with the
outcome of SARS.94 An association of HLA-B)4601 with SARS infection was revealed
from a cohort of patients from Taiwan, but the finding was not reproduced in HK
patients.95,96 In the latter HK study, HLA-B)0703 was found to be associated with
an increased susceptibility, whereas HLA-DRB1)0301 was protective against
SARS-CoV infection.96 In another study based on patients from HK, it was shown
that the human Fc g-receptor genotype, FcgRIIA-R/R131 and CD14-159CC were
associated with more severe outcome of SARS.97,98 RANTES-28 CG and GG geno-
types were found to be associated with an increased susceptibility to SARS.99 In
a cohort study of SARS patients in HK, an association between CLEC4M homozy-
gosity and protection against SARS was found.100 However, the observation could
not be reproduced in 2 other studies in HK and Beijing, respectively.101,102

TREATMENT
Ribavirin

Ribavirin, a nucleoside analogue that has activity against several viruses in vitro, was
widely used for treating SARS patients after recognizing the lack of clinical response to
broad-spectrum antibiotics and oseltamivir.1–3,25,35 Nevertheless, it is now known that
ribavirin has no significant in vitro activity against SARS-CoV.103–105 Hemoglobin
levels in about 60% of patients dropped by 2 g/dL after 2 weeks of oral ribavirin
therapy, at a dose of 1.2 g 3 times a day.106 The use of ribavirin for SARS in Toronto
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was based on the higher dosage used for treating hemorrhagic fever, which led to
more toxicity, including increased liver transaminases and bradycardia.3 Furthermore,
addition of ribavirin did not have any useful effect on the serum SARS-CoV viral load of
pediatric SARS patients.107 Therefore, it is unlikely that ribavirin alone has any signif-
icant clinical benefits in the treatment of SARS.

Protease Inhibitors

Genomic analysis of the SARS-CoV has revealed several enzymatic targets including
protease.13,14,108 Lopinavir and ritonavir in combination is a boosted protease inhibitor
regimen widely used in the treatment of human immunodeficiency virus (HIV) infection.
In vitro activity against SARS-CoV was shown for lopinavir and ribavirin at 4 mg/mL and
50 mg/mL, respectively. Inhibition of in vitro cytopathic effects was achieved down to
a concentration of 1 mg/mL of lopinavir combined with 6.25 mg/mL of ribavirin. There-
fore, the data suggest that this combination might be synergistic against SARS-CoV in
vivo.109 The addition of lopinavir 400 mg/ritonavir 100 mg (LPV/r) as initial therapy was
associated with significant reduction in overall death rate (2.3% vs 15.6%) and intuba-
tion rate (0% vs 11%) compared with a matched historical cohort that received riba-
virin alone as the initial antiviral therapy.110 Other reported beneficial effects include
a reduction in corticosteroid use, fewer nosocomial infections, a decreasing viral
load, and rising peripheral lymphocyte count.110

In contrast, the outcome of the subgroup who had received LPV/r as rescue therapy
after receiving pulsed methylprednisolone (MP) treatment of worsening respiratory
symptoms was not better than the matched cohort.110 The improved clinical outcome
in patients who received LPV/r as part of the initial therapy may be the result of peak
(9.6 mg/mL) and trough (5.5 mg/mL) serum concentrations of lopinavir inhibiting the
virus.111 Nelfinavir, another protease inhibitor commonly used for HIV infection, was
shown to inhibit replication of SARS-CoV in Vero cell culture.112

IFNs

Type 1 IFNs, such as IFN-a, are produced early as part of the innate immune response to
virus infections. Type 1 IFNs inhibit a wide range of RNA and DNA viruses including
SARS-CoV in vitro.104,105,113 Complete inhibition of cytopathic effects of SARS-CoV
in culture was observed for IFN subtypes, b-1b, a-n1, a-n3, and human leukocyte
IFN-a.98 IFN-a showed an in vitro inhibitory effect on SARS-CoV starting at concentra-
tions of 1000 IU/mL,105 whereas recombinant human IFN-b 1a potently inhibited SARS-
CoV in vitro.114 IFN-b and IFN-g can synergistically inhibit the replication of SARS-CoV
in vitro.115 In addition, a combination of ribavirin and IFN-b has been shown to have
synergistic effects in inhibiting SARS-CoV in animal and human cell lines,116 whereas
combinations of ribavirin with IFN-b 1a or IFN-a also show synergistic effects in vitro.117

In experimentally infected cynomolgus macaques, prophylactic treatment with
pegylated IFN-a significantly reduced viral replication and excretion, viral antigen
expression by type 1 pneumocytes, and pulmonary damage, compared with
untreated macaques, whereas postexposure treatment with pegylated IFN-a yielded
intermediate results.118 Use of IFN-a 1 plus corticosteroids was associated with
improved oxygen saturation, more rapid resolution of radiographic lung opacities,
and lower levels of CPK in SARS patients.119 These findings support clinical testing
of approved IFNs for the treatment of SARS.

Human Monoclonal Antibody

There is evidence that SARS-CoV infection is initiated through binding of the SARS-
CoV S protein to ACE2.70 A high-affinity human monoclonal antibody (huMab) termed
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80R has been identified against the SARS-CoV S protein and has potent neutralizing
activity in vitro and in vivo.120 HuMab 80R efficiently neutralized SARS-CoV and
inhibited syncytia formation between cells expressing the S protein and those
expressing the SARS-CoV receptor ACE2. HuMab 80R may be a useful viral entry
inhibitor for the emergency prophylaxis and treatment of SARS.120 HuMab was shown
to prophylactically reduce replication of SARS-CoV in the lungs of infected ferrets and
abolish shedding of viruses in pharyngeal secretions, in addition to completely pre-
venting SARS-CoV–induced macroscopic lung pathology.121

Vaccines

An adenovirus-based vaccine was shown to induce strong SARS-CoV–specific
immune responses in rhesus macaques, and holds promise for the development of
a protective vaccine against SARS-CoV.122 A DNA vaccine based on the S gene could
induce the production of specific IgG antibody against SARS-CoV efficiently in mice,
with a seroconversion rate of 75% after 3 doses of immunization.123,124 Recombinant
S proteins that exhibit antigenicity and receptor-binding ability are also good candi-
dates for developing a SARS vaccine.125 A recombinant attenuated vaccinia virus,
Ankara, expressing the S protein of SARS-CoV can elicit protective immunity in
mice.126 Another recombinant attenuated parainfluenza virus expressing the S protein
also produced immunity following intranasal inoculation to mice.127 Synthetic peptide
derived from the S protein is another target for vaccine development. Promising
results have been obtained in vitro128 and in vivo from rabbit and monkey models.129

Systemic Corticosteroids

During phase II of the clinical course, when patients progress to develop pneumonia
and hypoxemia, intravenous administration of rescue pulsed MP has been shown to
suppress cytokine-induced lung injury.1,35,106,109,130 The rationale could be that the
progression of the pulmonary disease is mediated by the host inflammatory
response.35 Corticosteroids significantly reduced IL-8, MCP-1, and IFN-g IP-10
concentrations from 5 to 8 days after treatment in 20 adult SARS patients.89 Induction
of IP-10 is believed to be a critical event in the initiation of immune-mediated lung
injury and lymphocyte apoptosis.90

The use of rescue pulsed MP during clinical progression was associated with favor-
able clinical improvement with resolution of fever and lung opacities within 2
weeks.1,106,130 However, a retrospective analysis showed that the use of pulsed MP
was associated with an increased risk of 30-day mortality (adjusted OR 26.0, 95%
CI 4.4–154.8).131 This retrospective study could not establish whether a causal rela-
tionship existed between the use of MP and an increased risk of death, as clinicians
were more inclined to give pulsed MP therapy in deteriorating patients. Nevertheless,
complications such as disseminated fungal disease132 and avascular necrosis of bone
have been reported following prolonged corticosteroid therapy.133 With the rescue
pulsed MP approach, avascular necrosis of bone was found in 12 (4.7%) patients after
screening 254 using magnetic resonance imaging. The risk of avascular necrosis was
0.6% for patients receiving less than 3 g, and was 13% for those receiving more than
3 g prednisolone–equivalent dose.134 A randomized placebo-controlled study con-
ducted at PWH, HK showed that plasma SARS-CoV RNA concentrations in the
second and third weeks of illness were higher in patients given initial hydrocortisone
(n 5 10) than in those given normal saline (n 5 7) during phase I of the clinical course
of illness.135 Despite the small sample size, the data suggest that pulsed MP given in
the earlier phase might prolong viremia and thus it should only be given during the later
phase for rescue purposes. Carefully designed clinical trials with larger sample sizes
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are required to determine the optimal timing and dosage of systemic steroid in the
treatment of possibly immune-mediated lung injury in SARS.

Convalescent Plasma

Convalescent plasma, donated by patients who have recovered from SARS, contains
neutralizing antibody and may be clinically useful for treating other SARS
patients.136,137

Traditional Chinese Medicine

Glycyrrhizin, an active component of liquorice roots, was shown to inhibit the replica-
tion of SARS-CoV in vitro.103 A controlled study comparing integrative Chinese and
Western medicine with Western medicine alone suggested that the combination treat-
ment given in phase I of SARS was more effective in reducing the number of patients
with abnormal oxygen saturations.138 However, it was not clear which of the Chinese
medicine components was responsible for the benefit, and the dosage of steroid given
to the groups was not clear.

Intravenous Gammaglobulin and Pentaglobulin

Intravenous gammaglobulin (IVIg) has immunomodulatory properties and may down-
regulate cytokine expression.139 It was used extensively in Singapore during the SARS
outbreak in 2003. However, it was noted that one-third of critically ill patients devel-
oped venous thromboembolism, including pulmonary embolism, despite prophylactic
use of low-molecular-weight heparin.140 There was evidence of pulmonary embolism
in 4 out of 8 postmortem cases.141 In addition, there were 5 cases of large artery
ischemic stroke, of which 3 cases had been given IVIg.142

Pentaglobulin (IgM enriched Ig) was administered to 12 patients with SARS who
continued to deteriorate despite pulsed steroid and ribavirin, and its use was asso-
ciated with subsequent improvement in oxygenation and radiographic scores. It
was difficult to judge its effects because the study was uncontrolled and pulsed
steroid was used concurrently.143 Pulmonary artery thrombosis was reported in
a patient with SARS who had been treated with ribavirin, steroid, kaletra, IVIg,
and pentaglobulin.144 It is possible that IVIg- or pentaglobulin-induced increase in
viscosity may be consequential in patients with hypercoagulable states such as
SARS.145

Nitric Oxide

Inhaled nitric oxide (NO) was reported to have beneficial effects in SARS. In
a controlled study comparing the use of NO (n 5 6) and supportive treatment
(n 5 8) for severe respiratory failure, there was improvement in oxygenation after
inhaled NO was administered, and this allowed ventilatory support to be discontinued.
The beneficial effects persisted after termination of NO inhalation.146 NO has been
shown to inhibit the replication cycle of SARS-CoV in vitro.147

OUTCOMES
Short-term

Based on the data received by the World Health Organization, the case fatality rate for
SARS was less than 1% for patients aged 24 years or younger, 6% for 25 to 44 years,
15% for 45 to 64 years, and more than 50% for patients aged 65 years or older.148

Poor prognostic factors for more severe disease included advanced age,1,35,149,150

chronic hepatitis B treated with lamivudine,35 severe hepatitis,37 high initial LDH,150

high peak LDH,1 high neutrophil count on presentation,1,150 diabetes mellitus or other
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comorbid conditions,3,151 low CD4 and CD8 lymphocyte counts at presentation,58 and
a high initial SARS-CoV viral load.107,152

Long-term

Significant impairment of the diffusing capacity of carbon monoxide in the lung (DLCO)
occurred in 15.5% and 23.7% of SARS survivors at the PWH cohort at 6 and 12
months, respectively.153,154 Although significant improvement in serial chest radiog-
raphy was observed among the SARS survivors, 27.8% still had abnormal radio-
graphic scores at 12 months.154 Despite the presence of extensive parenchymal
changes revealed by computer tomography during the early convalescent period,
most SARS survivors had lung function test indices within normal limits. However,
their exercise ability (6-minute walk distance) at 12 months after illness onset was
lower than the general population.154 The functional disability seems out of proportion
to the degree of lung function impairment and might be caused by extrapulmonary
factors such as muscle deconditioning and steroid myopathy.153,154 Critical illness
associated polyneuropathy/mypoathy was also observed in a few SARS survivors.155

The reported incidence rates of avascular necrosis of bone among different cohorts in
HK ranged from 4.7% to 15%,156,157 whereas 1 study from Beijing reported a high inci-
dence of 42%.133

Several other groups have shown that persistent lung function abnormalities
occur in less than one-third of patients at 1 year and that there was significant
impairment of health status among SARS survivors and their carers.158–160 The
physical impairment and the long period of isolation and extreme uncertainty during
the SARS illness created enormous psychological stress161 and mood distur-
bances.162 In addition, steroid toxicity, personal vulnerability, and psychosocial
stressors might have jointly contributed to the development of psychosis in some
patients.163
VACCINE DEVELOPMENT

Various forms of SARS-CoV vaccine have been evaluated. Inactivated whole virus
vaccines are immunogenic and protective in animal models. However, this
approach requires the production of a large amount of infectious virus in a biosafety
level 3 containment facility, which is not widely available among vaccine manufac-
turers. Because the S protein of SARS-CoV is responsible for receptor binding and
membrane fusion, it is a priority target for the development of subunit vaccines.
Full-length S protein delivered in the form of DNA vaccine, or expressed in attenu-
ated vaccinia virus or recombinant baculovirus systems, have been to shown to
induce T cell and neutralizing antibody responses, and have been found to be
protective in challenge studies.124,126,164,165 However, there are concerns about
using full-length S protein as a vaccine, because harmful immune responses
causing liver damage in vaccinated animals have been reported.166 The possibility
of enhanced disease, as observed in vaccinated cats on infection with feline infec-
tious peritonitis virus, is also a concern.167,168 Theoretically, antibodies present at
low concentrations may form complexes with virions, and be taken up by macro-
phage via the Fc receptors expressed on its surface. This process enhances virus
dissemination and may lead to adverse outcomes. Vaccines based on a partial S
protein or other structural proteins of SARS-CoV have been explored. The greatest
challenge to sustainable vaccine development is that SARS-CoV has disappeared
from humans, and antigenic changes of the re-emergent strain, if it ever occurs,
remain unknown.
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SUMMARY

SARS is a highly infectious disease with a significant morbidity and mortality. Respi-
ratory failure is the major complication, and 20% of patients may progress to
ARDS. HCWs are particularly vulnerable to SARS as the viral loads of SARS-CoV in
patients increase to peak levels during the second week after patients are hospital-
ized.35,169 Because SARS has the potential to be converted from droplet to airborne
transmission, HCWs should use adequate respiratory protection, in addition to strict
contact and droplet precautions, when managing patients with SARS. Because there
is currently no proven effective treatment of SARS, early recognition, isolation, and
stringent infection control measures are the key to controlling this highly contagious
disease. Isolation facilities, strict droplet and contact precautions (hand hygiene,
gown, gloves, N95 masks, eye protection) for HCWs managing patients with SARS,
avoidance of using jet nebulizers on general wards,1,27,52 contact tracing, and quaran-
tine isolation for close contacts are important measures in controlling the spread of the
infection in hospitals and the community.

The presence of SARS-like CoVs in horseshoe bats implicates bats in previous and
potentially future emergence of novel CoV infection in humans. Public health
measures should be enforced to ban the trading of wild animals in wet markets in
South China, where SARS-CoV infection started. When evaluating epidemiologically
high-risk patients with community-acquired pneumonia and no immediate alternative
diagnosis, a low ANC on presentation, along with poor responses after 72 hours of
antibiotic treatment, may raise the index of suspicion for SARS. Further studies are
needed to examine host genetic markers that may predict clinical outcome.
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Lower respiratory tract infections were ranked as the third leading cause of death
worldwide in 2004.1 The reported mortality of community-acquired pneumonia
(CAP) ranges from less than 5% among outpatients to approximately 12% among
all hospitalized patients with CAP, but is more than 30% among those admitted to
the intensive care unit (ICU).2 The crude mortality for hospital-acquired pneumonia
(HAP) is reported to be 30% to 70%, and attributable mortality is estimated to be
33% to 50%.3,4 Furthermore, increasing prevalence of antimicrobial resistance in
major respiratory pathogens has become a serious threat to clinical medicine, with
increased morbidity and mortality as a result of treatment failures. Antimicrobial
resistance is a critical issue not only in CAP due to resistance in Streptococcus pneu-
moniae but also in HAP or ventilator-associated pneumonia (VAP) due to methicillin-
resistant Staphylococcus aureus (MRSA) or resistant gram-negative bacilli.
Emergence of antimicrobial resistance has also resulted in an additional economic
burden of respiratory infections. Therefore, the recent increase in antimicrobial resis-
tance in respiratory pathogens has resulted in a significant negative impact on clinical
outcome of pneumonia and huge economic loss. This article reviews the current
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knowledge of respiratory infections caused by antibiotic-resistant pathogens, and
treatment options of CAP and HAP.
CAP

Although the distribution of causative organisms of CAP differs by geographic regions,
S pneumoniae, which accounts for 30% to 70% of cases requiring hospitalization,5,6

has been the most frequent causal organism of CAP worldwide.7–9 The incidence of S
aureus, Enterobacteriaceae, and Pseudomonas spp in CAP was relatively higher in the
United States compared with other regions. Some Asian countries also showed
a higher frequency of occurrence of Enterobacteriaceae and Pseudomonas spp.9

CAP Due to Streptococcus pneumoniae

Major types of antimicrobial resistance in S pneumoniae include resistance to peni-
cillin and b-lactam agents, macrolides, fluoroquinolones, and multidrug resistance.

S pneumoniae with penicillin resistance
According to the previous breakpoints, penicillin nonsusceptibility in S pneumoniae
isolates (penicillin minimum inhibitory concentration [MIC] R0.12 mg/L) has been
increasing worldwide and the prevalence reached 70% to 80% in some geographic
regions.10 However, clinical data suggest that in vitro penicillin resistance in S pneu-
moniae is not associated with increased mortality in nonmeningeal infections.9,11–13

Because of this discrepancy, the Clinical and Laboratory Standards Institute (CLSI)
has revised the MIC breakpoints for penicillin in nonmeningeal isolates in 2008
(susceptible %2 mg/L, intermediate 4 mg/L, and resistant R8 mg/L).14 According to
the revised criteria, the prevalence of penicillin-resistant pneumococcal isolates in
nonmeningeal infections is very low worldwide. For instance, in the United States,
the prevalence of penicillin-resistant S pneumoniae (PRSP) decreased from 10.3%
(MIC R2 mg/L) to 1.2% (MIC R8 mg/L).15 In Asian countries that have reported the
highest rates of penicillin resistance among pneumococci, the prevalence of PRSP
also decreased from 29.4% to 4.0%.10 Therefore, in vitro penicillin resistance is not
a common problem in respiratory infections with these new breakpoints. Clinical
impact of highly resistant strains with penicillin MIC R8 mg/L is yet to be evaluated.

S pneumoniae with macrolide resistance
In contrast to penicillin resistance, macrolide resistance in S pneumoniae remains
a prominent and serious issue in the clinical practice worldwide. The prevalence of
macrolide resistance has increased in diverse geographic regions across the world.
In particular, Asian countries such as Korea, Japan, China, Taiwan, and Vietnam
have shown the highest prevalence rates (>75%) of macrolide resistance16 compared
with the United States (29.4%) or Western Europe including France (57.6%), Italy
(42.9%), and Belgium (32.1%) (Fig. 1).17,18 Whereas ermB with high erythromycin
MICs (>64 mg/L) is the most prevalent genotype for macrolide resistance in many
European countries, South Africa, and Asian countries, mef(A) with lower level of
erythromycin resistance (1–32 mg/L) is the most prevalent resistance genotype iden-
tified in the United States.16–19 In Asian countries, South Africa, and the United States,
the emergence and spread of multidrug-resistant pneumococcal clones such as
Taiwan 19F, Spain 23F, or Taiwan 23F containing ermB and mefA have been
reported.20,21 The clinical significance of macrolide resistance among pneumococcal
isolates is not well established. Although there have been reports on clinical or micro-
biological failures with macrolides in respiratory tract infections caused by macrolide-
resistant isolates,22–25 clinical data have shown an inconsistent relationship between



Fig. 1. Macrolide-resistant rates in S pneumoniae in different countries.16–18
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in vitro macrolide resistance and clinical outcome.26,27 However, a recent study
showed that the low- and high-level macrolide resistance were important risk factors
for macrolide failure of therapy for pneumococcal bacteremia.28

S pneumoniae with fluoroquinolone resistance
Fluoroquinolone resistance in S pneumoniae is relatively infrequent, but an increasing
tendency is observed with increased use of fluoroquinolone.29–31 Prior use of fluoro-
quinolones is an important risk factor for fluoroquinolone resistance. Nowadays the
emergence of reduced susceptibility to respiratory fluoroquinolones such as levoflox-
acin is being increasingly reported.32 The clinical impact of fluoroquinolone-resistant
isolates in the treatment of pneumonia is still unclear, with several anecdotal reports
on treatment failure with fluoroquinolones.

S pneumoniae with multidrug resistance
Multidrug resistance (MDR), which is defined as resistance to 3 or more antimicrobial
classes, has been increasing in pneumococcal isolates especially from Asian coun-
tries. MDR in S pneumoniae usually involves resistance to b-lactams, macrolides,
tetracycline, or trimethoprim/sulfamethoxazole, and rarely, fluoroquinolones.33 MDR
in pneumococci is increasing worldwide, and recent data from the Prospective Resis-
tant Organism Tracking and Epidemiology for the Ketolide Telithromycin (PROTEKT)
study indicate that about 40% of pneumococci display multidrug-resistant pheno-
types.34 The increase in MDR pneumococcal isolates has further limited the choice
of empiric antimicrobial options.

CAP Due to Methicillin-Resistant Staphylococcus aureus (MRSA)

S aureus was an uncommon cause of CAP, accounting for 1% to 5% of all CAP cases
and occurring mostly in patients with influenza.35 However, a new variant of MRSA,
containing SCCmec type IV, has recently emerged in the community as an important
CAP pathogen. In a cohort study in United States hospitals from 2002 to 2003, MRSA
accounted for 8.9% of CAP, 26.5% of HCAP, 22.9% of HAP, and 14.6% of VAP.36

Although there have been increasing numbers of case reports, the true incidence of
community-associated (CA)-MRSA pneumonia remains unknown. A recent system-
atic review showed that the estimated incidence of MRSA CAP was 0.51 to 0.64 cases
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per 100,000, suggesting an increase in incidence of MRSA CAP over the last few
years.37

CA-MRSA is more likely to be involved in skin and soft-tissue infections, and is
usually more susceptible to non–b-lactam antibiotics such as ciprofloxacin, clindamy-
cin, trimethoprim-sulfamethoxazole, gentamicin, and erythromycin compared with
hospital-acquired (HA)-MRSA.38 Unlike HA-MRSA strains that carry SCCmec types
I, II, or III, CA-MRSA strains carry SCCmec IV or V. In the United States, USA300 clone
with ST8 is the most common clone, causing 97% to 99% of CA-MRSA infections.39 In
Europe, the predominant CA-MRSA clone is ST80, whereas ST30 is an important
clone in Asia and Oceania (Table 1).40–48 CA-MRSA isolates also showed a high
percentage of Panton-Valentine leukocidin (PVL), an exotoxin that is able to cause
tissue necrosis and destruction of leukocytes by forming pores in the cellular
membrane. However, many CA-MRSA isolates from the United Kingdom, Korea,
Japan, and Western Australia are negative for PVL.43,47,49 A murine model suggested
that PVL plays a major role in the development of severe pneumonia.50

CA-MRSA pneumonia generally affects young people. The median age of the
patients is 21 years, and 59% of patients are younger than 35 years.37 Influenza-like
illness and documented influenza infection were reported in 41% to 57% and 21%
to 38% of patients, respectively.37,51 Tachypnea (92%), hemoptysis (29%), leukopenia
(45%), and thrombocytopenia (68%) are common.37 Multiorgan failure and acute
respiratory distress syndrome developed in 44% and 23.5% of patients, respectively.
Necrotizing pneumonia based on radiographic or autopsy findings was reported in
61% to 77% of CA-MRSA CAP cases.37 Multiple lobes are usually affected, with scat-
tered areas of cavitary consolidations, pleural effusion, or empyema.37,52 In most
cases, the median time from symptoms onset to death (8 days) or from admission
to death (3 days) was very short.37 Mortality in the individual case series ranged
from 20% to 60%. CA-MRSA pneumonia is a fatal disease with about 15 times higher
fatality than skin and soft-tissue infections caused by CA-MRSA.53 CA-MRSA isolates
have now spread into hospitals, causing various nosocomial infections including
pneumonia.51

Treatment of CAP by Antibiotic-Resistant Pathogens

Recommendations of antimicrobial agents for CAP depend on the etiology of CAP,
including the role of atypical pathogens, antibiotic resistance of major organisms, clin-
ical relevance of antibiotic resistance, and other local issues such as antibiotic avail-
ability.54–56 Antimicrobial resistance in major organisms causing CAP is an important
Table 1
Genotypic characteristics of CA-MRSA strains from different geographic regions

Region

Genotypic Characteristics

PVL Sequence Type SCCmec Type

North America42 1 ST8 IVa

UK43 � ST1 IVa

Denmark44 1 ST80 IV

France45 1 ST80 IV

Taiwan46 1 ST59 V

Korea47 � ST72 IVa

Australia48 1 ST1 IV
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consideration for appropriate empiric antimicrobial therapy, which should be regularly
updated based on appropriate surveillance studies. Penicillin resistance in S pneumo-
niae is not a major consideration for selecting antimicrobial options in the treatment of
CAP because true penicillin resistance with MIC R8 mg/L is rare and lower-level resis-
tance (MIC <8 mg/L) does not match with the clinical response to penicillin treatment.
The United States guidelines recommend macrolides, doxycycline, respiratory
fluoroquinolones, or the combination of a b-lactam and macrolide for treatment of
outpatients with CAP.54 In contrast, the British Thoracic Society guidelines recom-
mend b-lactams, and atypical pathogens are not covered by an initial empiric
regimen.54 Macrolides have been widely used to empirically treat CAP because of
their efficacy in treating typical pathogens such as S pneumoniae and atypical respi-
ratory pathogens. However, given a global increase in macrolide resistance in S pneu-
moniae, especially in the Asian countries where high-level resistance to macrolides is
widely prevalent, a single empiric use of macrolides is not recommended for treatment
of CAP.10,17 For the same reason, doxycycline may not be a good empiric choice for
CAP in Asian countries or other areas with high prevalence of resistance. Empiric use
of respiratory fluoroquinolones is recommended by the American Thoracic Society
and the Infectious Diseases Society of America (ATS/IDSA) guidelines because of
excellent clinical efficacy of these drugs against drug-resistant pneumococci and
atypical pathogens. However, there are some concerns about the use of these agents
as an empiric choice because they can induce the emergence of fluoroquinolone
resistance in major respiratory pathogens as well as other bacterial organisms
including Mycobacterium tuberculosis.

In the region where CA-MRSA is a concern, the initial empiric regimen should be
effective against CA-MRSA although the most effective therapy has not been
defined.54 Although CA-MRSA is frequently susceptible to non–b-lactams including
clindamycin, rifampin, fluoroquinolones, and trimethoprim/sulfamethoxazole, their
efficacy in the treatment of CA-MRSA pneumonia has not been established. Expe-
rience in treatment of nosocomial pneumonia due to MRSA suggests that linezolid
may be superior to vancomycin in the treatment of pneumonia. The effectiveness of
new antimicrobial agents such as tigecycline or ceftobiprole in CA-MRSA pneu-
monia is yet to be evaluated. In the treatment of necrotizing pneumonia caused
by CA-MRSA, which is associated with production of PVL and other toxins, the
use of linezolid or addition of clindamycin to vancomycin may improve
outcome.35,54
HAP

HAP and VAP are the most serious and fatal hospital-acquired infection. Early-onset
HAP is defined as pneumonia occurring within the first 4 days of hospitalization,
whereas late-onset HAP is defined as pneumonia occurring 5 days or more after
hospitalization.3 Late-onset VAP can be defined either by cases occurring 5 days
or more after hospitalization3 or by cases occurring 5 days or more after the initiation
of mechanical ventilation in the British guidelines.56 There are significant differences
in the distribution of causative pathogens according to the geographic region and
timing of onset. At present, S aureus, especially MRSA, has emerged as the most
important pathogen causing HAP or VAP in many hospitals. Most frequent gram-
negative organisms of HAP or VAP are Pseudomonas aeruginosa and Enterobacter-
eiaceae (Klebsiella spp, Escherichia coli, Enterobacter spp) (Table 2).3,36,57–59 In
some Asian countries, nonfermenters such as Acinetobacter spp and P aeruginosa
were reported as the most frequent causal organisms of HAP or VAP.60



Table 2
Major causative organisms of HAP or VAP

NNIS (ICU)57 (1992–1998) USA36 (2002–2003) USA10 (2002–2003) EPIC (Europe)58 (1992) Worldwide59 (1989–2000)

HAP D VAP (n 5 9877) HAP (n 5 835) VAP (n 5 499) HAP D VAP VAP (n 5 2490)

Gram-positive (in %)

S aureus 17.0 47.1 42.5 31.7 20.4

(MRSA/S aureus, %) – (48.6) (34.4) – (55.7)

Streptococcus – 13.9 7.0 – 8.0

S pneumoniae 1.6 3.1 5.8 – 4.1

Other gram-positive 9.3 8.1 8.6 10.6 1.4

Gram-negative (in %)

Pseudomonas spp 15.6 18.4 21.2 29.8 24.4

Haemophilus spp – 5.6 12.2 10.2 9.8

Klebsiella spp 7.0 7.1 8.4 8.0 2.2

Escherichia coli 4.4 4.7 6.4 6.8 3.4

Enterobacter spp 10.9 4.3 5.6 8.0 2.7

Proteus spp – – – – 3.1

Acinetobacter spp 2.9 2.0 3.0 10.0 7.9

Other gram-negative 32.3 3.7 6.2 – 7.0

Abbreviation: EPIC, European Prevalence of Infection in Intensive Care.
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Early-onset HAP or VAP is often caused by organisms such as S pneumoniae or
Haemophilus influenzae, whereas late-onset HAP or VAP is commonly caused by
multidrug-resistant organisms including MRSA, P aeruginosa, or other gram-
negative bacteria.

HAP Due to MRSA

Over the past 3 decades the percentage of respiratory infections in hospitals caused
by MRSA has dramatically increased, and MRSA accounts for 20% to 40% of all HAP
and VAP cases.35 In many countries including United States and most Asian countries,
more than 50% of S aureus isolates causing ICU infections are methicillin-resistant.
Most of the MRSA strains causing HAP and VAP are typical nosocomial strains with
SCCmec types I, II, or III, and CA-MRSA strains with SCCmec type IV or V have
been introduced into the hospital recently.61,62 Methicillin resistance in S aureus
VAP may be associated with excess mortality, although this association may be prob-
ably because of confounders, such as the adequacy of the empiric treatment and
severity of illness.63 MRSA VAP also prolongs the duration of ICU hospitalization
and increases overall health care cost.64,65

HAP Due to Pseudomonas aeruginosa

P aeruginosa is the second most common pathogen of HAP in the United States66 and
the most common pathogen in some Asian countries. Infections caused by P aerugi-
nosa are frequently life threatening and often difficult to treat because of the intrinsic
resistance of P aeruginosa to many antimicrobial agents. Data from United States
showed that more than 20% of P aeruginosa isolates in ICU surveillance were resistant
to ceftazidime or imipenem.67 Increase in the prevalence of multidrug resistance to
b-lactams, aminoglycosides, and fluoroquinolones is the greatest concern for P aeru-
ginosa associated with HAP. Independent predictors for carbapenem resistance were
prior receipt of mechanical ventilation and prior exposure to fluoroquinolones or car-
bapenems.68 Risk factors for the presence of MDR P aeruginosa are 48 hours or more
of hospital stay before ICU admission, prolonged ICU stay, longer duration of mechan-
ical ventilation because of acute lung injury, taking antibiotics for longer duration, and
long duration of indwelling central catheters.69 Metallo-b-lactamases (MBL) produc-
tion is an emerging mechanism in gram-negative bacilli, particularly in P aeruginosa.
MBLs hydrolyze all b-lactam agents with the exception of aztreonam, including the
carbapenems.70 Because their genes are carried on highly mobile elements, they
are easily disseminated between gram-negative bacilli. MBLs have been widely
spreading into many countries including Europe, Asia, and Latin America.71 Patients
with MDR, colistin-susceptible P aeruginosa VAP are characterized by previous VAP
episodes, prior broad-spectrum antimicrobial therapy for more than 10 days (particu-
larly carbapenem), and delayed onset of VAP from the time of ICU admission.72 The
emergence of pandrug-resistant (PDR) P aeruginosa in Taiwan has been reported.73

The prolonged combined use of carbapenems and colistin predisposed to VAP by
PDR P aeruginosa. A prospective cohort study on HAP and VAP due to P aeruginosa
revealed that the 30-day mortality was 37.3%.71 In this study, patients with HAP or
VAP by MBL-producing P aeruginosa showed higher mortality (57.1%) than those
infected by non–MBL-producing strains (29.6%). Inappropriate antimicrobial therapy
was an independent factor for the 30-day mortality period.

HAP Due to Acinetobacter spp

Acinetobacter spp has emerged as a significant nosocomial pathogen, especially in
ICUs. HAP or VAP is the most common manifestation of nosocomial Acinetobacter
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infection, accounting for 6.9% of gram-negative pneumonia in the ICU in the NNIS
(National Nosocomial Infections Surveillance System) study.67 The important predis-
posing factors are mechanical ventilation, especially after prolonged intubation,
type and duration of prior antibiotic therapy, underlying pulmonary disease and
systemic comorbidities, longer length of ICU stay, aspiration, head injury, and neuro-
surgery.74 Acinetobacter spp can develop resistance rapidly to different classes of
antimicrobial agents, including b-lactams, aminoglycosides, fluoroquinolones, and
tetracyclines.75 Data from the NNIS System in the United States between 1986 and
2003 showed an increase in the prevalence of resistance to ceftazidime (24% to
67%), amikacin (3% to 20%), and imipenem (0% to 20%) in Acinetobacter spp67

Recently, carbapenem resistance has been steadily increasing in Acinetobacter spp
worldwide.76,77 The major driving force for the emergence of carbapenem resistance
is the heavy use of third-generation cephalosporins, aztreonam, and carbapenems.78

Carbapenem-resistant Acinetobacter spp are disseminated within the hospital and
between institutions. Multidrug resistance in Acinetobacter spp is associated with
longer hospital stay in the ICU (odds ratio [OR] 2.1) or in the hospital (OR 2.5).79 Emer-
gence of carbapenem resistance and multidrug resistance has led to the revival of
colistin in the clinical practice to treat Acinetobacter infection. However, colistin resis-
tance in Acinetobacter baumannii isolates has already been reported. The prevalence
rates of resistance to polymyxin B and colistin in a Korean hospital was 18.1% and
27.9%, respectively.80 In addition, PDR strains that are resistant to all available anti-
biotics have emerged in some regions.81,82

Nosocomial Acinetobacter pneumonia is associated with high mortality rates that
range from 35% to 70%, which is particularly high in patients with VAP.83,84 A
recent case-control study showed that VAP caused by A baumannii was not asso-
ciated with an increase in the risk of death, although imipenem resistance was
associated with higher mortality rates.85 However, another study found that VAP
caused by Pseudomonas and Acinetobacter had higher mortality rates compared
with VAP caused by other etiologies.86 Mortality of Acinetobacter pneumonia may
be related to the extent of antimicrobial resistance, the effectiveness of empiric
therapy, and the severity of illness. In one study, adequacy of empiric antibiotic
therapy was a protective factor (OR 0.067) of in-hospital mortality, whereas sequen-
tial organ failure assessment (SOFA) score was the predictor of in-hospital mortality
(OR 1.22).84

HAP Due to ESBL-producing Klebsiella pneumoniae

Enterobacteriaceae such as K pneumoniae are one of the most frequent causes of
HAP, with nonfermenters including P aeruginosa and A baumannii. In a report from
the United States, Klebsiella spp accounted for 7.1% of HAP and 8.4% of VAP.36 Kleb-
siella spp are intrinsically resistant to ampicillin and other aminopenicillins, and resis-
tance to the third- and fourth-generation cephalosporins has increased worldwide as
a result of the spread of plasmid-mediated extended-spectrum b-lactamases
(ESBLs). The proportion of ESBL production in K pneumoniae and the types of ESBLs
vary by the region. The rate of ESBL production is highest among the K pneumoniae
isolates collected in Latin America (44.0%), followed by the Asia/Pacific rim (22.4%),
Europe (13.3%), and North America (7.5%).87 In recent years, CTX-M type ESBLs
have emerged as the predominant type of ESBL in many regions of the world.88–90

Risk factors associated with ESBL-producing organisms are: increasing duration of
hospital or ICU stay, greater severity of clinical status, insertion of various types of
indwelling catheters, performance of certain types of invasive procedures or surgical
interventions, receipt of renal replacement therapy, or mechanical ventilator
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support.91 Because ESBL-producing K pneumoniae is emerging as important patho-
gens causing HAP or VAP, it is more likely to develop into inappropriate empiric anti-
microbial agents that could be associated with high mortality. Recently, K pneumoniae
carbapenemase (KPC)-producing K pneumoniae has increasingly been isolated in
China, Israel, Greece, South America, and the United States, posing perhaps the
most serious potential threat to antimicrobial treatment because of lack of effective
antimicrobial agents.92

Treatment Issues for HAP Caused by Antibiotic-Resistant Pathogens

With increasing incidence of HAP caused by MDR pathogens, strategies for the
management of HAP mainly focused on the evaluation of risk factors for MDR patho-
gens. Early-onset HAP or VAP is usually associated with lower risk for MDR patho-
gens, but late-onset HAP or VAP is associated with MDR pathogens that require
broad-spectrum antibiotics.3 Risk factors for MDR pathogens in HAP or VAP include
antimicrobial therapy within the preceding 90 days, current hospitalization of 5 days or
longer, high frequency of antibiotic resistance in the community or specific hospital
units, admission from a health care–associated facility, and immunosuppressive
disease or immunosuppressant therapy.3 In the clinical setting with suspicion of
MDR pathogens, antipseudomonal b-lactams such as carbapenem, ceftazidime,
cefepime, or piperacillin/tazobactam have been recommended as initial empiric anti-
biotics in current guidelines.3,93 Combination of b-lactams with fluoroquinolone or
aminoglycoside is usually preferred to monotherapy in patients at risk for P aeruginosa
to enhance the appropriateness of initial empiric therapy in most guidelines.3,93 Theo-
retically, the use of combination therapy could minimize the emergence of resistance
and increase likelihood of therapeutic success from antimicrobial synergy. The combi-
nation therapy in P aeruginosa pneumonia might reduce the likelihood of inappropriate
treatment, especially if local resistant patterns or individual patient risk factors for
resistant pathogens suggest the possibility of MDR organisms. However, clinical
data has shown that the administration of a single effective antimicrobial agent
provides a similar outcome to combination therapy, suggesting that switching to
monotherapy once the susceptibility is documented could be a safe option.94

The increasing prevalence of ESBL-producing Enterobacteriaceae in HAP in many
countries has led to increasing use of carbapenems. Because carbapenem-
resistant gram-negative bacilli have been also increasing, colistin has reemerged as
a promising drug for these MDR pathogens. However, there are no proven effective
therapeutic options for HAP or VAP caused by colistin-resistant K pneumoniae and
A baumannii. Initial empiric therapy with glycopeptides or linezolid against MRSA is
usually not recommended unless local microbiology data suggest a high likelihood
of MRSA infection, mainly because of concerns over the emergence of
vancomycin-resistant S aureus or enterococci.
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Tuberculosis (TB) is the best known, and most studied, occupational respiratory infec-
tious disease. The wealth of published information regarding nosocomial transmission
of TB can provide insight into the risks, mechanisms, and potential preventive
measures for the nosocomial transmission of other airborne infections including
severe acute respiratory syndrome (SARS), influenza, measles, varicella, and anthrax.
The study of occupational TB is particularly informative because transmission can be
monitored in 2 ways. The cumulative or periodic incidence of latent infection can be
estimated using tests of immune reactions to TB antigens, such as the tuberculin
skin test (TST).1 Transmission that results in disease can be measured with a high
degree of specificity using molecular epidemiologic tools such as restriction fragment
length polymorphism (RFLP) analysis.2

Much of the information regarding risk, risk factors, and prevention of nosocomial
transmission is derived from studies conducted in high-income countries.3 There
was considerable interest in this topic in the preantibiotic era, but this waned with
the introduction of effective antibiotics.4 However, the coincident advent of human
immunodeficiency virus (HIV) infection and multidrug-resistant (MDR) TB resulted in
several major outbreaks in high-income countries, particularly the United States. In
a few of these outbreaks more than half of exposed patients became infected, devel-
oped disease, and died.5 In the same hospitals a large number of health care workers
were infected, although few developed disease and even fewer died.5 These
outbreaks led to renewed interest in the prevention of transmission of airborne respi-
ratory infections. In the past decade attention has shifted to workers in low- and
middle-income countries (LMIC), where risk of disease may be high.3,6
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RISK AND RISK FACTORS FOR TB INFECTION AND DISEASE

Several narrative and systematic reviews have been published on the risk of TB infec-
tion and disease among health care workers in high-income4,5 and LMIC.3,6 Nosoco-
mial TB transmission has also been reviewed in guidelines issued by authoritative
agencies including the US Centers for Disease Control7 and most recently the World
Health Organization.8

Until recently prevalence and incidence of latent TB infection (LTBI) could be
measured only with the TST. In the past decade interferon g release assays (IGRA)
have been increasingly used to measure LTBI prevalence.9,10 However, few studies
have measured incidence of TB infection through serial performance of IGRA.
Although IGRA have significantly better specificity in bacille Calmette-Gu�erin (BCG)-
vaccinated populations,9,10 their ability to predict who will develop active TB is
unclear. In addition, studies of serial IGRA testing have reported substantial rates of
conversion and spontaneous reversion.11,12 Until these issues are clarified the useful-
ness of IGRA for estimation of nosocomial transmission remains questionable,
although this is an area of active research. Hence this review focuses on studies using
TST to detect prevalent and incident LTBI.

As summarized in Table 1 a large number of studies have estimated risk of TB infec-
tion or disease. Although the estimates are variable, there is consistent evidence that
the prevalence and incidence of LTBI in health care workers is substantially higher
than the general population, in all settings. In high-income countries the pooled risk
of TB disease among workers is only twice that of the general population, whereas
the risk of infection is 10 times higher. In low-income countries disease and infection
are about 5-fold higher than the general population. The reason for the difference in
relative risk between infection and disease in high-income countries may reflect the
healthy worker effect53 or may reflect overestimation of LTBI because of the nonspe-
cificity of tuberculin skin testing in BCG-vaccinated populations.

Risk factors associated with TB infection and disease in all countries are summa-
rized in Table 2. Despite the differences in levels of exposure, risk factors are similar.
Most of these risk factors can be interpreted to indicate simply that infection and
disease are proportionate to likelihood of exposure to patients with TB. It is self-
evident that more years of work, in jobs that involve direct patient care, and in hospi-
tals or units caring for more patients with TB, are more likely to result in TB infection
and disease. One useful indicator is the number of patients with TB per worker,3,5

because the same number of patients with TB inevitably creates greater probability
of exposure if cared for by a small group of workers, than the per-worker exposure
Table 1
Summary of risk of TB in health care workers relative to general populations

Studies (N) Relative Risk References

LTBI

High-income countries 27 10.1 13–38

LMIC 9 5.8 39–47

Active TB disease

High-income countries 12 2.0 48–57

LMIC 20 (222) 5.7 58–79

Data from World Health Organization, Stop TB Department. WHO policy on TB infection control in
health-care facilities, congregate settings and households. Geneva (Switzerland): World Health
Organization; 2009.



Table 2
Occupational risk factors for TB

General Specific LMIC References High-income References

LTBI

Exposure Years of work 44,45,47,58,80–82 37

TB admissions — 37

Known TB contact 43,58 18,37,83

Type of work Health care/patient care 45,84 83,85

Physicians 80,86 37,87

Nurses 45,80,86 21,37,85,88

Respiratory therapists 58 85

Trainees — 18

Location of work Medical ward 58,81,89 21,88

HIV ward/care — 21

Emergency 86 16

Laboratory/pathology 86 88,90

TB ward/clinic — 18

TB disease

Exposure — — —

Type of work Health care/patient care — 49,50,53,56

Physicians 63,68,72,73 51,53,55

Nurses 61,63,67,68,70–73 52,53,55

Respiratory therapists — 52

Trainees — 54

Location of work Medical ward 58,70,72,91 —
TB ward/clinic 58,59,62,66,70,72 —
HIV ward/clinic — —
Emergency 58,70 —
Laboratory/pathology 58,63 —
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risk in a larger hospital. Other risk factors relate to increased chance of exposure to
undiagnosed patients; these include work in emergency departments, or HIV services
(the latter because of the atypical clinical manifestations of TB in HIV-coinfected
patients). The third category of risk factor relates to specific activities that increase
patients’ contagiousness. For example, respiratory therapists,52,92 and pathology
workers2,90,93 have been consistently identified as high-risk workers, because certain
of their tasks can result in aerosolization of TB bacilli (eg, intubation,94,95 sputum
induction,96,97 bronchoscopy,98 or autopsy99,100).

These epidemiologic observations have improved our understanding of nosoco-
mial transmission, and guided the development of infection control recommenda-
tions. The consistent observation that risk is proportional to the number of patients
with TB per worker has resulted in risk-stratified recommendations: large hospitals
with few patients with TB are required to implement fewer measures to prevent
nosocomial TB transmission than hospitals with more TB cases. The knowledge
that workers in high-incidence countries have 5 times greater risk of infection
and disease than the general population has led to the realization that TB is the
most common and serious occupational illness in these countries. This finding
has stimulated concerted efforts to raise awareness, not least among the workers
themselves, many of whom have a stoic and fatalistic approach to occupational
TB. This finding also resulted in development of guidelines for TB control in
resource poor settings,101 which have been updated recently.8
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The identification of high-risk professionals such as respiratory therapists or
pathology workers led to the realization that certain tasks were high-risk activities,
such as bronchoscopy or autopsy. This finding in turn led to specific infection-
control measures for these activities. The identification of increased risk associated
with work in emergency departments resulted in administrative measures in these
departments to improve triage and separation of patients suspected of TB.
INTERVENTIONS TO PREVENT NOSOCOMIAL TB TRANSMISSION

Interventions to prevent nosocomial TB transmission are generally divided into 3
broad categories: administrative, personal, and engineering.7 These categories are
often referred to as a hierarchy of control measures. Administrative controls are insti-
tutional policies that have the general aim of reducing the time between arrival of
a patient at a health care facility and their placement in respiratory isolation, definitive
diagnosis, and initiation of effective treatment. These controls include rapid triage of
patients suspected of active TB, rapid performance of chest radiographs or other
screening tests, expeditious processing of sputum samples for acid-fast bacillus
(AFB) smear and culture, and more rapid separation of patients with TB (usually in
isolation rooms). Personal controls are measures directed at individual workers. These
measures include use of personal respirators (masks) and screening for, and treat-
ment of, latent or active TB. Engineering controls are environmental measures that
act to reduce the likelihood of workers’ exposure to viable airborne TB bacilli. These
controls include ventilation to remove and/or dilute airborne bacilli, and to ensure
correct direction of flow of contaminated air, and ultraviolet germicidal irradiation
(UVGI), which kills airborne bacilli.

As shown in Table 3, several studies have examined the effect on indicators of
nosocomial transmission when multiple interventions were applied simultaneously.
Harries and colleagues65 implemented a program in 40 facilities in Malawi to train
workers to triage, and separate patients with TB, and to enhance natural ventilation.
These efforts resulted in a modest decline in overall TB incidence, which was not
statistically significant. However, compliance with these measures was suboptimal.
In Thailand, 1202 health care workers had serial tuberculin testing before and after
administrative, personal, and engineering measures were instituted in one provincial
referral hospital. Incidence of LTBI declined substantially but incidence of disease
increased.47 However, the increase in disease may have been a result of a concomitant
increase in HIV prevalence, and because the number of patients with TB almost
doubled at the same time. In 2 Brazilian hospitals incidence of TST conversion was
8 per 1000 person-months following implementation of the full hierarchy of administra-
tive, personal, and engineering controls, compared with 16 per 1000 person-months in
2 other hospitals without any TB infection-control measures.45

Delays in institution of adequate isolation, or diagnosis and institution of effective
therapy, have been consistently identified as important factors in almost all reports
of nosocomial TB outbreaks.5 The importance of administrative measures has been
identified in a modeling study,107 but the epidemiologic evidence of the effectiveness
of these measures is limited, because, as shown in Table 4, few studies have imple-
mented these measures alone. In one Italian hospital, the occurrence of new MDR
disease among patients was eliminated after implementation of administrative
measures alone.108 In a US hospital TST conversion was reduced 80% by administra-
tive measures alone.109 In the Malawi study most of the changes were administrative;
these had minimal effect, but as noted earlier, compliance with the measures was
poor.65 In 2 US hospitals administrative measures were introduced first, and interim



Health Care Workers and Nosocomial Infections 659
tuberculin testing was performed before implementation of the rest of the infection
control measures. In both hospitals incidence of TST conversion decreased signifi-
cantly after the implementation of the administrative measures.110,111 Administrative
controls are the cheapest and simplest measures to implement, and all evidence
suggests that they are effective and important. Hence, implementation of administra-
tive control measures should be the first priority in all health care facilities.

Personal respirators or masks were the subject of considerable confusion in the
early 1990s. Infection control and occupational health practitioners, regulatory
agencies, and researchers struggled with conflicting recommendations and confusing
terminology regarding personal respirators. In 1994 a single standard was recommen-
ded: that personal respirators (masks) should filter at least 95% of particles of 1 mm or
larger, with less than 10% face seal air leak.112 Respirators meeting these standards
are referred to as N-95. Given that TB bacilli are 3 to 5 mm in length, these masks
should filter at least 95% of TB bacilli out of the air inhaled by health care workers.
Modeling studies have concluded that personal respirators should work well.113 On
the other hand, there is no epidemiologic evidence of their effectiveness. No studies
have been published in which only personal respirators were implemented. Some
modeling studies have found that the effect of personal respirators is modest if they
are used in a setting with proper engineering control measures.114 Fit testing of
personal respirators is particularly controversial because studies have shown that
the results of fit testing are not reliable or reproducible.115,116 Nevertheless, most regu-
latory authorities and most health care institutions insist on fit testing because in
theory a better-fitting personal respirator should provide more protection than one
that allows some leakage.

Virtually all TB transmission occurs indoors. The risk of TB transmission outdoors is
considered virtually nil, because of the bactericidal effect of sunlight as well as the
rapid dispersion and dilution of airborne bacilli.117 Ventilation can reduce the risk of
indoor transmission by removal and dilution of airborne TB bacilli.118 As shown in
Fig. 1, the concentration of any airborne particles, including TB bacilli, can be reduced
effectively with greater air exchange rates. However, the incremental gains diminish as
air exchange rates are progressively increased, and the energy costs and construc-
tion/capital costs to achieve these higher air exchange rates increase considerably.119

Natural ventilation, through open windows and doors, can achieve high air exchange
rates,120 but the direction of airflow within the building is unpredictable, as it is largely
determined by outdoor temperature and wind direction.85,121 This situation means that
contaminated air from a TB patient’s room can move to other occupied areas
including staff rooms and other patient rooms. Natural ventilation also has limitations
when outdoor temperatures are very high or very low.

When properly designed and installed, mechanical ventilation can control direction
of airflow and achieve adequate outdoor air exchange rates. However, the initial
capital costs for mechanical ventilation systems are high, as are the operating costs.
The latter reflect the need for trained personnel to operate mechanical ventilation
systems constantly, and to inspect and maintain them regularly. Energy costs of
mechanical ventilation can be substantial in very cold or very hot climates,119 partic-
ularly if high outdoor air exchange rates are mandated.

The effect of ventilation alone has been examined in only 3 studies, summarized in
Table 5. In a Canadian study of 1274 workers in 17 hospitals, nurses and respiratory
therapists who worked on units with ventilation of less than 2 air changes per hour in
general patient rooms and wards (ie, nonisolation rooms) had a 3.8 times higher risk of
tuberculin conversion than those who worked on units with better ventilation in general
wards.92 Air exchange rates in respiratory isolation rooms were not associated with



Table 3
Effect of administrative, personal, and engineering control measures applied concurrently on nosocomial transmission of TB

LMIC

Author, Year Country
Facilities Year of
intervention

Preventive Strategy Used

Epidemiologic
Measure in Absence
of Preventive
Measure

Epidemiologic
Measure in Presence
of Preventive
Measure EffectAdministrative Personal Engineering

Harries 2002,65

Malawi
40 TB care facilities
(1998)

(1) Priority to patients
with chronic
cough in OPD

(2) Rapid sputum
collection,
transport and
reporting

(3) Visitors kept
to a minimum

(4) CXR at quiet
times of the day

(5) Patients with TB
spend more day
time outdoors
when possible

(1) Proper cough
hygiene

(2) Mask worn by
patients with
TB when
undergoing
surgical
procedures

(1) Increased natural
ventilation

(2) Windows left
open most of
the time

Incidence of TB
disease before
prevention (1996)

Clin officer 7407
Pt attd 5014
Wd attd 3543
TB officer 3030
Nurses 2835
Overall 3707

Incidence of TB
disease after
prevention (1999)

Clin officer 3603
Pt attd 4348
Wd attd 3954
TB officer 1785
Nurses 2060
Overall 3222

Incidence of TB
disease declined
after preventive
measures used.

Statistically NS

Yanai 2003,47 Thailand
Provincial referral

hospital
(1997–98)

(1) Early suspicion
of TB

(2) Early sputum
collection and
reporting

(3) Early initiation
of TB treatment

(4) Isolation of
patients with TB

(5) One-stop OPD TB
service

(1) N95 mask use
by HCWs

(2) HEPA filter in
laboratory areas

(1) TB isolation
room in wards

(2) Maximizing
ventilation in
wards

(3) Class II safety
cabinets in
laboratory

(4) UVGI system
in laboratory

Incidence of TB
disease control
measures
(1995–1997)

All HCWs 179.21
Annual incidence of

LTBI before control
measures (1995–97)

9.3% (3.3%–15.3%)

Incidence of TB
disease after control
measures (1999)

All HCWs 252.68
Annual incidence of

LTBI after control
measures (1999)

2.2% (0%–5.1%)

Increase in TB
disease

Statistically NS
Decrease in LTBI

rates
Statistically

significant

Roth 2005,45 Brazil.
2 hospitals with, and 2

without control
measures

(1998)

(1) Rapid diagnosis
and treatment of
Patients with TB

(2) Isolation of
patients with TB
in private rooms

(1) N95 mask use
by HCWs

(2) HEPA filter in
laboratory
areas

(1) Negative pressure
roomsa

(one hospital)
(2) Class II biosafety

cabinets in
laboratory areas

Incidence of LTBI in
2 hospitals without
control measures

(1998–99)
16 per 1000

person-months

Incidence of LTBI in
2 hospitals with
control measures

(1998–99)
8 per 1000

person-months

Difference in LTBI
rates

Statistically
significant
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High-Income Countries

Author,
Year
Country

Workers
Facilities
Year of
Intervention

TST Baseline
Conversion
Definition

Infection Control Strategy Used Outcomes

Administrative Personal Engineering Measure Before After

Wenger 1990102

United States
All HCW
1 hospital
1991

1-Step
T1<10, T2R10 mm
TST R10 mm

and [ 61 mm

[ Isolation
[ Speed for AFB
Sputum induction

in respiratory
isolation rooms

TST every 4 mo
Sub-mm masks
Dust-mist masks

Auto door closers
Negative pressure

isolation rooms

Conv/tested
ARI

7/25
28%

3/17
18%

Maloney 1991103

United States
All HCW
1 hospital
1991

1-Step
T1<10, T2R10 mm

[ Isolation
[ Treatment
[ Speed for AFB

Molded surgical
masks

Window exhaust
fans

Conv/tested
ARI

26/840
3.1%

22/727
3.0%

Fella 1991104

United States
All HCW
1 hospital
1991–1993

1-Step
T1<10, T2R10 mm

[ Isolation Better mask
(dust-mist)

Window exhaust
fans

Upper air UV light

Conv/tested
ARI

30/145
21%

51/1007
5.1%

Bangsberg
1992105

United States

Residents
1 hospital
1992

1-Step
T1<10, T2R10 mm

and [ 61 mm

[ Isolation Respiratory
masks

Negative pressure
rooms in ER1OPD

Upper-air UV lights

Conv/tested
ARI

11/90
5.4%

1/90
0.7%

Blumberg 1992106

United States
All HCW
1 hospital
1991–1992

1-Step
T1<10, T2R10 mm

[ Respiratory isolation TST every 6
months Sub-mm
masks

Window exhaust
fans

Conv/tested
ARI

118/3579
3.3%

185/17618
1.1%

Boudreau 199718

United States
All HCW
1 hospital
1989–1992

1-Step
T1<10, T2R10 mm

Drug therapy
improved

[ Isolation procedures
Worker education

Better masks Sputum induction
booth

UV lights

ARI in HCW 6.9% 1.9%

Blumberg 199817

United States
Residents
1 hospital
1992–1997

1-Step
T1<10, T2R10 mm

Isolation procedures
TB infection control

nurse

Better masks
TST of HCWs

50 respiratory
isolation rooms

ARI in HCW 6% 1.1%

Louther 199726

United States
All HCW
1 hospital
1991–1994

1-Step
T1<10, T2R10 mm

and [ 101 mm

[ Isolation Better masks [ Ventilation ARI in HCW 7.2% 4.8%

Abbreviations: ARI, annual risk of infection; Clin officer, clinical officer; Conv, conversions; CXR, chest radiograph; ER, emergency room; HCW, health care worker;
HEPA, high-efficiency particulate air; NS, nonsignificant; OPD, outpatient department; Pt attd, patient attendant; Wd attd, ward attendant.

a Single rooms, R6 air changes per hour, negative pressure or inward airflow, automatic door closing.
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Table 4
Effect of administrative measures (triage and separation of patients with TB) (studies in which
effect of administrative measures only were studied)

Author
(References) Country

Year of
Intervention

Effect
Measured in

Outcome
Measure Before After

Moro108 Italy 1993 Patients New MDR
disease

26/90 0/44

Jarvis109 United States 1995 HCWs TST
conversion

14.6% 2.9%

Abbreviation: HCW, health care worker.
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workers’ tuberculin conversion rates.92 In the same study laboratory workers had
greater rates of tuberculin conversions if they worked in laboratories or autopsy suites
with lower ventilation levels.90 A single study has reported on TST conversion rates
before and after improvements in ventilation only.16 In the emergency department of
a US hospital, 4 respiratory isolation rooms were created, recirculation of air was elim-
inated, and laminar airflow introduced. Following these measures tuberculin conver-
sion declined substantially among staff in the emergency department and in other
departments (possibly because of reduced recirculation of air from the emergency
departments to these other departments).16

UVGI is an older technology that was evaluated extensively in the preantibiotic era.
With the advent of effective antibiotic therapy, UVGI fell into disuse (along with most
aspects of TB infection control). UVGI also fell into disrepute because of concerns
regarding skin cancer. These concerns were completely unfounded because the
type of ultraviolet irradiation generated by the lamps (UV-C) does not penetrate the
skin and so cannot cause mutagenesis in the skin.117,122 Direct exposure to UVGI
can cause skin rash (similar to sunburn) and keratoconjunctivitis (similar to snow blind-
ness). Outbreaks of both conditions have been reported, and all have been mild and
self-limited.122 In every instance these outbreaks were caused by errors in the instal-
lation, or operation of the lamps.122

Modern lamps are designed to minimize risk of direct exposure. Usually these are
installed above eye level in rooms with reflectors so that only the upper air in the
Fig. 1. Percent of airborne bacteria remaining after 1 hour of ventilation at different
exchange rates.



Table 5
Effect of ventilation on nosocomial TB transmission (studies in which effect of ventilation alo e was studied)

Author
(References) Country

Year of
Intervention Ventilation tcome Measure

Effect Measured in Outcomes

Type N
Lower
Ventilation

Higher
Ventilation

Menzies90,92 Canada 1996–98 Mechanical Relative risk of
cumulative TST
conversion

Nurses,
respiratory
therapists

1270 3.8 1.0

Laboratory
workers

120 1.3 1.0

Behrman16 United States 1993–96 4 respiratory
isolation
rooms

Nonrecirculating
air laminar
airflow

TST conversion
per 6 months

Emergency
department
staff

88 10.5% 0

Other
departments

3000 5.0% 1.2%
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room is irradiated. Occasionally such lamps have caused eye irritation as a result of
reflected UV light from glossy ceilings.122 This reflection can be eliminated by use of
low-gloss ceiling paint or louvered lamps so that the UV light is emitted only in a narrow
beam in the upper air. Effectiveness of UVGI is summarized in Table 6. Effect of UVGI
installation on TST conversion among hospital workers has been reported in 4 studies.
In all 4, the incidence of tuberculin conversion declined substantially, but this may
have been a result of other interventions, because UVGI was one of several interven-
tions introduced at the same time. Two studies have irradiated upper air in rooms of
patients with TB with UVGI; the air exhausted from these rooms was fed through an
animal enclosure. In both studies, animals exposed to air from rooms with UV irradi-
ation had substantially reduced incidence of TB infection and disease.123,124,128 In
vitro studies have also shown the high potency of UVGI in reducing the number of
viable airborne BCG,129 or viable mycobacterial cultures in solid media. Despite solid
animal evidence of efficacy and clear evidence that it is safe for humans, authoritative
agencies remain reluctant to endorse use of UVGI. As summarized in Table 7, UVGI
has many advantages compared with mechanical ventilation in terms of proven effec-
tiveness, low initial and recurrent costs, as well as proven safety, yet authoritative
agencies continue to recommend it only as an adjunct measure.
SARS

The SARS epidemic from November 2002 until July 2003 provided many important
observations regarding determinants and prevention of nosocomial transmission.
Interest in infection control with SARS was high because no effective vaccine or treat-
ment was available at the time of the epidemic, and a high proportion of all SARS
cases occurred as a result of nosocomial transmission. Ultimately the epidemic
subsided following strict enforcement of control measures within health care facilities
and in the community. Hence, this epidemic provides many important lessons that are
applicable for prevention of nosocomial transmission of TB and influenza.

Several features of SARS were unusual. First, the incubation period was longer than
typical for influenza or other respiratory tract viral infections (4–6 days instead of 1–2
days; see Table 8) and the course of the illness was slower.147 Of particular relevance
for nosocomial transmission, in most patients the viral load and viral shedding
increased to a peak about 10 to 12 days after the onset of symptoms, following which
there was a slow decline.146,147 Because patients typically sought medical care and
were hospitalized after a few days of symptoms they became progressively more
contagious after their arrival in health care facilities. This situation may have accounted
for the disproportionate share of transmission that occurred within health care facili-
ties; it was estimated that 78% of all cases in Singapore, among patients and health
care workers, resulted from nosocomial transmission.150 Overall, health care workers
accounted for 21% of all cases,132 although in most countries they account for only
2% to 3% of the adult population. A rough estimate is that the risk of disease in health
care workers was approximately 10-fold higher than the general population. A similar
estimate can be derived from Hong Kong, where there was more extensive community
transmission, yet the rates in health care workers were more than 10 times higher than
the community rates in the worst affected areas.141

This situation is similar to TB in high-income countries; community transmission is
rare, and patients are often hospitalized when they present with symptoms. After
admission, contagiousness and transmission often increase, because the diagnosis
is missed or delayed by days to weeks.156



Table 6
Effect of improved UVGI only on nosocomial TB transmission

Author (References) Country
Year of
Intervention

Intervention Measured in

Outcomes Before UVGI After UVGI
Reduction
(%)Type N

Studies of HCWsa

Bourdeau18 United States 1989–91 All HCWs TST conv/y 21% 5.1% 76

Fella104 United States 1991 All HCWs 1000 TST conv/y 6.9% 1.9% 72

Bangsberg105 United States 1991–92 Trainees (residents) 90 TST conv/y 5.4% 0.7% 87

Yanaib,47 Thailand 1997–98 All HCWs 1202 TST conv/y 9.3% 2.2% 76

Studies of laboratory animals

Riley123 United States 1957 Guinea pigs ns BCG infection 100% 0 100

Escombe124 Peru 2008 Guinea pigs 150 MTB infection 106 29 72
MTB disease 26 11 60

Studies of microbes

Ray125 United States 1957 Culture plates Viable MTB 150-350 15–30 90

Riley126 United States 1976 Airborne BCG BCG killing 9 1 90

Xu127 United States 2003 Airborne BCG Viable airborne
BCG

5.7 � 104 3.2 � 103 96

Abbreviations: conv, conversions; HCW, health care worker; MTB, Mycobacterium tuberculosis.
a All 4 studies in health care workers involved multiple interventions applied concurrently. Hence, the reduction seen may have been caused by other interven-

tions (partially or entirely).
b UVGI applied in laboratory areas only. In this study there was no reduction in incidence of disease.
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Table 7
Comparison of engineering control measures: ventilation versus UVGI (a gap between
evidence and recommendations?)

Parameters Mechanical Ventilation UVGI

Maximum air
exchange ratea

12–15 20–25

Effectiveness

Proved — —

In workers Partially Partially

In animals No Yes

In vitro No Yes

Safety

In theory Yes Yes

Shown in workers No Yes

Costs

Initial capital costs Very high Moderate

Recurrent costs — —

Maintenance High Low

Energy Moderate-High Low

Personnel (operation) Moderate None

Personnel (inspection) Low Low

Recommendations (reference)

United States7 Primary mode Adjunct measure

Canada130 Primary mode Use when recommended
ventilation cannot be
achieved

WHO8 Primary mode Use when recommended
ventilation cannot be
achieved

a Maximum outdoor air exchange rate that can reasonably be achieved in occupied spaces, yet
maintain noise, draft, and temperature within human comfort range. For UVGI this refers to
the removal of viable airborne organisms that would be achieved with equivalent levels of
ventilation.
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Another feature of the SARS epidemic was that a few patients were identified as
more contagious than others, so-called superspreaders of the epidemic
(SSEs).137,152,157 One of these persons transmitted SARS to several others on the
same floor in a hotel,141 and another to more than 50 others living in the same apart-
ment complex but different buildings.137 Neither patient had any direct contact with
these secondary cases, supporting the possibility of airborne spread. Reasons for
this contagiousness were not identified, but again there is a close parallel with TB.
In several studies, the contagiousness of patients with TB has varied widely.123,158,159

Although contagiousness is generally correlated with extent of pulmonary disease, it is
substantially increased if there is laryngeal involvement.123,159 One can only speculate
why the phenomenon of SARS superspreaders occurred, but it seems these few
patients were efficient generators of infectious aerosols.

Delayed diagnosis was common to all outbreaks of SARS, as with TB. Triage and
separation of patients proved important in containing SARS epidemic, as shown in
Table 9, another parallel with TB. Other administrative measures, particularly



Table 8
Key epidemiologic and clinical features of influenza A (including H1N1) and SARS

Features

Influenza A SARS

Values (References) Values (References)

Incubation 1.4 days131 4.6–6.4 days132,133

Transmission

Mode Primary droplet134 Primary droplet132

Possible contact Fecal-oral135

Possible airborne134,136 Possible contact135

— Possible airborne137,138

Asymptomatic Minimal139 None140,141

Increased by Intubation Intubation142–144

— NIPPVa,144,145

Infectiousness (new infections
per case)

1.8–20.0 2.4–2.7146,147

Duration of contagiousness 3 daysb,131 10–20 days146,147

Nosocomial transmission

Outbreaks shown Yes139,148,149 All reports

% Nosocomial Unknown–low148,149 78% in Singapore150

Transmission to HCWs

Estimated risk of infection No estimates 1%–3% per h143,151

HCW as % of all cases No estimates 21%132

Incidence

Total global cases 401, 276 (H1N1 as of
September 25, 2009)c

8098 (as of July 2003)132

Severity (% admitted to ICU) 3.8% (Quebec) 19%–34%132,141,152

Mortality (overall) 1.1%153 9.6%132

age <60 y — 2.9%–7.0%141,143

age >60 y — 53%–55%141,143

HCWs (all ages) — 2%141

Abbreviations: HCW, health care worker; ICU, intensive care unit; NIPPV, nasal intermittent positive
pressure ventilation.

a Noninvasive positive pressure ventilation such as continuous positive airway pressure or bilevel
positive airway pressure.

b Contagiousness estimate for nonimmunocompromised adult. Duration is longer if immuno-
compromised,154 severely ill155 or young infant.154

c US estimates were that more than 1 million cases had occurred in the United States alone by
September 12, 2009.153
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isolation of symptomatic health care workers, limited the health care workers as
a source of nosocomial transmission, an important message for influenza control
(see later discussion). Personal protective measures seemed the most important in
containing the spread of SARS. In almost all situations in which full protective
measures were implemented, there was no further nosocomial transmission.135,145

In an analysis of workers who became infected with SARS despite using full personal
protective equipment, lapses or breaches in infection-control procedures were found
that could explain every apparent failure.142 In one ward in a Hong Kong hospital,
more than 20 patients were placed on noninvasive positive ventilation, a significant



Table 9
Evidence of importance and effectiveness of infection control measures for influenza and
SARS

Influenza SARS

Influence Control Measures
Studies Showing
Benefit, N (References)

Studies Showing
Benefit, N (References)

Administrative

Triage/separation of
patients

2154,160 2135,150

Reduce crowding 1136 1144

Screen/furlough sick
workers

2154,161 2144,150

Personal

Vaccination of health
care worker

3162–164 No vaccine available

Knowledge/training in
infection control

— 1165

Hand washing — 2144,166

Masks: surgical or N-95 1167,a 2151,166,b,c

Compliance with all
measures

— 3142,165,166

Engineering

UVGI 1168 —

Ventilation (risk factor,
not intervention)

2136,169 1 (Ha 2004)

Full hierarchy of measures 1160 2143,150

Most important measure Vaccination Infection control

a Loeb 2009167: Randomized controlled trial of surgical versus N-95 masks: no difference in sero-
conversion of workers.
b Seto 2003166: paper masks were not effective; surgical and N-95 were not different.
c Loeb 2004151: N-95 masks were better than surgical masks, which were better than no masks.
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risk factor for aerosolization of infectious particles.144,145 All workers on this ward
were required to be meticulous in their infection-control procedures and use of
personal protective equipment; despite the intense exposure, none became infected
with SARS.

One controversial issue with regard to personal protective measures remains the
type of respiratory protection, or masks. In one survey, nonuse of masks was
clearly associated with increased risk of SARS,165 whereas in another use of either
surgical or N-95 masks was protective, although use of paper masks was not.166

In a Toronto study, use of N-95 masks was associated with greater protection
than use of surgical masks, and both type of masks were associated with greater
protection than no mask use.151 Need for N-95 masks depends on the mode of
transmission. If transmission is solely by droplet, then face shields, eye protection,
and surgical masks are adequate. However, if transmission is airborne, than N-95
masks should be used. As reviewed earlier, there is evidence that airborne trans-
mission of SARS occurred, at least from the superspreaders137,152 or during
aerosol-generating activities such as intubation or suctioning.142–144,151 Given



Health Care Workers and Nosocomial Infections 669
that superspreaders are identified only in retrospect, it may be more prudent for
workers to wear N-95 masks at all times.

Ventilation of occupied indoor spaces is important for diluting and removing
airborne contaminants. This practice can help prevent nosocomial transmission
of airborne pathogens. As reviewed earlier there is some evidence that SARS
could be transmitted by the airborne route; this was the most plausible explana-
tion for the community outbreak.138 The ward in which nasal intermittent positive
pressure ventilation was used achieved high air exchange rates with exhaust fans,
which may have helped prevent nosocomial transmission. The efficacy of UVGI
was not studied with SARS.
INFLUENZA

There is less information regarding the determinants, and effective prevention, of
nosocomial transmission. This situation reflects the availability, for more than 20 years,
of an effective vaccine. Also, influenza is typically less severe, with lower case fatality
rates than SARS. Influenza also has a shorter incubation period, so that patients are
more quickly contagious during the symptomatic phase than with SARS. Hence, there
is greater community transmission, making it difficult to identify and study nosocomial
influenza transmission. The new pandemic of H1N1, which spread rapidly through air
travel,170 and caused millions of cases,153 before a vaccine became available, under-
scores the importance of understanding the determinants of nosocomial transmission
of influenza, to implement effective infection control.

The effect of nosocomial transmission of influenza is difficult to estimate but there
have been well-documented outbreaks in nursing homes, intensive care units, and
general medical facilities.149 Attack rates in these outbreaks ranged from 11% to
59% overall, and from 8% to 63% in exposed health care workers.149 Mortality among
patients ranged from 0% to 66%, with highest mortality among elderly nursing home
residents149,171 and very young infants.149 Individuals with other immunocompromis-
ing conditions are also highly susceptible. An additional problem created by nosoco-
mial influenza transmission is the large number of health care workers who may
become ill and unable to work.163 Their absenteeism may create significant problems
in delivery of care, at a time when they are needed most.

As with SARS and TB, delayed diagnosis of cases is a common feature of nosoco-
mial influenza outbreaks.149 In these outbreaks, health care workers were the most
commonly identified source cases,149 as well as frequently playing a major role in
spreading the infection from patient to patient.148,171 Two studies have reported
that screening workers to identify those with influenza and send them home was an
effective measure to prevent nosocomial outbreaks.154

Little attention has been given to the importance of personal protective equipment
such as gowns, gloves, and masks in practice and in guidelines for prevention and
management of influenza.172,173 This situation is because vaccination of health care
workers has been shown to reduce or prevent nosocomial transmission.148,155,163 In
one randomized trial, vaccinating health care workers reduced mortality among
elderly people in nursing homes.162 Treatment of influenza with antivirals is effective
for individual benefit, but the effect of antiviral therapy on community or nosocomial
transmission has not been studied.

The role of airborne transmission of influenza in nosocomial outbreaks is controver-
sial, because the evidence is limited. As reviewed elsewhere,134,148 there is convincing
animal and in vitro evidence that airborne transmission of influenza can occur. There is
also evidence from a limited number of outbreaks that supports the role of airborne
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transmission.136 As with SARS and TB, a few individuals may be extremely contagious
and contribute to airborne transmission, or particularly contagious during aerosol-
generating procedures such as intubation or noninvasive ventilation. Given this uncer-
tainty, it seems prudent for nonvaccinated workers to use N-95 masks, particularly
during high-risk procedures or with very ill patients.

There is limited evidence, from an older study, that upper-air UVGI is effective in
reducing influenza transmission rates.168 Upper-air UVGI was also shown to be effec-
tive in reducing measles transmission among schoolchildren.174
SUMMARY

1. The risk of TB infection in health care workers is 5 to 10 times greater than that in
the general population, and risk of disease is 2 to 5 times higher. Risk factors for TB
infection and disease are mostly associated with greater risk of exposure to
patients with TB, particularly undiagnosed patients. Some risk factors relate to
specific work activities that can cause aerosolization of TB bacilli.

2. The simplest, cheapest, and quickest interventions to implement, with proven
effectiveness, are the administrative measures of triage and separation of patients.
These measures should be a part of all TB infection-control programs in all health
care facilities.

3. There is little direct evidence for the effectiveness of N-95 personal respirators for
protection against occupational TB. Nevertheless, on theoretic grounds alone, their
use is supported.

4. There are sound theoretic reasons why air exchange (ventilation) should help
reduce nosocomial TB transmission. There is evidence from several observational
studies and one interventional study that higher levels of ventilation reduce risk of
TB transmission. Natural ventilation can achieve high air exchange rates and
should be effective as well as feasible in health facilities in LMIC. However, resultant
airflow patterns within buildings are unpredictable, so natural ventilation may result
in inadvertent exposure of workers or other patients.

5. UVGI is grossly underused. This is a low-cost, simple, and safe technology. All
available evidence suggests that it should be safe and highly effective in reducing
nosocomial TB transmission.

6. There are few epidemiologic studies on the effectiveness of infection control
measures, alone or in combination, and their effect on reducing nosocomial TB
transmission.

7. For the prevention of nosocomial transmission of influenza, the most important
action is vaccination of health care workers. However, if an effective vaccine is
not available, then other infection-control measures become of paramount impor-
tance. For TB, SARS, and influenza, delayed diagnosis (or delayed institution of an
effective treatment, if available) is the most common and important factor in noso-
comial transmission. Hence, the most important measures are to promptly identify
patients with these illnesses and separate them from other patients and from
susceptible health care workers.

8. Personal protective equipment including gowns, masks, and gloves is important to
prevent transmission by droplet. This is a major mechanism of transmission for
SARS and influenza, so should be the major method of protection for health care
workers and prevention of spread by health care workers from one patient to
another.

9. However, there is clear evidence that airborne transmission of influenza and SARS
can occur. Transmission is most likely during performance of procedures that
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cause aerosolization of infectious droplets, or with severely ill patients. Therefore,
N-95 personal respirators, which should be more effective in preventing acquisition
of airborne infections, should be used by workers caring for severely ill patients, or
workers performing aerosol-generating procedures. In addition, these patients
should be cared for, and procedures performed, in rooms with adequate ventilation
and/or upper-air UVGI, as these environmental measures can further reduce the
risk of airborne transmission.
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In the decade since tumor necrosis factor-alpha (TNF a) antagonists were first
approved for clinical use, they have proven invaluable for the treatment of chronic
inflammation. Currently licensed TNF blockers fall into two classes, monoclonal anti-
body and soluble receptor. Although they are equally effective in rheumatoid arthritis
(RA) and psoriasis, important differences have emerged with regard to efficacy in
granulomatous inflammation and risks of granulomatous infections, particularly tuber-
culosis (TB). This article focuses on recent studies that inform prevention and manage-
ment of infections in this susceptible patient population.
TNF ANTAGONISTS

Four monoclonal anti-TNF antibodies are presently in clinical use: infliximab, adalimu-
mab, golimumab, and certolizumab pegol (Fig. 1). Infliximab is comprised of human
immunoglobulin G1 (IgG1) constant regions and murine variable regions, whereas
adalimumab and golimumab have both human IgG1 constant and variable regions.
Certolizumab pegol is a pegylated, humanized Fab’ fragment. Infliximab, adalimumab,
and golimumab are approved for treatment of RA, psoriatic arthritis, and ankylosing
spondylitis. Infliximab, adalimumab, and certolizumab are approved for treatment of
Crohn disease (CD).1,2 Infliximab also is approved for ulcerative colitis, and may be
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Fig. 1. Structures of the tumor necrosis factor (TNF) antagonists. Adapted from Wallis RS.
Tumor necrosis factor antagonists: structure, function, and tuberculosis risks. Lancet Infect
Dis 2008;8(10):602; with permission.
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effective in sarcoidosis.3–5 Certolizumab appears to also be effective for RA.6–8 Inflix-
imab is administered by intravenous infusion, producing peak blood concentrations of
80 mg/mL.9 Adalimumab, certolizumab, and golimumab are administered by subcuta-
neous injection. Peak blood concentrations of 10 mg/mL have been reported for ada-
limumab, 90 mg/mL for certolizumab, and 2.5 mg/mL for golimumab.10–13

Etanercept is the only soluble TNF receptor presently in clinical use. It is comprised
of two extracellular domains of human TNF-R2 fused to the Fc fragment of human
IgG1. It binds both TNF and lymphotoxin. Etanercept is approved for the treatment
of RA, psoriatic arthritis, psoriasis, juvenile RA, and ankylosing spondylitis.14 Etaner-
cept is not effective against granulomatous inflammatory conditions such as CD or
sarcoidosis.15,16 It is administered by subcutaneous injection, usually once or twice
weekly, producing blood concentrations of 1 to 2.4 mg/mL.14

GRANULOMATOUS INFECTIONS

Clinical studies of the impact of TNF antagonists on granulomatous infections face
several challenges. These infections are relatively uncommon in the United States
and European Union. Rates vary substantially by country, and may be influenced by
underlying medical conditions. Studies in southern Europe and East Asia appear to
indicate that RA, for example, increases TB risk aside from that due to anti-TNF treat-
ment.17–19 Granulomatous infections that do not require public health notification may
be greatly under-reported. Their natural histories may be complicated by long periods
of clinical latency. Tests for latent Mycobacterium tuberculosis infection (LTBI) may be
falsely positive in persons in whom the infection has been eradicated by chemo-
therapy or host immunity.20 They may be falsely negative in persons with RA, either
because of the underlying disease or its treatment.21 No tests presently exist for diag-
nosis of latent granulomatous infections other than TB.

These challenges notwithstanding, several adequately powered studies have exam-
ined the differential impact of TNF blockers on granulomatous infections including TB,
and have reached rather similar conclusions. In 2004, the authors and colleagues pub-
lished a study of granulomatous infections associated with infliximab or etanercept
reported to the US Food and Drug Administration (FDA) adverse event reporting
system from January 1998 through September 2002.22 The report was corrected
shortly thereafter to remove European TB cases.23 Compared to etanercept, infliximab
was associated with significantly greater risks (two- to sevenfold) of TB, coccidioido-
mycosis and histoplasmosis, shorter time to TB onset (17 vs 48 weeks), and a higher
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proportion of TB cases with disseminated or extrapulmonary disease (25% vs 10%).
The findings with regard to coccidioidomycosis were confirmed by a retrospective
study conducted in the southwestern United States, which found a fivefold higher
rate due to infliximab than other antirheumatic drugs (P<.01).24

A large prospective study of TB using the French research axed on tolerance of bio-
therapies (RATIO) registry identified 69 cases in patients treated with TNF blockers
over 3 years.25 The sex- and age-adjusted TB incidence rate was 1.17 per 1000
patient–years, 12.2 times that of the general population. Nearly all of the excess risk
was due to infliximab (standardized incidence ratio [SIR] 5 18.6, 95% confidence
interval [CI] 51 3.4 to 25.8) and adalimumab (SIR529.3, 95% CI 5 20.2 to 42.4) rather
than etanercept (SIR 5 1.8, 95% CI 5 0.7 to 4.3). A similar conclusion was reached by
a Portuguese biologics registry study of 13 TB cases that found the TB risk of TNF anti-
bodies 6.4-fold greater than etanercept.26 These studies indicate that adalimumab
and infliximab share a high risk of reactivating LTBI despite very different
pharmacokinetics.

An additional study, by Brassard and colleagues,27 used prescriptions for isoniazid in
a large pharmaceutical claims database to identify TB cases occurring in patients with
a diagnosis of RA. TB rates in the entire RA cohort were greater than five times expected,
and only a small additional risk was attributable to anti-TNF treatment. It appears likely
that study findings were influenced by the misclassification of LTBI as active TB.28,29

The twin observations of increased risk and shorter time to onset provide important
clues as to the etiology of tuberculosis caused by TNF antibody, as early clustering of
excess cases is consistent with reactivation. In contrast, TB caused by progression of
new infection occurs at random over time. A study by the one of the authors (RSW)
systematically examined these issues using hidden Markov modeling, which
describes transitions among clinical states.30 The study revealed that greater than
20% of latent TB infections are reactivated each month by infliximab, 12.1-fold greater
than etanercept (P<.001). The analysis also revealed, however, that both drugs caused
a high proportion of new infections to progress directly to active disease. The findings
were consistent with the reported effects of soluble murine TNF receptor
(mTNFRII:mFc) and anti-mTNF antibody in acutely and chronically TB-infected mice.31

A recent survey of infectious disease physicians in the United States revealed that
disease due to non-tuberculous mycobacteria (NTM) may surpass TB in patients
treated with biologic therapies, in part because of increased awareness and screening
for LTBI.32 TNF antibodies and soluble receptor appear to pose equal risks of NTM
infections.23,32 This may reflect a reduced role for latency and reactivation in NTM
pathogenesis compared with TB.33
VIRAL INFECTIONS

A recent study by Strangfeld and colleagues34 used the rheumatoid arthritis observa-
tion of biologic therapy registry to examine the impact of TNF blockers on herpes zos-
ter. The study identified 86 episodes in 5040 patients. After adjusting for age, RA
severity, and glucocorticoid use, a small but significantly increased risk was observed
for treatment with the monoclonal antibodies (hazard ratio [HR], 1.82 [95% CI, 1.05 to
3.15]) but not for etanercept (HR, 1.36 [95% CI, 0.73 to 2.55]). The risks posed by TNF
antibodies were greater when the analysis was restricted to ophthalmic and multider-
matomal disease, or when a within-subjects analysis was conducted in patients who
had been treated with multiple agents.

Reactivation of hepatitis B infection also has been attributed to anti-TNF therapy,
although this literature is limited to individual case reports of patients treated with
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infliximab or adalimumab.35–40 A small retrospective study suggests hepatitis B virus
(HBV) reactivation may be prevented by concurrent antiviral therapy.41 In contrast,
hepatitis C infection appears relatively unaffected by TNF blockers of either class.42,43

STRUCTURE–FUNCTION RELATIONSHIP

The differences in biologic activity and infection risks of the two classes of TNF
blockers have been attributed to their molecular structures.44 Most research in this
area has focused on the ability of anti-TNF antibodies to cross-link transmembrane
TNF and thereby induce apoptosis in TNF-expressing T cells. This activity can be
demonstrated in vitro using reporter cell constructs, and in vivo, in cells infiltrating
the gut of CD patients.45–50 Other studies have examined complement-mediated lysis
of TNF-expressing T cells. A recent study by Bruns and colleagues,51 for example,
found that the number of circulating effector memory CD8 T cells was reduced by
infliximab treatment.

Experience with the Fab’ TNF antibody fragment certolizumab pegol call into ques-
tion the significance of these observations, however. With only one TNF binding region
and without Fc, certolizumab can neither cross-link tmTNF nor activate complement.
Nonetheless, two phase 3 placebo-controlled trials of certolizumab in RA (RA preven-
tion of structural damage 1 and 2) reported TB rates of 8.5 and 12.5 cases per 1000
patient–years of certolizumab exposure, with no cases in controls.6,8,52 Certolizumab
is also highly effective as therapy for CD.7,53 These findings indicate that despite its
structural differences, certolizumab shares with other TNF antibodies efficacy against
granulomatous inflammation and efficiency in reactivating LTBI. Other properties,
such as binding avidity and inhibition of cell activation, therefore must be more impor-
tant than induction of cell death in this regard.54–56

LTBI DIAGNOSIS AND TREATMENT

Strategies to reduce TB risk caused by TNF blockade emphasize detection and treat-
ment of LTBI. Although the largest experience for LTBI diagnosis exists for the tuber-
culin skin test (TST), its specificity is reduced by antigens shared by M bovis bacilli
Calmette-Guerin, and other NTM. BCG vaccine is administered in infancy in over
100 countries. It is not administered in the United States because of concerns that
it interferes with the TST. TST reactions due to BCG vaccine, however, decline rapidly
in adults and infants.57,58 Large reactions in adults are therefore unlikely to be caused
solely by vaccination in infancy.

The specificity of testing for LTBI can be improved by the use of the antigens ESAT-
6 and CFP-10, encoded by genes absent from all BCG vaccine strains.59 T cell
responses to these antigens are detected by in vitro assays as the release of interferon
(IFN)g (interferon gamma release assay [IGRA]), either by enzyme-linked immunosor-
bent assay (ELISA) or ELISPOT. Some studies have reported reduced sensitivity of
testing with ESAT-6 and CFP-10 compared with PPD,60 although others have not.61

Studies in India and Peru indicate that most TST reactivity in regions of high TB prev-
alence is indeed due to M tuberculosis infection rather than merely BCG vaccine
sensitization.61,62 However, no studies have reported outcomes when IGRA testing
is used rather than TST to identify persons with LTBI prior to starting anti-TNF therapy,
nor have any studies compared IGRA with boosted (two-step) TST.

TST responses are reduced in RA.21,63,64 TST sensitivity may be increased by
repeated testing 7 to 10 days after a negative test (boosting), at the cost of reduced
specificity.65,66 The sensitivity of screening can be improved further by chest radiog-
raphy to identify regional scarring and hilar lymphadenopathy. The effectiveness of
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screening using a boosted (two-step) TST has been documented by the Spanish base
de datos de productos biol�ogicos de la sociedad española de reumatolog�ıa (BIOBA-
DASER) registry, initiated in 2000. Thirty-two cases of TB were reported among the
first 1648 patients treated with infliximab, a rate 23 times the general population.
Beginning in 2002, recommendations were implemented requiring patients to be
screened by chest radiography and two-step TST using a 5 mm threshold. Persons
with evidence of LTBI were required to receive at least the first of 9 months treatment
with isoniazid before initiating anti-TNF therapy. TB rates in infliximab-treated patients
declined by 74%.67 Isoniazid was well tolerated. Elevated transaminases were
reported in 7 of 324 isoniazid-treated patients, with no deaths or hospitalizations.

Boosted TST appears critical for successful LTBI detection in RA. A follow-up study
by the BIOBADASER group found that the probability of developing TB after starting
a TNF blocker was more than sevenfold greater if recommendations were not explicitly
followed.68 Lack of boosted testing was the main failure in complying with recommen-
dations. This is consistent with the experience in the French RATIO registry, in which
only a single TST was used. Of the 69 TB cases in the RATIO study, 45 had undergone
TST screening, and 30 had been found negative (<5 mm).25 No TB cases occurred in
patients who had been prescribed and were compliant with appropriate LTBI treat-
ment, indicating the failure was one of diagnosis rather than therapy.

Significant discussion has taken place regarding the management of persons with
evidence of latent TB infection and planned treatment with TNF-antagonists. Some
have advocated completing a course of isoniazid prior to beginning anti-TNF therapy,
while others have suggested that the two treatments can be given concurrently. It is
certainly true that the effectiveness of isoniazid treatment of LTBI decreases as its
duration is reduced. Studies in the 1970s indicated that although a 52-week regimen
was 75% effective, 24- and 12-week regimens were only 65% and 21% effective,
respectively.69,70 This has led some to suggest that the safest approach is to complete
a course of isoniazid (INH) prior to initiating treatment with TNF blockade. Direct and
indirect evidence, however, suggest that therapy can be, at least in large measure,
concurrent. Several controlled trials of treatment of LTBI in people with human immu-
nodeficiency virus (HIV) were carried out in the preantiretroviral era, and in these
studies, reactivation of latent infection while on INH did not occur.71–74 This suggests
that even in the presence of significant immunocompromise, INH is sufficient to
prevent progression to active TB. More directly, the Spanish experience cited previ-
ously also indicates that concurrent TNF blockade does not interfere with LTBI treat-
ment, and that eradication of LTBI prior to starting TNF blockade is not required, but
merely that preventive treatment has been initiated.

In other patient populations, larger TST or IFNg responses indicate higher TB
risk.75,76 The significance of large reactions in this population is not yet known.
Patients being switched from etanercept to antibody should be tested and treated
for LTBI if they have not been tested previously. Periodic retesting should be consid-
ered for patients who may have acquired LTBI since their first screening.77 Treatment
of LTBI will not prevent subsequent tuberculosis due to new infection. Alternative
strategies, such as life-long preventive therapy, may be required when TNF-blockers
are used in TB-endemic regions.
MANAGEMENT OF INCIDENT TB CASES

Many questions remain regarding optimal management of patients who develop TB
due to TNF blockade. Although the RATIO database describes two TB patients who
were continued on anti-TNF therapy without apparent ill effect, most guidelines
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recommend halting anti-TNF therapy until a response to anti-TB therapy is evident.
However, these recommendations place patients at risk of disease exacerbation
due to recovery of TNF-dependent inflammation. Such cases, termed paradoxical
reactions (PR), are marked by worsening inflammation despite microbiologic improve-
ment. They are most likely to occur in patients who develop disseminated or extrap-
ulmonary TB due to treatment with anti-TNF antibody, and in whom that treatment is
stopped.26,78–81 The most common case definition for this syndrome requires an initial
clinical response prior to subsequent deterioration. However, this definition may fail to
identify cases caused by withdrawal of the short-acting TNF antibodies adalimumab
and certolizumab, in which progressive exacerbation may occur without initial
improvement. The syndrome is therefore likely under-recognized.

Two cases have been recently reported in which TNF antibodies were used to treat
life-threatening TB PR. In one, a South African RA patient developed extensive bilat-
eral lower lobe TB 8 months into treatment with adalimumab.82 Adalimumab was with-
drawn and standard TB therapy started. Culture and molecular testing revealed fully
susceptible M tuberculosis at diagnosis that was appropriately cleared by treatment.
Nonetheless, signs and symptoms worsened during the following 3 weeks, ultimately
requiring ventilatory support and lung biopsy. Improvement did not occur until adali-
mumab was resumed at the dose for initial treatment of CD (Fig. 2). A contributing
role of corticosteroid cannot be excluded in this case. However, other studies of pred-
nisolone given in substantially greater doses in TB have not shown comparable levels
of effectiveness.83 This may be due to induction of hepatic enzymes by rifampin, which
reduces methylprednisolone exposure and effect by 66%.84 In the second case, inflix-
imab was successfully used to treat an intractable paradoxical reaction of the central
nervous system (CNS) in a patient with multiple tuberculomas that had failed to
respond to high-dose corticosteroids.85 In a third case, not yet published, adalimumab
was used to treat recurrent immune reconstitution inflammatory syndrome (IRIS) in
Fig. 2. Adalimumab treatment of life-threatening tuberculosis (TB). Day 1 indicates start of
anti-TB therapy. Clearance of viable mycobacteria during the first 2 weeks of chemotherapy
was accompanied by progressive clinical exacerbation attributed to withdrawal of the TNF
antibody adalimumab. Clinical improvement was delayed until after day 20, when the
patient received the full adalimumab dose recommended for initial treatment Crohn disease
(160 mg). Adapted from Wallis RS, van Vuuren C, Potgieter S. Adalimumab treatment of life-
threatening tuberculosis. Clin Infect Dis 2009;48(10):1430; with permission.



Fig. 3. Effects of etanercept (25 mg twice weekly) and high-dose methylprednisolone
(2.75 mg/kg/d) on sputum culture conversion in pulmonary tuberculosis. Reprinted from
Wallis RS. Reconsidering adjuvant immunotherapy for tuberculosis. Clin Infect Dis
2005;41(2):204; with permission.
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a patient with acquired immunodeficiency syndrome and CNS cryptococcoma5674.86

All three cases were remarkable for the rapidity of the radiographic and clinical
responses to anti-TNF therapy. Further studies are warranted to confirm these
observations.

Earlier resumption of anti-TNF therapy generally has not been recommended
because of the concern that this might interfere with TB treatment. However, in
none of these cases was the microbiologic response to therapy compromised.
Indeed, two prospective controlled studies in patients with newly diagnosed pulmo-
nary TB have indicated that TNF inhibition accelerates, rather than compromises,
tissue sterilization (Fig. 3).83,87 This may be due to enhanced penetration of TB drugs
into granulomas, or enhanced drug bactericidal activity against metabolically active
bacilli.88,89 Further research is needed to investigate the potential role of anti-TNF anti-
body to accelerate and shorten TB chemotherapy.
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History appears to be repeating itself. This time, however, it might have a sting in its
tail. At the end of the 19th century a vaguely familiar picture was developing, with
consequences for global respiratory health. Tobacco smoking was widespread and
increasing after the invention of the cigarette-rolling machine in 1881.1 The discovery
of Mycobacterium tuberculosis by Robert Koch 1 year later in 1882 occurred during
a time that tuberculosis (TB) was rampant across many parts of the world.

By the turn of the 20th century, tobacco consumption had increased to approxi-
mately 50 billion cigarettes per year1 at a time that TB mortality was declining in
Europe most likely because of improved nutrition and social circumstances. A poten-
tial association between smoking and TB was suggested by Webb2 in 1918. During
the same year, the ‘‘Mother of all pandemics,’’3 the 1918 Spanish flu, killed nearly
50 million people worldwide.3,4
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Nearly 100 years later, smoking rates are at an all time high with more than 6319
billion cigarettes consumed per year.1 Faced with declining markets in the north,
the tobacco industry is moving south, where smoking is on the increase, especially
in countries such as China and India. TB remains uncontrolled in the developing world
with increasing rates of multi-, extensively, and pan-drug–resistant tuberculosis. HIV
has added a new face to respiratory disease with increased rates of TB and pneu-
monia and in addition we are facing the looming possibility of a highly virulent H5N1
‘‘avian’’ influenza pandemic, with the novel strain of H1N1 ‘‘swine’’ flu recently added
to the mix.

In this overview, we build on our previous reviews5,6 and consider the predisposing
effects of tobacco smoking, and the potential interactions of tuberculosis, HIV, chronic
obstructive pulmonary disease (COPD), influenza, and other respiratory infection
epidemics (Fig. 1).
METHODOLOGY AND SEARCH STRATEGY

We searched PubMed for peer-reviewed literature over the past 3 decades with
a focus on studies that reported data on the associations among tuberculosis,
smoking, HIV, influenza, pneumonia, and COPD. No language restrictions were
imposed, although only English language studies were eventually included. In addi-
tion, we identified 3 systematic reviews7–9 on the association between tobacco and
TB, 1 systematic review on the association between tobacco and HIV,10 and several
narrative reviews5,6,11–17 on the association between tobacco and all the conditions of
interest. The reference lists of these reviews were also used to supplement the search.
In addition, we identified a comprehensive report entitled ‘‘A WHO/The Union mono-
graph on TB and tobacco control: joining efforts to control two related global
epidemics’’18; this was used as an additional resource to supplement our searches.
Key words included tuberculosis, HIV, COPD, pneumonia, influenza, and tobacco
smoking.
SMOKING AND PULMONARY IMMUNITY AND DISEASE

Current estimates of tobacco smoking rates are 49% for men and 8% for women in
low- and middle-income countries, and 37% for men and 21% for women in high-
income countries.7 Tobacco is the single most preventable cause of death in the world
today. It kills more than 5 million people per year, with more than 80% of those deaths
occurring in the developing world.19 There are a multitude of effects of tobacco smoke
Tuberculosis HIV

Influenza

PneumoniaCOPD

Smoking

Fig. 1. The central role of smoking in pulmonary infections, HIV, and COPD, and the inter-
actions of several of the individual diseases. The dashed lines indicate increased risk of
disease associated with tobacco smoking. The solid line indicates increased risk associated
with other diseases.
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on the immune system, predisposing individuals to respiratory infections.15–17 These
effects have been summarized in Fig. 2. Briefly, smoking affects circulating immune
cells and mucosal surface defenses (mucus, cilia), as well as local innate immune
cell functions (macrophages, neutrophils). The associations with tobacco smoking
have been well described for several of the diseases depicted in Fig. 1.
SMOKING AND TB

The association between tobacco smoke and tuberculosis was suggested many years
ago.2 Evidence of the impact of tobacco smoking on TB infection has been
confounded by its almost universal association with poverty, overcrowding, and
alcohol usage. Similar pathologic mechanisms induced by malnutrition, alcohol
abuse, and smoking may indeed all predispose an individual to TB. There are now 3
comprehensive independent systematic reviews and meta-analyses that have synthe-
sized the evidence for the association between TB and tobacco smoking.7–9

The association of smoking and TB has been analyzed for 3 outcomes: TB infection
(defined by a positive tuberculin skin test), active TB disease, and death attributable to
TB. Table 1 provides the outcome-specific pooled relative risk estimates from the 3
independent meta-analyses.

It is evident from these meta-analyses that smoking approximately doubles the risk
of each outcome, namely TB infection (relative risk [RR] w1.5), active TB disease
(RR w2.0), and TB mortality (RR w2.0). The evidence is strong for TB disease, but
relatively weaker for TB infection. Because of the widespread nature of tobacco
smoking, the population attributable risk (PAR%) is likely to be high. For example, if
the relative risk for TB disease is estimated at 1.5, and population exposure to tobacco
smoke is 30%, the PAR% will be approximately 15%. In other words, 15% of the TB
cases in the world each year may be attributable to tobacco exposure.4

Since the publication of these meta-analyses, newer studies have been published,
and these studies confirm the association between smoking and TB. In a large case-
control study from India, Jha and colleagues20 reported excess TB deaths among
smokers, as compared with nonsmokers, among both women (RR, 3.0; 99% confi-
dence interval [CI], 2.4 to 3.9) and men (RR, 2.3; 99% CI, 2.1 to 2.6). A subsequent
large case-control study from India21 reported that those who both smoked cigarettes
and drank alcohol had considerably higher active TB incidence rates than those who
did neither (TB incidence RR 3.5).

Similar results were also obtained in Taiwan and China. In a prospective cohort
study from Taiwan, Lin and colleagues22 reported that current smoking was associ-
ated with an increased risk of active TB (adjusted odds ratio [OR], 1.94; 95% confi-
dence interval, 1.01–3.73). In a case-control study from 2 rural areas of China,
Wang and Shen23 reported an adjusted OR of 1.93 (95% CI: 1.51–2.48) for smoking
and TB disease. Thus, these studies from India, Taiwan, and China added further
support to the already strong evidence from the meta-analyses.

A cohort study in Brazil looked at the association between smoking and a fourth
outcome, TB relapse. They reported that smoking was independently associated
with relapse of TB, as defined by the requirement for re-treatment within 3 to 5 years
after successful completion of TB treatment. After adjusting for socioeconomic vari-
ables and alcohol, the OR for relapse was 2.53 (95% CI, 1.23–5.21).24

Last, Lin and colleagues25 did a mathematical modeling study, where they modeled
future COPD and lung cancer mortality and TB incidence, taking into account the
accumulation of hazardous effects of risk factors on COPD and lung cancer over
time, and dependency of the risk of TB infection on the prevalence of disease. Their



Fig. 2. Overview of the systemic and local effects of tobacco smoke on the immune system and pulmonary defense mechanisms against infection.
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Table 1
The association between smoking and the relative risk of latent tuberculosis infection,
progression to active disease, and mortality from active TB

Meta-analyses: Pooled Relative Risks
(95% Confidence Interval)

Slama et al 20076 Lin et al 20077 Bates et al 20078

TB outcome TB infection w1.8 (1.5–2.1) 1.7–2.2 (1.5–2.8) w1.7 (1.5–2.0)
TB disease w2.3 (1.8–3.0) w2.0 (1.6–2.6) w2.3 (2.0–2.8)
TB mortality w2.2 (1.3–3.7) w2.0 (1.1–3.5) w2.1 (1.4–3.4)

Data from van Zyl-Smit RN, Pai M, Yew WW, et al. Global lung health: the colliding epidemics of
tuberculosis, tobacco smoking, HIV and COPD. Eur Respir J 2010;35:27–33.
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model suggested that complete cessation of smoking and solid-fuel use by 2033
could avoid 26 million deaths from COPD and 6.3 million deaths from lung cancer.
Smoking cessation would also reduce the projected annual TB incidence in 2033 by
14% to 52% if 80% directly observed treatment short-course (DOTS) coverage is sus-
tained. Based on these results, they concluded that reducing smoking and solid-fuel
use can substantially lower predictions of COPD and lung cancer burden and would
contribute to effective TB control in China.

SMOKING AND PNEUMONIA

Pneumonia occurs more frequently in individuals with impaired immunity. This is
evident in the elderly and alcoholic individuals, and those who are malnourished,
HIV-infected, and those with underlying COPD.26 In addition, tobacco smoking
appears to be an independent risk factor for pneumonia.27,28 It is evident from several
studies that smoking is a particularly important risk factor for streptococcal pneu-
monia (OR 1.88 to 4.1).29,30 Passive smokers and importantly children also have an
increased risk of infection, OR 2.5 (95% CI 1.2–5.1) and 1.88 (95% CI 1.04–3.39),
respectively.29,31 Severe pneumococcal disease is more frequently seen in
smokers,29,32 which may be partially explained by enhanced pneumococcal epithelial
adherence caused by tobacco smoking.33

Although the frequency of pneumonia caused by other organisms is low, there is
also strong evidence for increased risks of Legionella (OR 3.48; 95% CI 2.09–
5.79),34 Mycoplasma (OR 5.6; 95% CI, 1.5–20.4),35 and Haemophilus influenzae36

infection. In HIV-infected individuals, the already increased risk of community-
acquired pneumonia is compounded by the increased risk associated with
smoking37–42 with an apparent dose response association.39 In addition, the risks of
other infection such as pneumocystis jiroveci pneumonia (PCP) are also increased
by smoking (discussed in the following section).40,43

SMOKING AND INFLUENZA

With the prospect of an avian influenza epidemic ever increasing,3 multiple measures
will be required to control the epidemics. Although not recognized as a risk factor in
the 1918 pandemic (data not collected),2,3 there is substantial evidence in both mouse
and human models for a negative effect of smoking on influenza.44–48 The risk of infec-
tion is increased in smokers (OR 1.4–2.4),46,47 as well as likelihood for severe disease
and complications (OR 4.3; 95% CI 1.1–16.1).49 In addition to predisposing individuals
to infection, the efficacy of influenza vaccines is reduced in smokers.50–52
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The predisposing risk factors for localized influenza outbreaks have been studied.
An influenza A/USSR/90/77(H1N1) outbreak in Israeli military recruits in 1979 found
a relative risk of 1.44 (95% CI; 1.03–2.01).48 In a 1986 influenza A/Taiwan/1/
86(H1N1) outbreak at a Florida naval air base, the seasonal trivalent vaccination
offered no protection and smokers had a nonsignificant trend to increased infection
(OR 1.4; 95% CI 0.9–2.2; p 5 .27).53 There are little data on the current H1N1
epidemics and their potential association with tobacco smoking. Several recent
observational studies have not reported on the smoking status of patients.54–57 It is
likely, however, given the extent of the global pandemic, that the association with
tobacco smoking will become evident as the number of reported cases increases.

SMOKING AND HIV

Although both tobacco smoking and HIV infection may be associated through their
common associations with poverty and high-risk behavior, tobacco smoking appears
to be an independent and important risk factor for contracting HIV.58–61 Other studies
have demonstrated higher viral loads62 and rate of progression of HIV infection to
AIDS in smokers,63,64 but this association has not been observed in all studies.65–68

Smoking further raises the extremely high risk of contracting TB in HIV-positive
persons43 in addition to increased susceptibility of community-acquired bacterial pneu-
monia.37–40 HIV-infected smokers also have higher respiratory symptoms and risk of
mortality (hazard ratio 1.99; 95% CI 1.03–3.86) when compared with nonsmokers.41

Several studies have examined the risk of other opportunistic infection such as PCP
with conflicting results. Some have shown significantly increased risk but this has not
been confirmed by others.38–40,66

Tobacco smoking and HIV are associated with an accelerated form of obstructive
pulmonary disease.69–73 If this form of COPD is phenotypically similar to that seen
with HIV uninfected smokers, the risk of influenza and pneumonia may be further
magnified.

SMOKING AND COPD

Although the focus of this article is primarily on the convergence of respiratory infec-
tions, HIV, and tobacco smoking, the importance of COPD in the interactions needs to
be stressed. The causal link between smoking and COPD is well described and the
multitude of consequences well known.74 There is now a growing recognition of the
importance of non-smoking causes for COPD.75 There are several studies examining
respiratory infections (particularly TB) as a cause of COPD.76–80 The long-term effect
on pulmonary function and response to treatment is not well documented,75 although
the increased susceptibility to other respiratory infections, particularly influenza and
pneumonia are likely to be similar.

CONVERGENCE OF TB, HIV, COPD, PNEUMONIA, AND INFLUENZA

Tobacco smoking is undoubtedly at the center of convergence of the epidemics we
are currently facing (not discounting the role of alcohol, malnutrition, poverty, indoor
biomass fuel exposure, and outdoor air pollution).

As smoking increases the risk of TB and COPD, the long-term damage to pulmonary
structures and respiratory function further increases the risk of bacterial pneumonia
and influenza. Similarly, the increased susceptibility to influenza seen in smokers
will magnify the risk of superadded bacterial pneumonia following severe influenza.
The multitude of infections associated with HIV infection, particularly TB and



Interactions of TB, Smoking, HIV, and COPD 699
pneumonia, are likely to be exacerbated by smoking, especially if the accelerated form
of COPD further impairs pulmonary immunity to infection.

Even without the effect of tobacco smoke, the interactions of HIV, influenza, TB, and
pneumonia compound the health on the individuals suffering from them as well as
society in general. The interactions summarized in Fig. 1 are likely to be far more
complex and wide ranging. This is no more evident than what is being seen in many
parts of the developing world where in addition to high smoking rates, malnutrition,
overcrowding, and indoor biomass fuel usage, HIV is driving the TB epidemic. The
net outcome, in several parts of the world (mainly low-income countries), is that these
epidemics are simultaneously converging.

These high-burden, low-income countries are least likely to be able to put measures
in place to effectively combat the spread of a worldwide influenza epidemic. The
already overburdened TB control programs are struggling to cope with increasing
HIV-positive subjects as well as complicated and expensive treatment regimes for
multidrug-resistant and extremely drug-resistant TB. Whether local and national
government structures are able to effectively improve service delivery, drug supplies,
and infection control measures remains to be seen. The H1N1 epidemic clearly
showed the inability of weak health care systems to launch any concerted,
evidence-based programs to manage clinical cases and prevent transmission.

It is clear that smoking cessation and respiratory infection control are likely to be the
cornerstone to halting the convergent epidemics. In addition, effective treatment strat-
egies will be required to treat those who contract community-acquired pneumonia,
tuberculosis, influenza, or HIV. The management of multiple infections with potentially
interacting drug therapies, the need for quarantine, and rational allocation of critical
care services will further challenge the most advanced health care services let alone
those in under-resourced areas.

SUMMARY

At the beginning of the 21st century, the globe is facing an economic crisis in addition
to the convergence of several potentially devastating infection epidemics. The emer-
gence of H1N1 is adding to the burden on health care delivery systems, and is already
diverting precious human and laboratory resources. This was clearly evident in coun-
tries such as Mexico and India. The final number of people who will succumb to TB,
HIV, and influenza will depend on the combined efforts of governments, health
agencies, and nongovernmental bodies. Interventional strategies will need to target
preventive strategies as well as locally sustainable treatment options.

Karl Marx said, ‘‘History repeats itself—first as a tragedy, second as a farce.’’ It
remains to be seen if we have learned sufficiently over the past hundred years to effec-
tively combat the looming epidemics or whether we are doomed to see history repeat
itself.
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The phenomenon of multidrug-resistant tuberculosis (MDR-TB) emerged as a clinical
entity in the early 1990s after a couple of decades of widespread use of rifampin. A
World Health Organization (WHO)-associated global laboratory surveillance network
detected an increase in the global caseload of MDR-TB from w 274,000 in 2000 to
w 500, 000 cases in 2007 (5% of the global case burden of TB).1–3 MDR-TB diverts
resources from existing TB control programs and has poorer outcomes than drug-
sensitive TB.4 Eclipsing this alarming trend in MDR-TB is the recent widespread
emergence of extensively drug-resistant TB (XDR-TB) (with bacillary resistance, at
least, to rifampin and isoniazid, plus any fluoroquinolone and any of the injectable
agents [amikacin, kanamycin, or capreomycin]). XDR-TB is more expensive to treat
than MDR-TB and outcomes are poorer, particularly in patients who are positive
for the human immunodeficiency virus (HIV).5 Several aspects of XDR-TB have
been described in recent reviews.5–11 This review, however, focuses on the clinical
and molecular epidemiology of XDR-TB and what insights they provide, outlines
the clinical challenges to clinicians in diagnosing and managing cases of XDR-TB,
and the ethical dilemmas health care workers (HCWs) have to face in high- and
low-TB–burden settings. To facilitate interpretation of the relevant data by practicing
clinicians the article provides some background to the molecular epidemiologic tech-
niques and diagnostic technologies discussed. Other important aspects of DR-TB,
including the use and monitoring of treatment-specific regimens, contact tracing,
HCW screening, and infection control interventions, have recently been discussed
elsewhere.5
INSIGHTS FROM CLINICAL EPIDEMIOLOGY

Results from the fourth round of the Global Project on Anti-Tuberculosis Drug Resis-
tance Surveillance,3 based on data from more than 90,000 patients from 83 countries,
indicate that the median prevalence of resistance to any drug in newly identified TB
cases is currently about 11%. The prevalence of MDR-TB is increasing most strongly
in South Korea and certain areas of the former Soviet Union. Almost 40 countries (ie,
approximately 50% of those countries contributing representative data globally)
report the prevalence of XDR-TB.

In general, Wright and colleagues3 reported low absolute numbers of XDR-TB from
Central and Western Europe, the Americas, Asia, and most African countries
surveyed. Case numbers are highest in areas of high MDR-TB prevalence, peaking
in regions of the former Soviet Union. Data on drug resistance are missing for many
countries, particularly from sub-Saharan Africa, where a lack of funding and facilities
for second-line drug sensitivity testing prevails. With regard to the African situation,
Amor and colleagues12 hypothesize, from MDR-TB rates obtained for 39 of 46 coun-
tries, that Mycobacterium tuberculosis with higher degrees of resistance is likely to be
more prevalent than previously reckoned. More recent data indicate high rates of
MDR-TB in several prevalence surveys. Recent surveys from Ethiopia (retreatment
cases),13 Nigeria (tertiary hospital),14 Zambia (prison),15 and Rwanda (retreatment
cases)16 indicate MDR-TB prevalence rates of 26%, 54%, 9.5%, and 9.4%, respec-
tively. Thus, additional well-conducted and comprehensive surveys from Africa are
urgently needed. In South Africa, however, surveillance and diagnostic capacity has
been dramatically increased in the wake of the so-called Tugela Ferry outbreak
reported in 2006,17 which identified Southern Africa as a hitherto un(der)recognized
hotbed of XDR-TB on the global map. Thus, a mortality of almost 100% and evidence
of extensive nosocomial spread in a cohort of patients coinfected with HIV and XDR-
TB was brought to the attention of the global community.
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A compartmental difference-equation mathematical model focusing on looking into
how improved diagnosis could improve DR TB management in a setting of high HIV/
TB coinfection rates was developed by Dowdy and colleagues.18 Using South African
data it was predicted that performing culture and drug-susceptibility testing (DST) in
37% of new cases and in 85% of previously treated cases could yield a 17% reduction
in TB mortality, avert 14% of MDR, and prevent almost 50% of MDR-TB deaths. If
used alone, expanded culture and DST are not helpful in curbing the XDR-TB spread,
for which additional tools such as improved treatment on a broad scale are required.
Further mathematical modeling of the transmission dynamics in rural KwaZulu-Natal/
South Africa suggested that nosocomial clusters of transmission may lead to com-
munity-based epidemics under prevailing conditions (high levels of HIV coinfection,
poor resources, and dense yet decentralized rural populations).19 Using branching
process mathematics, and in line with what common sense suggests, early
community-based DST and effective XDR-TB therapy were identified as the most
effective tools helping to curtail ongoing transmission. However, and as shown for
MDR-TB,11 effective treatment hinges on individualized treatment regimens
accounting for significant comorbidity, strong patient support, and treatment follow-
up systems, let alone access to drugs and appropriate treatment facilities.

Nosocomial transmission often seems to play a lead role in XDR-TB transmission in
resource-poor settings.17 Based on this observation, another approach in mathemat-
ical modeling has suggested that a synergistic combination of available (yet often not
easily applicable) nosocomial infection control strategies could prevent nearly half of
XDR-TB cases on its own.20 However, the difficulty with all mathematical modeling lies
with the accuracy of its underlying assumptions. For example, in the South African
setting, early reports of XDR-TB mortality reached almost 100%,17 whereas current
pooled data from various centers across the country and worldwide suggest an overall
mortality of around 20% to 50%,21–23 even when taking into account HIV coinfection,
thus rendering mathematical modeling susceptible to gross errors.
INSIGHTS FROM MOLECULAR EPIDEMIOLOGY

Classic epidemiology continues to provide valuable insights into the epidemiology of
TB. However, these analytical methods have assumed that the phenotype of the caus-
ative agent (M tuberculosis) does not directly influence the epidemiology of disease.
This notion has been challenged with the discovery of polymorphic genetic elements,
which allow for the classification of M tuberculosis strains and their spatial and
temporal analysis in different epidemiologic settings.

Numerous genotyping methods have been developed, each with their own level of
discrimination and applicability to answer epidemiologic questions. Three of these
methods are internationally standardized. The most widely used genotyping method
is spoligotyping, which allows the genetic classification of strains according to the
number of direct variable repeat sequences that are present in the direct repeat region
of the M tuberculosis chromosome.24 Strains are grouped into lineages according to
the presence of defined spoligotype signatures.25 Currently, 22 lineages have been
described, of which the Beijing lineage has been most frequently reported followed
by the Latin American-Mediterranean (LAM) lineage.26 The internationally standard-
ized IS6110 DNA fingerprinting is based on the quantification of the number of
IS6110 elements located within the chromosome of a strain and their position relative
to a specific endonuclease restriction site (PvuII), which determines the physical size
of the fragment when electrophoretically fractionated in an agarose gel.27 This method
is widely accepted as the gold standard but has proved to be cumbersome, requiring
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growth of the bacilli, DNA extraction, Southern blotting, and hybridization, which
implies that this method cannot be used in a real-time manner to investigate epidemi-
ologic events. Despite this limitation, IS6110 DNA fingerprinting continues to be the
most informative method for the classification of clinical isolates of M tuberculosis.
In an attempt to overcome this limitation a polymerase chain reaction (PCR)-based
method, which amplifies mycobacterial interspersed repetitive-unit-variable-number
tandem-repeat (MIRU-VNTR) sequences has been developed.28 This method has
several different formats, with the 15 MIRU-VNTR combination being proposed as the
new standard for molecular epidemiology.29 In certain settings this method has
proved more informative than IS6110 DNA fingerprinting in that a more precise corre-
lation between genotype and epidemiologic contact was observed.30 However, the
suitability of this method to define the epidemiology of TB in high-incidence settings
has recently been challenged by the observed discordance between the definition
of a strain when using the MIRU-VNTR typing method compared with the IS6110
DNA fingerprinting method.31

Molecular epidemiologic calculations, using the methods mentioned earlier, are
based on the assumption that the genomes of M tuberculosis strains are in constant
flux and thus strains that show identical genotypes (within a defined geographic
region) reflect a recent epidemiologic event (Fig. 1).32 Conversely, strains that show
different genotypes imply that sufficient time has elapsed, allowing the genotypes to
Fig. 1. IS6110 DNA fingerprints of DR isolates from the Beijing lineage. Clustered isolates
reflecting recent transmission are bracketed. Clustered cases include patients who have
a previous history of anti-TB treatment suggesting reinfection. N, new case; R, retreatment
case; U, unknown history of previous treatment.
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evolve, and thus these cases are believed to be epidemiologically unrelated.32 These
definitions allow TB cases to be grouped into 2 categories (see Fig. 1): clustered cases
(identical genotypes representing recent transmission) and unique cases (nonidentical
genotypes representing reactivation, infection outside the study site, or failure to iden-
tify the index case). Using these simple definitions it has been possible to challenge
numerous classic epidemiologic dogmas. Some of the major advances that have
been achieved include (1) identifying the population structure of M tuberculosis in
different geographic settings33,34; (2) quantification of the contribution of casual
contact to ongoing transmission32,35; (3) defining the mechanism leading to recurrent
TB36; (4) identification of outbreaks37; (5) demonstrating that DR M tuberculosis strains
can be transmitted37; (6) challenging the interpretation of drug surveillance studies38;
(7) understanding human-animal and animal-human transmission of TB39; (8) under-
standing where transmission occurs (ie, household)40; (9) proving nosocomial
transmission of M tuberculosis41; (10) proving multiple infection in patients in a high-
incidence community42; (11) demonstrating laboratory cross-contamination43; and
that smear-negative cases contribute to transmission.44

Perhaps the most significant finding is that recurrence can occur through reinfec-
tion.36 This finding not only challenges the concept that previous infection confers
protective immunity against a subsequent infection but also questions the interpreta-
tion of drug-resistance surveillance data, which initially failed to recognize the concept
of reinfection. Before the development of genotyping methods, patients with DR TB
were grouped according to their previous history of exposure to anti-TB drugs.45

Patients without previous exposure were interpreted to have developed DR TB
through transmission (primary resistance), whereas patients with a previous history
of TB treatment were interpreted to have developed DR TB when poor regimens
and/or adherence allowed for the selection of spontaneously occurring DR mutants
(acquired resistance). The relative proportion of each category was then used as
a measure of the efficacy of the TB control program. The strong association between
retreatment and drug resistance has been interpreted to reflect poor adherence,
placing the patient at fault. However, the observation that a significant proportion of
DR TB cases are clustered, irrespective of their previous history of TB treatment,
shows the importance of reinfection as a mechanism leading to the development of
DR TB (see Fig. 1).37,46,47 Reinfection may occur either following cure of a previous
episode, during a current episode (while on treatment), or as a consequence of
multiple infections before the development of disease followed by antibiotic selec-
tion.48 Together, these finding emphasize the importance of transmission as a mech-
anism exacerbating the DR TB epidemic. This finding is supported by numerous
studies, which used DNA fingerprinting to show the spread of DR TB.37,49,50

These molecular epidemiologic observations have also questioned the longstand-
ing dogma that the evolution of drug resistance is associated with a fitness cost.51

Accordingly, it was believed that the evolution of resistance to several anti-TB drugs
would further attenuate pathogenicity and such strains would fail to propagate through
transmission. However, compensatory mutations may accumulate during a disease
episode, thereby ameliorating the fitness cost of the initial resistance, causing muta-
tion(s) leading to the evolution of highly transmissible DR strains.52 This finding may
explain outbreaks of DR TB. An alternative explanation has been that the genetic
background confers a high fitness phenotype.52 The association between the Beijing
genotype (genetic background) and drug resistance is well documented.53 However, it
is not known whether this genotype is able to acquire resistance more readily (mutator
phenotype) or transmit resistance more efficiently. Alternatively, successful spread
may be linked to an inefficient TB control program or the immune status of the human
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population.17,54 Transmission of DR TB among HIV-infected individuals has been well
documented and explained the rapid spread of MDR-TB in New York in the early
1990s.49 Concern over the spread of MDR-TB had continued for the previous 15
years, with research focusing on the identification of mutations conferring resistance,
with the view to developing molecular-based diagnostics.55

More recently, concern was raised about the emergence of resistance to second-
line anti-TB drugs.56 This concern was heightened by the report from Tugela Ferry,
KwaZulu-Natal (KZN), South Africa, which showed high mortality associated with
bacillary resistance to at least isoniazid, rifampicin, fluoroquinolones, and either ami-
noglycosides or capreomycin and HIV coinfection,17 thus leading to the revised defi-
nition of XDR-TB.46 Genotyping, using a combination of IS6110 DNA fingerprinting
and spoligotyping, grouped 85% of the strains into the F15/LAM4/KZN lineage.57

Accordingly, the investigators suggested that the grouping of these strains implied
ongoing transmission. This suggestion was supported by the observation that 55%
of the XDR-TB cases had no previous history of TB and that a further 15% had
been reinfected after being cured from a previous disease episode. Spoligotyping of
M tuberculosis cultures taken from different episodes confirmed the importance of
reinfection as a mechanism leading to the emergence of MDR-TB and XDR-TB in
previously treated TB cases.47 Subsequently the investigators showed that the F15/
LAM4/KZN was the most prevalent MDR-TB strain in the province and that the first
documented case of XDR-TB occurred in 2001.57 However, the resistance profile of
this XDR-TB strain differed from the Tugela Ferry XDR-TB outbreak strain. Together
this suggests that XDR-TB may have evolved on separate occasions in strains
belonging to the F15/LAM4/KZN lineage as well as in non-F15/LAM4/KZN lineage
strains and thereafter had been transmitted either nosocomially or in community
settings.57 The relative proportion of acquired versus transmitted XDR-TB in the
KZN Province remains to be determined.

Following the disclosure of the Tugela Ferry outbreak 11 published studies have
investigated the relationship between strain genotype and XDR resistance to deter-
mine the mechanisms underlying this new epidemic.22,58–68

South Africa

Spoligotyping of XDR-TB isolates collected retrospectively, by Mlambo and
colleagues,58 from cases resident in 4 of 9 provinces of South Africa identified 17 strains
belonging to 7 lineages during the period June 2005 to December 2006. The observed
combination of genetic diversity and the broad geographic distribution of these strains
suggested that between 63% and 75% of the cases had developed XDR-TB through
acquisition. This notion was confirmed in a recent clinical study22 and is linked to the
high default rate among patients receiving MDR-TB treatment. The study by Mlambo
and coworkers58 showed that XDR-TB was largely associated with the Beijing lineage
(34%) and only 3 cases outside KZN had the F15/LAM4/KZN strain.

Estonia

A combination of IS6110 DNA fingerprinting and spoligotyping was used to describe
the population structure of XDR-TB strains in Estonia during the period January 2003
to December 2005.59 In this setting, MDR-TB and XDR-TB were strongly associated
with the Beijing genotype but this did not influence treatment outcome.

China

The genetic background of 13 XDR-TB isolates cultured from patients resident in
Beijing during the period January 2002 to December 2005 was determined by
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a combination of spoligotyping and MIRU-VNTR typing.60 As expected 77% were
from the Beijing lineage, whereas the remaining isolates were from the T1 lineage.
Only 2 isolates (15%) were clustered, showing that XDR-TB was emerging indepen-
dently, possibly as a result of nonadherence. However, in a second study VNTR typing
showed that 73% of XDR-TB isolates were clustered indicating ongoing transmission
in Shanghai during the period March 2004 to November 2007.61 This finding was sup-
ported by the observation that 55% of the patients were new cases, and a previous
study that had shown that 84% of previously treated cases were reinfected with circu-
lating MDR-TB strains.46

Japan

During the period 2001 to 2004, isolates from 29 cases with XDR-TB were genotyped
by IS6110 DNA fingerprinting and MIRU-VNTR typing.62 Of these, 20 (69%) were clus-
tered, suggesting ongoing transmission when transmission was strongly associated
with the katGS315T mutation, which confers high-level isoniazid resistance. In a
second study Iwamoto and colleagues63 investigated the relationship between
XDR-TB and Beijing sublineages in isolates collected between January 2001 and
December 2006. This analysis showed an association between sublineages ST3
and ST26, and XDR-TB, whereas clustering by MIRU-VNTR typing suggested trans-
mission rates of 65% and 71%, respectively. The investigators conclude that strains
from the different sublineages may have evolved unique properties, which enable
them to overcome fitness cost associated with the evolution of resistance, and there-
fore it is important to prevent the spread of these strains.

Uzbekistan

IS6110 DNA fingerprint analysis allowed investigators to determine the mechanisms
leading to the evolution of ofloxacin resistance in 18 patients receiving treatment of
MDR-TB.9 Resistance to ofloxacin and other second-line anti-TB drugs was acquired
in 13 patients, whereas 3 patients were reinfected with an existing XDR-TB strain. This
study shows the complexity of scaling up the treatment of MDR-TB and the need to
prevent the emergence and spread of XDR-TB during treatment.

Iran

Second-line DST identified 12 XDR-TB cases between January 2003 and January
2005, which could be grouped into 2 clusters according to IS6110 DNA finger-
printing.65 Both clusters reflected family and community transmission. In a subsequent
study between October 2006 and October 2008 a further 23 cases were analyzed, of
which 8 had XDR-TB and 15 had totally DR TB (MDR-TB in association with resistance
to all second-line drugs).66 Spoligotyping in combination with VNTR typing failed to
identify transmission chains, suggesting acquisition. This finding, in association with
the observation that 95% of these patients had been previously treated, suggests
inadequate diagnosis and inappropriate treatment.

Poland

Only one case of XDR-TB has been documented in Poland, which was shown by spo-
ligotyping to be a member of the T11558 cluster.67

Portugal

MIRU-VNTR typing in combination with DNA sequencing of genes conferring resis-
tance showed a high level of mutational diversity in MIRU-VNTR defined clusters, sug-
gesting amplification of resistance in existing MDR-TB strains in 2003.68 Analysis of
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mutations conferring second-line resistance revealed that 56% of MDR-TB cases
were XDR-TB cases. However, this study did not calculate the relative proportion of
transmitted versus acquired XDR resistance, and only speculated about the evolution
of XDR-TB strains from persistently circulating MDR-TB strains.

Our knowledge regarding the molecular epidemiology of XDR-TB remains sparse;
different settings report different levels of transmission. One clear theme that seems
to be emerging from these cumulative studies is that highly prevalent MDR-TB strains
seem to evolve to become XDR-TB strains, which then spread. This subsequent
spread of XDR-TB strains needs to be interrogated using a combination of DNA finger-
printing and mutational analysis because it is not always possible to rely on drug-
susceptibility patterns; many different mutations may confer the same resistance
phenotype.
DIAGNOSIS OF MDR AND XDR-TB

A definitive diagnosis of MDR-TB and XDR-TB depends on identification of the pres-
ence of M tuberculosis and the DST thereof. Thus, the accuracy of the laboratory-
based DST is crucial for diagnosis of MDR-TB or XDR-TB, with profound implications
for the individual patient. This diagnosis can be achieved only if laboratory quality-
assurance programs are implemented. The gold standard for DST is the indirect
proportion method on agar medium.69,70 This method requires obtaining a pure
culture of M tuberculosis followed by inoculation onto solid agar medium containing
the critical concentration of a specific anti-TB drug (the drug concentration that differ-
entiates bacillary resistance from susceptibility) (Table 1). Bacillary resistance is
generally defined by using the proportion method, the absolute concentration method,
or the resistance ratio method.71 However, the indirect proportional may take 4 to
8 weeks following standard culture, which has significant implications for the patient
(higher morbidity and mortality) and TB control (transmission of DR TB). Liquid-
based culture methods (BACTEC460 and BACTEC960; BD BioSciences, Spacks,
MD, USA) can reduce the turnaround time of DST to 2 to 4 weeks when using the indi-
rect method72 and are particularly reliable for the first-line drugs isoniazid and
rifampin.69,70 The reliability of ethambutol DST has been questioned and pyrazinamide
DST is rarely performed.73,74 The diagnostic delay period can be further reduced using
the direct method (inoculation directly into liquid medium); however, the indirect
method is preferred because the potential for bacterial contamination and the pres-
ence of nontuberculous mycobacteria is significantly reduced.

Second-line DST is not standardized and surveys of current practices have revealed
important differences including the methodology, the critical drug concentrations, and
the critical proportions of resistance.75–77 Laboratory techniques, including medium,
pH, incubation temperature, filter sterilization, and incomplete dissolution, may influ-
ence DST results.78 A further complicating factor is that the critical drug concentration
may be close to the minimum inhibitory concentration, leading to possible misclassi-
fication and poor reproducibility of DST results. DST for aminoglycosides, polypep-
tides, and fluoroquinolones show good reliability and reproducibility (see Table 1).
However, data on the remaining second-line anti-TB drugs are sparse or have not
been established (see Table 1).79

DNA sequencing has shown that drug resistance evolves as a consequence of
mutations in specific genes,80 when different mutations may lead to different levels
of resistance.81 Thus the detection of specific mutations conferring resistance may
define whether an anti-TB drug should be included in the treatment regimen or used
at a higher dose.82,83 However, the correlation between in vitro resistance (specific



Table 1
Methodology and critical drug concentrations for second-line DST

Drug DST Method

Critical Drug Concentrations (mg/ml)

Lowenstein-Jensena Middlebrook 7H10a Middlebrook 7H11a BACTEC460 BACTEC960 BACTEC960

Isoniazid Solid/liquid 0.2 0.2 0.2 0.1 0.1 1.0

Rifampicin Solid/liquid 40.0 1.0 1.0 2.0 1.0 1.0

Ethambutol Solid/liquid 2.0 5.0 7.5 2.5 5.0 5.0

Pyrazinamide Liquid – – – 100.0 100.0 –

Streptomycin Solid/liquid 4.0 2.0 2.0 2.0 1.0 1.0

Kanamycin Solid/liquid 30.0 5.0 6.0 4.0 – –

Amikacin Liquid – – – 1.0 1.0 1.0

Capreomycin Solid/liquid 40.0 10.0 10.0 1.25 2.5 5.0

Viomycin None – – – – – –

Ciprofloxacin Solid/liquid 2.0 2.0 2.0 2.0 1.0 –

Ofloxacin Solid/liquid 2.0 2.0 2.0 2.0 2.0 2.0

Levofloxacin Solid/liquid – 2.0 – – 2.0 –

Moxifloxacin Liquid – – – 0.5 0.25 –

Gatifloxacin Solid – 1.0 – – – –

Ethionamine Solid/liquid 40.0 5.0 10.0 2.5 5.0 2.5

Prothionamide Solid/liquid 40.0 – – 1.25 2.5 –

Cycloserine Solid 40.0 – – – � –

Terizidone None – – – – – –

PAS Solid/liquid 1.0 2.0 8.0 2.0 – –

Thioacetazone None – – – – – –

Clofazimine Liquid – – – 4.0 – –

Amoxicillin/clavulanate None – – – – – –

Clarithromycin None – – – – – –

Linezolid Liquid – – – 1.0 1.0 1.0

a Indirect proportion method.
Data from WHO. Guidelines for surveillance of drug resistance in tuberculosis, 4th edition. France, WHO, 2009. Available at: http://whqlibdoc.who.int/publica-

tions/2009/9789241598675_eng.pdf. Accessed May 4, 2010; Springer B, Lucke K, Calligaris-Maibach R, et al. Quantitative drug susceptibility testing of Mycobacte-
rium tuberculosis by use of MGIT 960 and epicenter instrumentation. J Clin Microbiol 2009;47(6):1773–80.
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mutations) and clinical response has not been well established for second-line anti-TB
drugs and therefore the predictive value of these laboratory-based tests for prognosis
remains unclear.79 One such test is the line-probe assay, which is not well validated in
smear-negative TB, although the results are encouraging.84–86 These assays amplify
a resistance-containing gene segment (eg, the rpoB gene hotspot) and the PCR prod-
ucts are hybridized to oligonucleotide probes on a nitrocellulose strip (line probe; this
is an open system).85 A variation, the Hain MDRplus sl version, can rapidly detect
resistance to several drugs (Fig. 2). An ideal test would be one that can accurately
and rapidly detect drug resistance regardless of smear status. The Gene Xpert
(Cepheid, Sunnyvale, CA, USA) is a user-friendly closed (the PCR products remain
within the cassette or tube) nested real-time PCR platform that can rapidly diagnose
TB and detect bacillary resistance to rifampin (Fig. 3). It is likely that this platform will
be rapidly expanded to include testing for isoniazid, aminoglycosides, fluoroquino-
lones, and other drugs. Particularly encouraging are the preliminary performance
outcomes in smear-negative TB87 and the potential for use of this technology as
point-of-care test in microscopy centers and district hospitals.

Microscopic observation DST (MODS) relies on identifying the characteristic cord-
ing of M tuberculosis in liquid medium using an inverted light microscope (Fig. 4).88 It is
cheap, accurate, and DST results are available with 7 to 10 days.88 The main draw-
back is that it is labor intensive. Thin-layer agar (TLA) microscopically detects early
growth of M tuberculosis on a thin layer of agar; the platform can be simplified and
standardized to colorimetrically detect resistance.87 The nitrate reductase assays
(NRA) rely on an M tuberculosis-produced nitrite-induced color change (Griess reac-
tion) to detect growth in selective media.89 NRA and TLA are cheap and accurate alter-
natives to the molecular biologic assays, which are prone to problems of
Fig. 2. The Hain GenoType MTBDRsl assay, in addition to rifampicin and isoniazid resistance
confirmed by the GenoType MTBDRplus version of the assay, identifies additional resistance
to fluoroquinolones, aminoglycosides, capreomycin, and ethambutol. The turnaround time
of both tests from sample collection to result acquisition is about 2 to 3 days. Thus, XDR-TB
may be rapidly diagnosed in patients with suspected DR TB. (Courtesy of Hain Lifescience
GmbH, Nehren, Germany; with permission.)



Fig. 3. The TB GeneXpert System (Cepheid) is a closed, self-contained, fully integrated, and
automated nested real-time PCR platform for rapid diagnosis of TB and simultaneous confir-
mation of rifampicin resistance. The system is designed to purify, concentrate, detect, and
identify targeted Mtb-specific nucleic acid sequences, thereby delivering answers directly
from unprocessed samples. The sample is placed into a cartridge (5) and the targeted
sequence is amplified by PCR (4); the optical PCR block detects and quantifies 6 different
nucleic acid targets (1), and the circuitry (2) passes the information to a computer for display.
The technology is suitable for use as a potential point-of-care test for use in microscopy
centers and district hospitals. The key advantage, in contrast to the Hain assay, is a lower
risk of contamination. (From Cepheid: www.cepheid.com; with permission.)
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contamination, particularly when open systems are used. Novel approaches include
the high resolution melt (HRM) assay, which is able to identify clinical isolates
harboring mutations conferring rifampin resistance by comparing DNA melt profiles
of their rifampin resistance determining region to the DNA melt profiles of a wild
type standard (Fig. 5).90,91

Patients may harbor multiple bacillary strains48 and transient clinical improvement
may be seen in patients with MDR-TB when on standard short-course therapy for
drug-sensitive TB. The same phenomena may explain discordant DST results at
different times from the same patient, and this must be distinguished from the high

http://www.cepheid.com


Fig. 4. The MODS assay relies on recognition of the characteristic cording pattern of M
tuberculosis (bottom panel) using an inverted microscope; simultaneous susceptibility
testing is performed through incubation in selective media (top panel) and the results are
available within a median time of 7 days. The plate is sealed in a plastic bag and thus the
postinoculation infection risk is minimal. The technology is cheap but labor intensive.
(From Brady MF, Coronel J, Gilman RH, Moore DA. The MODS method for diagnosis of tuber-
culosis and multidrug resistant tuberculosis. J Vis Exp 2008;11:845; with permission.)

Dheda et al716
interlaboratory variability and stochastic results seen with second-line DST. Further-
more, because a sizeable proportion of patients with MDR-TB have no previous risk
factors such as previous TB treatment or contact with known DR TB cases, it is
rational to screen all smear-positive cases with culture or rapid molecular biologic
tests such as the line-probe assays.84 This approach is also likely to be cost-
effective in many settings.18



Fig. 5. Derivative of the intensity of fluorescence of the DNA duplexes at different temper-
atures using the HRM assay. Isolates were scored as drug-susceptible to rifampicin according
to the presence of a single derivative peak within a defined temperature range (89–89.5�C).
Isolates were scored as DR to rifampicin according to the presence of 2 derivative peaks in
defined temperature ranges (88–88.5�C and 89–89.5�C). Thus, the amplicons with and
without the relevant rifampicin-defining mutations have differing DNA melting
temperatures.
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MANAGEMENT CHALLENGES

The first step is to make the correct diagnosis. In settings of appreciable drug resis-
tance, a laboratory result may reflect sample contamination or administrative error.
As outlined earlier, because of several reasons, second-line DST information from
different laboratories may yield different results. It is also possible that one may be
sampling a subpopulation of pulmonary bacilli that are of a different strain and have
a different DST profile. In a patient failing a first-line drug regimen care should be taken
to re-evaluate the diagnosis and exclude, where appropriate and where no culture
results are available, other possibilities such as interstitial lung disease, pneumoconi-
oses, and cavitating malignancy.

Once the diagnosis is confirmed by the DST and there is contextual fidelity, the next
step is to choose an effective and suitable regimen. A detailed outline of the specific
putative drug regimens, their doses, and associated adverse event profiles has
recently been given elsewhere5 and is not covered here. For MDR-TB and XDR-TB,
the clinician is guided by the DST results and previous drug usage. In general, MDR
treatment regimens comprise a backbone of a fluoroquinolone and aminoglycoside
with 2, or preferably 3, additional drugs to which the organism is susceptible and pref-
erably which the patient has not previously used. A single drug should not be added to
a failing regimen. The XDR-TB treatment regimen similarly depends on DST results but
often contains a backbone of para-aminosalicylic acid (PAS) and capreomycin to
which other drugs are added. XDR-TB regimens are difficult to construct for several
reasons. First, bacillary resistance testing for PAS and capreomycin is unreliable
and second, often if there has been previous MDR-TB treatment, there are few drugs
with which to construct an effective regimen. Often remaining drugs such as amoxi-
cillin/clavulanate, clarithromycin, clofazimine, and dapsone have weak antimycobac-
terial activity.92,93 A recent study in South Africa found that approximately 60% of
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patients with XDR-TB given capreomycin had bacillary resistance to the drug at treat-
ment initiation.22 In resource-poor settings, where the frequency of drug resistance is
often the highest, drugs such as moxifloxacin and linezolid are unavailable. Our recent
data suggested that moxifloxacin was an independent predictor of survival in XDR-TB,
despite ofloxacin resistance in all the enrolled patients, and we therefore suggest, in
the absence of specific drug-susceptibility data and until further data become avail-
able, that consideration be given to using moxifloxacin in an XDR-TB treatment
regimen in specific settings.22 Further studies are urgently needed to clarify the pre-
vailing cross-resistance between the different fluoroquinolone and the role of the
second-generation quinolones in XDR-TB. There is evidence of incomplete cross-
resistance within the quinolone class, possibly explained by differential drug-
specific binding to DNA gyrase.82 High-dose isoniazid is another cheap and effective
therapeutic option.94

Response to therapy is evaluated by monthly sputum cultures, chest radiography,
and body weight measurements. The median time to culture conversion in MDR-TB
cases is approximately 6 to 8 weeks.4 Failure to convert by 5 to 6 months of therapy
suggests that the regimen is failing. Similar parameters can be used to monitor
patients with XDR-TB. We recently showed that patients with XDR-TB who weighed
less than 50 kg had poorer outcomes than those who weighed more than 50 kg.22

Almost 90% of all patients who culture converted did so by month 9 of XDR
therapy.22

In patients who are compliant with their treatment, the outcomes for MDR-TB are
reasonable and therefore medical therapy should be tried in the first instance.4 In
treatment failures compliance should be carefully reassessed, copathologies should
be excluded, and the patient should be evaluated for surgical resection if possible.
An alternative regimen needs to be constructed once these issues have been
addressed. By contrast XDR-TB has poorer treatment-related outcomes. In a cohort
of 227 patients with XDR-TB who had inpatient intensive therapy with a capreomycin
and PAS-based regimen, the overall outcomes were poor (19% overall conversion and
an overall mortality of approximately 36%).22 Thus, we recommend that patients who
have adequate cardiopulmonary status and are failing an MDR-TB treatment regimen,
or all patients with XDR-TB, should be evaluated for surgical lung resection when
possible. However, the capacity to perform cardiothoracic surgery is severely limited
in settings with a high TB burden.

The frequency of adverse drug reactions is high.22 Specific adverse drug reactions
and how therapy should be monitored have been outlined elsewhere.5 Use of the ami-
noglycosides should be accompanied by monitoring of renal function and audiometry.
The same applies to capreomycin, which may cause hypokalemia and hypomagne-
semia, and result in renal failure at any stage of therapy. Patients with pre-XDR-TB
(resistance to rifampin, isoniazid, and a fluoroquinolone or aminoglycoside [not
both]) should be managed in the same way as patients with XDR-TB.
ETHICAL DILEMMAS

In high-burden settings, given the extent of the TB pandemic and poor treatment
outcomes, increasing numbers of patients with MDR and particularly XDR-TB fail
medical therapy. These patients may have limited or extensive bilateral disease, are
not suitable candidates for surgery, have high-grade bacillary resistance with no
option for additional agents, have had other copathologies ruled out, and have failed
to culture convert after 12 months of intensive inpatient therapy, after which the
chance of culture conversion is minimal.22 Can treatment be suspended in these
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patients if cure is deemed highly unlikely? In the Western Cape Province of South
Africa the decision to suspend treatment is taken by a multidisciplinary review
committee after all other options have been exhausted. In some cases the patients
are not critically ill. However, bed space in DR TB hospitals is overwhelmed and
urgently needed for new cases, and there are no dedicated hospice or isolation facil-
ities in which patients may be nursed. Can these patients be justifiably discharged
back to their homes, where often families live in single rooms or informal housing?
In the Western Cape Province of South Africa a home assessment is first conducted
and the family counseled about infection control and the nature of the illness before
patients are discharged to their homes. Resource limitations leave open no alternative
options. Should these patients, who fail treatment and remain infectious, be perma-
nently isolated from society, where should they be isolated, and can we prioritize
the right of the community over the right of the individual?95,96

Equally difficult is the decision to withdraw therapy in chronic defaulters, often with
substance abuse problems, who already have high-grade bacillary resistance. Is it
justifiable to incarcerate these patients who are a threat to the wider community?96

Currently no such facilities exist in high-burden settings and the legal framework lacks
clarity to deal with this scenario. In the Western Cape, the review committee has with-
drawn therapy in cases of persistent ongoing default when there is high risk of further
increasing drug resistance, alternative copathologies have been ruled out. and there
are no further therapeutic or management options. The rationale here is to limit further
development of drug resistance in the face of little hope of successful treatment.
Equally difficult is the management of pregnant patients with XDR-TB or single parents
with infants when there are no available alternative caregivers and overwhelmed social
services.

With the increasing burden of disease these eventualities will become more
common in resource-poor settings, and urgent attention will have to be focused on
providing funding and other appropriate resources for dedicated hospices, commu-
nity treatment facilities, and isolation centers for patients with XDR-TB who have little
chance of cure.
SUMMARY

The prevalence of MDR-TB has increased globally in the past decade and likely will
continue to increase in many areas within resource-poor settings like India, China,
territories within the former Soviet Union, and Africa. This increase has the capacity
to destabilize TB control, and additional prevalence data on MDR-TB and XDR-TB
are urgently needed from these regions. Molecular epidemiologic studies suggest
MDR-TB and XDR-TB are predominantly acquired with subsequent horizontal spread
within communities. A 2-pronged strategy is required to tackle this global epidemic.
First, existing cases need to be actively found, rapidly diagnosed, and aggressively
treated to minimize transmission of disease. This strategy requires funding to access
the appropriate second-line drugs, rapid diagnostic tools, infection control interven-
tions, and increased laboratory capacity. However, in parallel aggressive preventative
strategies need to be undertaken, which include programmatic strengthening, roll-out
of rapid diagnostics, expanding laboratory testing capacity, improved case finding
and access to appropriate drug therapy, and strategies to deal with incurable cases.
However, perhaps most important is the alleviation of poverty, the main driver of TB
and associated drug resistance, and the prevention and treatment of HIV infection.
This goal is attainable only through appropriate funding, political will, and downscaling
of war and political conflicts in resource-poor settings.
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Of the estimated 8.3 million new cases of active tuberculosis (TB) diagnosed in 2000,
884,019 (11%) were in children less than 15 years of age.1 However, this figure is
outdated and almost certainly represents an underestimate of the current situation,
because an estimated 10.4 million episodes of TB (first and subsequent) occurred
during 2007.2 Poor case ascertainment, absence of active case finding in most
TB-endemic areas, and limited surveillance data hamper efforts to accurately quantify
the global pediatric TB disease burden.3 In a community-based survey performed in
Cape Town, South Africa, children less than 13 years of age contributed 13.7% of
the total disease burden, with a calculated TB incidence of 408/100,000/y; nearly
50% of the total adult TB incidence (840/100,000/y) reported during the same period.4

It is estimated that with accurate diagnosis and good reporting systems children less
than 15 years old are likely to contribute 15% to 20% of the disease burden in areas
where the TB epidemic is poorly controlled. In developed countries the burden of
childhood TB is greatly reduced (<5%) as a result of minimal TB transmission and
differences in the population age structure with fewer children compared with adults.5

A common misperception was that children are not severely affected by the global
TB epidemic and that they rarely develop life-threatening disease. This impression
resulted from observations in developed countries, where diligent contact tracing
and active case finding ensures that children either receive adequate preventive
therapy or are diagnosed early in their disease course. However, this is not the case
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in TB-endemic areas, where children often present with advanced disease and TB is
a major contributor to morbidity and mortality of children under 5 years of age. An
autopsy study conducted in Zambia showed that TB rivals bacterial pneumonia as
a major cause of death from respiratory disease, in human immunodeficiency virus
(HIV)-infected and -uninfected children.6 Although the generalizability of these
autopsy results has been questioned, observations from a more recent South African
study confirmed the contribution of TB to respiratory disease among children in
TB-endemic areas. The study documented identifiable causes of respiratory disease
in children with community-acquired pneumonia not responding to first-line antibi-
otics; Mycobacterium tuberculosis was commonly identified irrespective of the child’s
HIV status.7 The spectrum of disease observed in children who present with TB to
health care facilities in endemic areas shows advanced disease in most cases,8 which
is in contrast to the experience in developed countries.
EVIDENCE OF EMERGENCE

Diagnosing a young child with TB represents a sentinel event that reflects recent trans-
mission within a limited circle of social contact. Because most disease manifestations
in children occur within 1 year of primary infection, the incidence of pediatric TB
provides an accurate measure of ongoing transmission within communities.9 There-
fore, accurate quantification of the pediatric TB disease burden provides a key param-
eter of epidemic control. Conversely, the pediatric disease burden can also be
estimated from accurate adult data because the number of children affected is
proportional to the number of infectious adult cases; taking the population age distri-
bution, diagnostic delay, and the provision of preventive therapy into account. In
general, the total adult TB incidence (new and retreatment TB) provides a close
approximation of the expected pediatric disease burden (estimated at roughly 50%
of total adult TB incidence) in TB-endemic settings with poor access to preventive
therapy.

Great strides have been made in the last 15 years to scale up diagnostic and treat-
ment services, but the effect on the epidemic remains limited in endemic areas, partic-
ularly in areas worst affected by the HIV epidemic and/or resistance to first-line TB
drugs.10 Because the pediatric TB disease burden follows adult prevalence trajecto-
ries, childhood TB is most common in those parts of the world where epidemic control
remains poor and incidence rates high. Although incidence rates per capita are start-
ing to decrease in all of the World Health Organization (WHO) subregions, the absolute
number of cases continues to increase because of increases in population size.2 Inci-
dence rates in HIV-endemic countries are also showing a slow decline from peak rates
achieved in 2004, but remain at high levels.2 A striking observation is the dichotomy
that exists between developed countries, where incidence rates are less than
10/100,000 population, and low-income TB-endemic countries, where incidence rates
still exceed 100/100,000 population, up to levels exceeding 1000/100,000 population
in some high-burden areas.2

Within developed countries transmission is limited and most cases of active TB
occur among immigrant populations, socially destitute or elderly people. Although
most of the disease burden is confined to immigrant populations, the available
evidence suggests little spill-over into resident communities,11 although a few institu-
tional outbreaks involving young children have been described.12 Children rarely
contribute to disease transmission unless they develop cavitary and/or sputum
smear-positive disease, which occurs most frequently in older adolescent children
(>8–10 years of age) and forms only a small fraction of all pediatric cases.9 However,
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high rates of transmission are sustained in TB-endemic areas by many adult and
adolescent cases that remain undiagnosed,2 prolonged diagnostic and treatment
delay among those who do ultimately receive treatment, as well as ineffective treat-
ment of cases with undiagnosed drug-resistant disease. Annual risk of TB infection
(ARTI) studies provide an estimate of the infection pressure that exists within commu-
nities. A major limitation of ARTI surveys is the selection bias introduced by age restric-
tion; participation is usually limited to children aged 6 to 10 years. Highly selective
ARTI surveys performed among primary-school children probably underestimate the
infection pressure that exists among adolescents and adults within the same commu-
nity, especially among those with high-risk social behavior. Because most adults in
TB-endemic areas are already infected with M tuberculosis and none of the current
tests is able to register a reinfection event in a nondiseased individual, it is impossible
to quantify the true infection pressure that exists among high-risk groups. Molecular
epidemiology studies demonstrated that exogenous reinfection is the most common
cause of recurrent TB in highly endemic areas.13,14 ARTI studies conducted at the
same site also demonstrated high and increasing levels of infection among children,15

confirming the high infection pressure that exists in these communities and reflecting
worsening epidemic control.

Effect of HIV

The HIV epidemic has had a major negative effect on TB control efforts. The absolute
number of adult patients with TB continues to show an alarming increase in HIV-
affected areas, predominantly among those with sputum smear-negative disease.16,17

In addition to increased absolute numbers of TB patients, HIV induced a marked age
and gender shift among adult TB cases, with more young people and women of child-
bearing age developing TB, which probably reflects that HIV infection in TB-endemic
areas is more prevalent among younger adults and females.16 The implication for
children is that more parents with young families at home are developing active TB,
drastically increasing the exposure of young and vulnerable children in these commu-
nities. Exceptionally high levels of TB exposure have been documented in infants born
to HIV-infected mothers. Documented TB exposure was an exclusion criteria for enrol-
ment into a randomized placebo-controlled isoniazid (INH) prevention trial conducted
in South Africa. During enrolment screening 74/769 (9.4%) of 3- to 4-month-old infants
living in HIV-affected households reported TB exposure and had to be excluded from
the study.18

Effect of Drug Resistance

Because of the paucibacillary nature of pediatric TB (in those without cavitary disease
or extensive lung infiltration), children are less likely to acquire drug resistance and/or
transmit drug-resistant organisms than adults. However, although children contribute
little to the creation of the drug-resistant epidemic they are greatly affected by it. The
fact that incident cases of childhood TB reflect recent transmission implies that drug
resistance patterns observed among child TB cases reflect primary (transmitted) drug
resistance within the community.19 Globally the emergence of the drug-resistant TB
epidemic has been identified as a major threat to TB control.20 The unavailability of
effective second-line drugs and long delays before drug-resistant TB is identified
imply that many patients are initially treated with ineffective regimens, which leads
to acquisition of additional drug resistance and continued transmission of drug-
resistant organisms within their communities.

The impression that drug-resistant organisms are likely to be less fit and therefore
less transmissible and/or pathogenic (able to cause disease) than drug-susceptible
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strains is contradicted by recent observations. The fitness cost associated with the
acquisition of drug resistance seems variable and strain dependent.21,22 In addition,
compensatory evolution may account for significantly higher fitness in clinical strains
compared with their progenitors or laboratory strains.21 Successful transmission is
suggested by the geographic clustering of drug-resistant cases, evidence of clonal
expansion, and drug-resistant disease in children.22–24 The number of multidrug-
resistant (MDR)-TB cases is on the increase and was estimated at 511,000 cases in
2007. Of these 289,000 were among new (no previous treatment or treatment of <1
month) cases (3.1% of all new cases) and 221,000 among previously treated cases
(19% of all previously treated cases).2 Drug-resistant TB among children usually
mirrors trends observed in adults.25 A prospective surveillance study from South
Africa documented a marked increase in drug-resistant, especially MDR, TB among
children from 1994 to 2007, most likely reflecting increased MDR-TB among adults
in the area.26 Unless effective measures are urgently implemented to limit transmis-
sion, the emergence of drug-resistant TB is likely to accelerate and affect greater
numbers of children in the near future.
INCREASED AWARENESS

Awareness regarding the massive TB disease burden suffered by children in
TB-endemic areas is increasing, but as yet this has not been translated into improved
service delivery. Recognition that patients with sputum smear-negative TB may suffer
severe disease and justify treatment, despite the fact that they are less infectious and
therefore pose less of a public health risk than sputum smear-positive patients,
benefitted children indirectly. Because sputum smear-negative TB is a common cause
of death among HIV-infected patients, efforts to improve access to accurate diagnosis
and effective treatment have been greatly expanded. Increased public awareness
regarding the relevance of sputum smear-negative TB also benefitted children,
because they were effectively sidelined by an exclusive emphasis on sputum
smear-positive disease. The Stop TB Strategy formulated an inclusive goal: to treat
‘‘all TB patients, infectious or non-infectious, adults and children, with/without HIV
infection, with/without drug-resistant disease.’’ This served as a catalyst for WHO to
compile its first comprehensive guidance on the management of childhood TB in
2006; it also requested countries to include pediatric TB data, specifically for the
age bands 0 to 4 and 5 to 14 years, in all future reports.27

Drug-susceptible TB responds remarkably well to standard first-line treatment, but
until recently few resource-limited countries had access to child-friendly drug formu-
lations. The Global Drug Facility (GDF) has made great strides to improve the provi-
sion of quality-assured fixed-dose combination tablets to adults in poor countries.
Since its establishment in 2001 the GDF has distributed treatment to approximately
20% of patients with TB treated worldwide, including in 15 of the 22 high-burden
countries. Until 2008 no child-friendly formulations had been distributed; however,
with funding support from UNITAID the GDF has approved grant applications from
55 countries for the provision of child-friendly TB formulations and distributed
approximately 115,000 treatments free of charge to children in poor countries during
2008.28 Indications are that the GDF initiative will be sustained and expanded in
future. Although these efforts improved the availability of child-friendly drug formula-
tions, reliable access to quality-assured drugs remains a concern in many countries
and huge programmatic barriers still limit the availability of these drugs. In addition it
has become apparent that existing treatment guidelines and fixed-dose combination
preparations for children may be suboptimal when age-dependent pharmacokinetic
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profiles are taken into account.29–31 Guidance on optimal drug dosages for first-line
drugs has been finalized, but drug companies require time to develop and test new
child-friendly combination products. Most children respond well to current treatment
regimens, although there is concern about the response of severely immune-
compromised HIV-infected children in the absence of highly active antiretroviral
therapy (HAART).32
PROGRAMMATIC BARRIERS
Lack of Political Commitment and Adequate Monitoring

Although global political commitment to reduce the prevalence and severity of pedi-
atric TB in endemic areas is increasing, a lot remains to be done. Many health care
workers and policy makers remain poorly informed regarding childhood TB. A prac-
tical first step to enhance awareness and service delivery may be a requirement
that all national and/or international TB guidelines should include a child TB section
as part of the main body of the document. This strategy should assist in increasing
awareness among health care workers and policy makers, although more creative
and sustained efforts are required to ensure implementation.

Improved service delivery does not follow changes in policy recommendations
unless clear evaluation systems are developed in parallel to monitor and reward actual
implementation. A good example is the provision of INH-preventive therapy to young
and vulnerable children in close contact with an infectious adult source. Most national
TB guidelines state that child TB contacts should be actively traced and screened to
exclude disease, before providing preventive therapy to those at high risk of progres-
sion to disease. With rare exceptions, implementation of these guidelines is nearly
nonexistent in TB-endemic areas. Current standardized reporting systems do not
include any measure that reflects service delivery to children, which is essential to
change behavior at the local level. Pragmatic operations research is required to iden-
tify key performance indicators that can be easily monitored, without compromising
the quality of routine data collected.

Overburdened Health Care Services

In many resource-limited settings, especially in those coping with dual TB and HIV
epidemics, existing TB services are overburdened by the provision of directly
observed therapy (DOT) to huge numbers of adult patients with sputum smear-
positive disease. In these settings, there is reluctance to take on new responsibilities
unless additional resources are made available. Although early and effective treatment
of the most infectious (sputum smear-positive) patients should remain the priority from
a public health perspective, there is an urgent need to align service delivery models
with the inclusive goals defined by the Stop TB Strategy. This requires the allocation
of substantially more resources to TB control efforts, from national governments and
international agencies.

TB has always been a disease of poor and marginalized people. TB services are
traditionally linked to public health and epidemic control efforts, with little regard for
the need to develop a patient-centered approach. In contrast, HIV services developed
a strong patient-centered approach and used vocal activism to help mobilize
resources for service delivery and essential technological advances. The constructive
role that patient activism can play in improving service delivery and addressing socio-
economic inequalities that underlie the TB epidemic has not been fully harnessed, but
progress has been made in recent years. The need to dedicate more resources to
address the problem and achieve much-needed technological breakthroughs is
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now well recognized, although governments in endemic areas have been slow to
respond and significant advances remain elusive.
DIAGNOSTIC DILEMMA
Inability to Screen for TB Disease

Addressing the dichotomy that exists between written guidelines and practice
requires creative solutions to provide the best possible care to children under subop-
timal circumstances. Current WHO guidelines advise that all children less than 5 years
of age and all HIV-infected children in close contact with a sputum smear-positive
index case should be actively traced, screened for TB, and provided with preventive
chemotherapy once TB disease has been ruled out.27 The International Standards for
TB Care made the same recommendation.33 Most national TB guidelines still regard
the tuberculin skin test (TST) and chest radiograph (CXR) as prerequisite screening
tests to exclude disease in child TB contacts. This strategy serves as a barrier to
access preventive therapy in resource-limited settings in which these tests are not
readily available. The contribution made by the TST in routine contact screening is
limited, and the decision to initiate preventive therapy following recent TB exposure
should not be influenced by the TST result. Symptom-based screening as suggested
by WHO (Fig. 1) seems safe and feasible.34 However, in settings in which health
systems are severely overburdened it may be more feasible to restrict preventive
therapy to those who are at greatest risk of disease following documented TB expo-
sure and/or infection (<3 years of age and/or HIV-infected), as suggested in Fig. 2.35

It is important to understand differences in the underlying rationale that motivates
discrepant approaches in developed countries with adequate resources where TB
eradication is an achievable goal and TB-endemic areas with limited resources where
the primary aim is to reduce TB-associated morbidity and mortality and to achieve
epidemic control (limit transmission).36 In developed countries the provision of preven-
tive chemotherapy to everyone with documented TB infection is promoted to assist TB
eradication. Resource constraints are minimal and eradicating the pool of latent TB
infection (LTBI) is important to prevent future reactivation disease, which is the most
common cause of adult TB in these settings. In TB-endemic areas, the converse is
true. Limited resources require careful priority setting. Poor epidemic control implies
ongoing transmission and frequent reinfection, which makes it impossible to eradicate
Fig. 1. Suggested approach to contact management when CXR and tuberculin skin testing
are not readily available. #INH 10/mg/kg daily for 6 months. (Adapted from WHO Guidance
for National Tuberculosis Programs on the Management of Tuberculosis in Children. Geneva,
Switzerland: WHO guidance. p. 17; with permission.)



Documented exposure

Close contact with a pulmonary TB source case; 

sputum smear-positive or negative (especially if this is 

the primary care giver),  

Symptom-based screening* 

Any current cough, fever, lethargy, fatigue, weight loss, 

or palpable neck mass  

Asymptomatic 

High Risk 

(<3yrs or immune compromised) 

Provide preventive 

chemotherapy

Low Risk

(≥3yrs and immune competent)  

Observe  

Risk period 1st 12-24 months 

All symptomatic children

(Irrespective of age or immune status) 

Exclude TB disease 

Fig. 2. Proposed algorithm to screen children with documented exposure to a pulmonary TB
source case in resource-limited settings. (Adapted from Marais BJ, Pai M. New approaches
and emerging technologies in the diagnosis of childhood tuberculosis. Paediatr Respir
Rev 2007;8:131; with permission.)
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the pool of latent infection. Reinfection rather than reactivation is the major cause of
adult TB and therefore the primary aim is to limit ongoing transmission, which sustains
the epidemic. Prevention is restricted to the most vulnerable subgroups to try to limit
TB-associated morbidity and mortality.

Interferon-g Release Assays

Interferon-g release assays (IGRAs) are T-cell assays that measure interferon-g
released after stimulation by M tuberculosis-specific antigens. Two assays are
currently available as commercial kits: the T-SPOT.TB (Oxford Immunotec, Oxford,
UK) and the QuantiFERON-TB Gold in-tube assay (Cellestis Limited, Victoria,
Australia). In general these tests are regarded as more specific and potentially more
sensitive than the traditional TST, although pediatric studies remain limited and results
inconsistent. Following documented TB exposure the first priority remains the provi-
sion of preventive therapy to high-risk contacts irrespective of the IGRA result. The
2009 American Academy of Pediatrics (AAP) Red Book (http://aapredbook.
aappublications.org/) recommendations for use of IGRAs in children are as follows:

� For immune-competent children 5 years of age and older, IGRAs can be used in
place of a TST to confirm cases of TB or cases of LTBI and likely will yield fewer
false-positive test results.
� Children with a positive result from an IGRA should be considered infected with

M tuberculosis complex. A negative IGRA result cannot universally be interpreted
as absence of infection.
� Because of their higher specificity and lack of cross-reaction with bacille Calm-

ette-Gu�erin (BCG), IGRAs may be useful in children who have received BCG
vaccine. IGRAs may be useful to determine whether a BCG-immunized child
with a reactive TST more likely has LTBI or has a false-positive TST reaction
caused by the BCG.

http://aapredbook.aappublications.org/
http://aapredbook.aappublications.org/
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� IGRAs cannot be recommended routinely for use in children younger than 5
years of age or for immunocompromised children of any age because of a lack
of published data.
� Indeterminate IGRA results do not exclude M tuberculosis infection and should

not be used to make clinical decisions.

Inability to Confirm TB Disease

Increased awareness of the pediatric TB disease burden and improved availability of
child-friendly drugs highlighted the difficulty of accurate disease diagnosis in
resource-limited settings. Bacteriologic confirmation is often considered to be of
limited use because of poor yields, but the yield is greatly increased in children with
advanced disease and should be pursued if at all possible because a positive culture
not only confirms the diagnosis but also facilitates drug susceptibility testing.35

In the absence of bacteriologic confirmation, diagnosis frequently rests on the triad
of (1) close contact with an adult source case, (2) a positive TST and/or IGRA, and (3)
signs suggestive of TB on CXR.36 Despite its many limitations the CXR remains the
most practical and helpful test in everyday practice, providing a fairly accurate diag-
nosis if evaluated by an experienced clinician. High-resolution computed tomography
is more sensitive to detect early signs of disease, but particular caution is required
when interpreting the relevance of these findings in children with absent or minimal
symptoms, because transient adenopathy is common following recent primary infec-
tion.36 It is important to take the presence of additional signs and symptoms sugges-
tive of TB into account and not to base a TB diagnosis solely on the radiographic
findings.

However, in many TB-endemic areas even a CXR may not be readily available and
a variety of clinical scoring systems have been developed to diagnose TB in children. A
critical review of these scoring systems concluded that their value is severely limited
by the absence of standard symptom definitions and inadequate validation.37 Accu-
rate symptom definition is essential to differentiate TB from other common conditions.
The most helpful symptoms include: (1) persistent, nonremittent cough or wheeze of
more than 2 weeks’ duration, (2) documented failure to thrive or weight loss despite
food supplementation (if food security is a concern), and (3) fatigue or reduced play-
fulness; clinical follow-up is safe and adds specificity in older children who are at
low risk of rapid disease progression.38 Adolescent children (>8–10 years of age)
frequently develop cavitary disease and can be diagnosed using traditional
methods.36 The most common extrathoracic manifestation of TB in children is cervical
adenitis. A simple clinical algorithm that identified children with a persistent (>4 weeks)
cervical mass of 2 � 2 cm or greater, without a visible local cause or response to first-
line antibiotics, showed excellent diagnostic accuracy in a TB-endemic area.39 It may
be less accurate in nonendemic areas, where cervical adenitis is mainly caused by
nontuberculous mycobacteria (NTM). Establishing a definitive tissue and/or culture
diagnosis remains preferable and this can be achieved by fine needle aspiration
biopsy (FNAB).40

New Advances

Immune-based diagnosis is complicated by the wide spectrum of disease and other
factors that influence the host immune response such as BCG vaccination, exposure
to NTM, and HIV coinfection.35 A recent systematic review showed that current sero-
logic tests have highly variable sensitivity and specificity and have not been validated
for clinical use,41 despite being marketed in TB-endemic countries with poor regula-
tory control. Current T-cell assays (IGRAs) also fail to differentiate M tuberculosis
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infection from disease. Identifying novel ways to differentiate latent infection from
incipient and active disease and finding the correct application for these novel tools
in TB-endemic areas remain top research priorities.

A positive culture is regarded as the gold standard test to establish a definitive diag-
nosis of TB in a symptomatic child. The fact that organisms may be isolated from non-
diseased (asymptomatic) children shortly after primary infection may pose a major
case definition dilemma in prospective studies, but this is rarely a concern in clinical
practice when children present with symptoms suspicious of TB.36 A recent pediatric
study reported reduced time to detection and possible increased bacteriologic yield
with the addition of a nutrient broth to standard liquid media.42 Novel culture-based
approaches include simple colorimetric systems, but their accuracy and robustness
in field conditions have not been confirmed. The microscopic observation drug
susceptibility (MODS) assay uses an inverted light microscope to detect microcolony
formation in liquid growth media. It is an inexpensive method that has performed well
under field conditions (in adults and children).43,44 The test is not widely available,
remains highly operator dependent, and is labor intensive. Further research is required
to identify optimal growth conditions for paucibacillary TB, which can be linked to
a variety of detection systems.

Other innovative organism-based approaches include the detection of TB-specific
antigens such as lipoarabinomannan in sputum and/or urine. Initial field trials were not
promising mainly because of poor sensitivity; improved sensitivity was achieved in
HIV-infected adults and those with disseminated disease.45 No results from pediatric
studies have been reported. The phage amplification assay uses bacteriophages to
infect live M tuberculosis and is commercially available as FASTPlaque-TB; a variant
(FASTPlaque-TB Response) was designed for the rapid detection of rifampin (RMP)
resistance. Phage-based assays are cumbersome to perform and cross-
contamination has been a major problem in field trials, it has now been superseded
by nucleic acid amplification tests (NAATs). Table 1 summarizes traditional and novel
diagnostic approaches, their potential application and the perceived problems, and/or
benefits of each. The latest developments on novel diagnostic tests are available at
http://www.tbevidence.org/.

NAATs amplify regions specific to M tuberculosis complex and have high specificity,
but modest and variable sensitivity, especially in sputum smear-negative TB. Line-
probe assays present a major breakthrough in rapid detection of drug resistance.
Two commercially available assays are currently approved: INNOLiPA (Innogenetics,
Ghent, Belgium) labeled for use on M tuberculosis isolates from solid culture, as well
as Genotype MTBDR and DRplus (Hain Lifescience, Nehren, Germany) labeled for use
on isolates from solid and liquid culture and directly on sputum smear-positive spec-
imens. These assays show high specificity, help to confirm a TB diagnosis, and detect
mutations associated with RMP resistance, but generally require preculture and/or
sputum smear-positive disease.46,47 Genotype MTBDRplus also has the ability to
identify mutations associated with INH resistance, but sensitivity remains suboptimal
given the variety of possible mutations; additional susceptibility testing for second-line
drugs is currently being evaluated.48 More recent developments include the loop-
mediated isothermal amplification (Eiken Chemical Co Ltd, Tokyo, Japan) assay,
a simplified manual NAAT designed for peripheral laboratory facilities, and the Xpert
MTB/RIF assay (Cepheid, Sunnyvale, CA, USA), a fully automated NAAT platform
that can detect M tuberculosis complex as well as RMP resistance. These tests
show great promise, and published reports as well as studies in children are eagerly
awaited. Transrenal excretion of DNA fragments offer an exciting alternative avenue
to diagnose extrapulmonary TB and simplify specimen collection.49

http://www.tbevidence.org/


Table 1
Various diagnostic approaches: potential application and perceived problems/benefits

Application Problems/Benefits Validation

Traditional approaches

TB culture using solid
or liquid broth media

Bacteriologic confirmation
of active disease

Slow turnaround time, expensive poor
sensitivity in children

Difficult to interpret if asymptomatic

Accepted gold standard

Chest radiography Diagnosis of probable active TB Rarely available in endemic areas with
limited resources; accurate disease
classification important

Marked inter- and intraobserver
variability; reliable in expert hands
and in presence of suspicious
symptoms

Symptom-based approaches Diagnosis of probable active TB Poor symptom definition Poorly validated

TST Diagnosis of M tuberculosis infection Not available in many areas; does not
differentiate LTBI from active disease;
insensitive in immune-compromised
children

No laboratory infrastructure required

Different cutoffs advised in different
settings

Novel approaches

Organism-based

Colorimetric culture systems Bacteriologic confirmation
of active TB

Simple and feasible, limited resources
required; potential for
contamination in field conditions

Not validated in children

Phage-based tests Diagnosis of probable active TB;
detection of RMP resistance

Requires laboratory infrastructure;
performs poorly when used on
clinical specimens

Not well validated in children; evidence
from adults suggests suboptimal
performance

MODS assay Diagnosis of probable active TB;
detection of drug resistance

Simple and feasible, limited resources
required

Evidence from adults look promising
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NAATs Diagnosis of probable active TB;
detection of RMP resistance

Rarely available; sensitivity poor in
paucibacillary TB, specificity usually
good; strict quality control essential

Extensively evaluated, but evidence not
in favor of widespread use

Antigen-based assays Diagnosis of probable active TB Simple, point-of-care testing; limited
clinical data on accuracy

Evidence from adults shows
inconsistent performance

Immune-based

Antibody-based assays
MPB64 skin test

Diagnosis of probable active TB
Diagnosis of active TB

Simple, point-of-care testing, variable
accuracy

Simple, point-of-care testing

Evidence from adults not in favor
of routine use

Not sufficiently validated

T-cell assays Diagnosis of LTBI Limited data in children, inability to
differentiate LTBI from TB; require
3–5 mL blood; expensive; may have
relevance in high-risk children

Evidence inconsistent; no strong
evidence of being superior to TST
in endemic countries

Symptom-based

Symptom-based screening Screening child contacts
of adult TB cases

Should improve access to preventive
chemotherapy for asymptomatic
high-risk contacts in endemic areas

Additional validation preferable

Refined symptom-based
diagnosis

Diagnosis of probable active TB Should improve access to chemotherapy
in resource-limited settings; poor
performance in HIV-infected children

Additional validation preferable

Adapted from Marais BJ, Pai M. New approaches and emerging technologies in the diagnosis of childhood tuberculosis. Paediatr Respir Rev 2007;8:128; with
permission.
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Specimen Collection

Specimen collection presents a significant challenge in young children who are unable
to expectorate. Routine specimens collected include gastric aspirates and induced
sputum, which can be performed in children of any age. Collection of fasting gastric
aspirates is cumbersome and usually requires hospitalization, whereas hypertonic-
saline–induced sputum requires a shorter period of fasting and can be performed
as an outpatient procedure.35 Collecting a gastric aspirate and an induced sputum
specimen on the same day seems to provide the most feasible option.50 The string
test is an innovative method that proved superior to induced sputum in HIV-infected
adults with sputum smear-negative TB.51 A major limitation is the inability of young
children to swallow the string-containing capsule; studies are under way to find crea-
tive ways of string introduction and retrieval. FNAB is a robust and simple technique
that provides a rapid and definitive diagnosis. In a comparative study FNAB speci-
mens provided superior yields compared with standard respiratory specimens in child
TB suspects with a palpable lymph node mass.52 The use of a small 23-gauge needle
is well tolerated and associated with minimal side effects and the technique can be
performed as an outpatient procedure. Table 2 provides a summary of specimen
collection methods and the perceived problems and/or benefits of each.
TB AND HIV COINFECTION

HIV-related immune compromise is one of the main risk factors for TB development
following infection. Among HIV-infected children TB is a major cause of morbidity
and mortality.53 However, because few children are infected with HIV in settings
with well-functioning prevention of mother-to-child transmission programs and very
young children are highly vulnerable irrespective of their HIV status, most child TB
cases remain uninfected with HIV.54 International guidelines recognize that HIV-
infected children remain at high risk of developing TB and recommend provision of
preventive therapy, following documented TB exposure and exclusion of active
disease, to all HIV-infected children, irrespective of their age (see Fig. 1). Preventive
therapy should be provided repeatedly in case of repeated TB exposure, but current
evidence does not support the provision of continuous INH prophylaxis. It is uncertain
if children with adequate immune reconstitution following HAART initiation could be
treated similar to HIV-uninfected children. The frequency with which children in
settings in which TB/HIV coinfection is common are exposed to adults with sputum
smear-negative pulmonary TB and the transmission risk that this may pose is cause
for concern. It seems prudent to consider contact with a primary caregiver who has
sputum smear-negative pulmonary TB (diagnosed on culture or CXR) as a significant
exposure risk and to provide preventive therapy because of the likelihood of pro-
longed and intimate contact.

The diagnostic challenge is particularly pronounced in HIV-infected children
because54:

HIV-infected adult patients are more likely to have sputum smear-negative TB and
may not be identified as a potential source case

The TST and IGRAs have reduced sensitivity in HIV-infected children, with the TST
positive in the minority of HIV-infected children with bacteriologically confirmed
TB despite using an induration size cutoff of 5 mm or greater

Chronic pulmonary symptoms from other HIV-related conditions are common and
failure to thrive is a typical feature of TB and HIV, which greatly reduces the
specificity of symptom-based diagnostic approaches



Table 2
Specimen collection methods: perceived problems/benefits and potential clinical application

Specimen Collection Method Problems/Benefits Potential Clinical Application

Sputum Not feasible in very young children; assistance and
supervision may improve the quality of the specimen

Routine sample to be collected in children more than
7 y of age (all children who can produce a good-quality
specimen)

Induced sputum Increased yield compared with gastric aspirate; no age
restriction; specialized technique, requires nebulization
and suction facilities; potential transmission risk

To be considered in the hospital setting on an
in- or outpatient basis

Gastric aspirate Difficult and invasive procedure; not easily performed
on an outpatient basis; requires prolonged fasting; sample
collection advised on 3 consecutive days

Routine sample to be collected in hospitalized patients who
cannot produce a good-quality sputum specimen

Nasopharyngeal aspiration Less invasive than gastric aspirate; no fasting required;
comparable yield to gastric aspirate

To be considered in primary health care clinics or on an
outpatient basis

String test Less invasive than gastric aspirate; tolerated well in older
children (>4–5 y); bacteriologic yield and feasibility
requires further investigation

Potential to become the routine sample collected in children
who can swallow the capsule, but cannot produce
a good-quality sputum specimen

Innovative ways of string delivery required in young children

Bronchoalveolar lavage Extremely invasive Only for use in patients who are intubated or who require
diagnostic bronchoscopy

Urine/stool Not invasive; excretion of M tuberculosis well documented To be considered with novel sensitive bacteriologic
or antigen-based tests

Blood/bone marrow Bone marrow seems best source to consider in children with
uncertain disseminated TB

To be considered for the confirmation of probable
disseminated TB in hospitalized patients

CSF Fairly invasive; important diagnostic procedure although
bacteriologic yield low; contraindicated if signs of raised
intracranial pressure

To be considered in any child with signs suggestive
of meningitis

FNAB Minimally invasive using a fine 23-G needle; excellent
bacteriologic yield, minimal side effects

Procedure of choice in children with superficial
lymphadenopathy

Adapted from Marais BJ, Pai M. Specimen collection methods in the diagnosis of childhood tuberculosis. Indian J Med Microbiol 2006;24:250; with permission.
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Rapid disease progression may also occur, thereby reducing the sensitivity of diag-
nostic approaches that focus on persistent, nonremitting symptoms

CXR interpretation is complicated by comorbid conditions such as bacterial pneu-
monia, lymphocytic interstitial pneumonitis, and bronchiectasis, as well as the
atypical presentation of TB in immune-compromised children.

Immune reconstitution inflammatory syndrome (IRIS) has emerged as an important
complication to consider after the introduction of HAART in HIV-infected, immuno-
compromised patients. The temporary exacerbation of TB-associated symptoms
and/or signs can be ascribed to improved immune function and does not indicate
treatment failure, although drug-resistant TB or other causes of exacerbation should
be actively excluded. Administration of the BCG vaccine is contraindicated in children
known to be infected with HIV, mainly because of the high risk of disseminated BCG
disease.55 However, BCG IRIS is also common and usually presents with right axillary
adenitis following recent HAART initiation in HIV-infected infants who received routine
BCG vaccination at birth (as is the practice in most developing countries). Treatment is
rarely required, although severe cases may require aspiration of the cold abscess for
pain relief.

As in adults it is imperative to combine HIV and TB management in children who are
dually infected. Both are chronic diseases needing long-term management and
regular health care visits. Often the parents or caregivers are themselves affected,
and a comprehensive, family-oriented combined HIV and TB service decreases the
number of visits and improves the quality of care these patients receive. However,
effective infection control measures are crucial, and highly infectious (sputum
smear-positive) patients should not share a waiting room or consulting space with
vulnerable HIV-infected patients and children. Child TB cases are rarely sputum
smear-positive. For those with sputum smear-positive disease care can be transferred
to an integrated family clinic as soon as sputum smear conversion has been
confirmed.
TREATING CHILDREN WITH TB

TB treatment aims to cure the individual patient with minimal adverse effects. From
a public health perspective it is important to rapidly terminate transmission and
prevent the emergence of drug resistance. Bactericidal drugs kill most bacilli that
are actively metabolizing, which improves clinical symptoms, terminates transmission,
and prevents the emergence of drug resistance. Sterilizing drugs prevents disease
relapse by eradicating organisms with intermittent spurts of metabolism and those
that reside in an acid pH environment. The need to ensure eradication of these hypo-
metabolic bacilli determines the total duration of therapy. INH has the most potent
bactericidal activity and kills most rapidly metabolizing bacilli within the first few
days of treatment.56 RMP has good bactericidal activity but is particularly effective
in eradicating slower-growing bacilli. Pyrazinamide (PZA) contributes by killing bacilli
that persist within the acidic centers of caseating granulomas. In the presence of
a high bacterial load any drug given in isolation is vulnerable to spontaneously occur-
ring drug-resistant mutants, but the use of multiple drugs in combination reduces this
risk. Drugs with the most potent bactericidal activity provide the greatest protection to
companion drugs.56

Practical operational issues, such as access to early and accurate diagnosis, the
uninterrupted provision of quality-assured drugs that are stored and dispensed appro-
priately, and the establishment of systems to ensure treatment adherence are
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important. Quality-assured fixed-dose combination tablets should be used whenever
possible to reduce the risk of drug resistance and to improve simplicity and adher-
ence. The DOT, short-course (DOTS) strategy addresses most of the important oper-
ational issues, although the emphasis on sputum smear-positive disease excludes
most children with TB, and comprehensive support should be provided to try to ensure
adherence.

Preventive Therapy

INH monotherapy for 6 to 9 months is the best-studied preventive therapy regimen, to
reduce the TB risk following documented exposure.57 Efficacy is variable in different
studies, but believed to be as high as 90% with good adherence and in the absence
of drug resistance.58 However, poor adherence is a major concern. The effectiveness
of preventive therapy in everyday clinical practice reflects efficacy under trial conditions,
real-life adherence and the prevalence of drug resistance. The use of a 3-month INH
plus RMP regimen is well established and showed equivalent efficacy and improved
adherence compared with 6 to 9 months of INH monotherapy.59,60 Disadvantages
include increased drug cost and drug interactions in HIV-infected children on HAART.
Evaluating efficacy, adherence, and adverse event profiles of novel short-course
preventive therapy regimens remains an important area for future research.

Vaccination with BCG is the most widely used preventive strategy, although studies
have shown highly variable protection.61 Factors such as variations in strain-specific
immunogenicity, timing and technique of vaccine administration, host genetic factors,
the presence or absence of NTM, and multiple reinfection events may contribute to
this variability. BCG vaccination seems to offer significant protection against dissem-
inated (miliary) disease and tuberculous meningitis (TBM) in very young children, but
no protection against adult-type TB.62 A controversial area is the risk versus benefit
that BCG provides in HIV-infected children, in whom benefit has not been established
and the risk of disseminated BCG disease is substantial.53 The development of novel
vaccines with improved efficacy and safety remains a major research challenge.

Curative Treatment

With drug-susceptible TB the main variables that influence treatment success include
the bacterial load, anatomic distribution of bacilli, and competence of host immunity.
Sputum smear-negative disease is usually paucibacillary, the risk of acquired drug
resistance is low, and drug penetration into the anatomic sites involved is good.
The success of 3 drugs (INH, RMP, PZA) during the 2-month intensive phase and 2
drugs (INH, RMP) during the 4-month continuation phase is well established.56 In
the presence of extensive radiographic disease or severe immune compromise, the
addition of ethambutol (EMB) during the intensive phase is advised to improve
outcome and reduce the risk of acquiring drug resistance.27 The optimal duration of
therapy in immune-compromised patients and the efficacy of shorter treatment dura-
tions in immune-competent children with minimal disease require further evaluation.

Sputum smear-positive disease implies a high organism load. Selecting MDR
mutants is a particular concern when INH monoresistance is prevalent. The use of 4
drugs (INH, RMP, PZA, EMB) during the 2-month intensive phase should reduce
this risk. Once the organism load is sufficiently reduced, daily or intermittent
(2–3 times/wk) therapy with INH and RMP during the 4-month continuation phase
seems sufficient to ensure organism eradication.56 However, intermittent therapy is
not advised by WHO and should not be used if adherence cannot be ensured, espe-
cially in those with cavitary disease, because missing a single dose leads to prolonged
periods of suboptimal drug levels. Caution should be exercised when initial treatment
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response has been suboptimal and in HIV-infected children. It is essential to consider
the cerebrospinal fluid (CSF) penetration of drugs used in the treatment of TBM or
disseminated (miliary) disease. INH and PZA penetrate the CSF well. RMP and strep-
tomycin penetrate the CSF poorly, but may achieve therapeutic levels in the presence
of meningeal inflammation, whereas EMB hardly penetrates the CSF at all.63 Ethion-
amide shows good CSF penetration and has been used successfully as the fourth
drug in short-course TBM treatment regimens.64

Drug Dosing

Previous WHO drug dosing guidelines recommended a uniform INH dose of 4 to 6 mg/
kg for adults and children. However, children achieve lower serum INH levels with
a similar dose/kg body weight, which may lead to significant underdosing, particularly
in settings in which most of the population are rapid acetylators of INH.29 Studies also
showed reduced serum concentrations in children compared with adults receiving
identical mg/kg body weight dosages for other first-line drugs including RMP, PZA,
and EMB.30,31,65 Revised dosage recommendations have been formulated to take
these findings into account. Recommended single daily doses are: INH 10 to
15 mg/kg (max 300 mg), RMP 10 to 20 mg/kg (max 600 mg), PZA 30 to 40 mg/kg
(max 2000 mg), and EMB 15 to 25 mg/kg (max 2000 mg). AAP dosage recommenda-
tions for INH have always been higher, at 10 to 15 mg/kg. For intermittent (2–3 times/
wk) dosing the recommended doses are: INH 20 to 35 mg/kg (max 900 mg), RMP 10
to 20 mg/kg (max 600 mg), PZA 50 mg/kg (max 2000 mg), and EMB 30 to 50 mg/kg
(max 2500 mg).

Retreatment

The most likely cause of treatment failure in the absence of drug-resistant disease is
poor adherence. Following treatment interruption most children may be restarted on
the original treatment regimen provided adequate supervision is available, because
the risk of developing acquired drug resistance is small. If an immune-competent child
presents with a new episode of TB, then it most likely represents reinfection disease
and standard first-line treatment is appropriate. There is no indication to use escalated
retreatment regimens. With genuine treatment failure (absence of clinical response to
supervised treatment or relapse soon after treatment completion) drug susceptibility
testing and comprehensive history taking to exclude exposure to a drug-resistant
source case is of paramount importance.
DRUG RESISTANCE

The clinical and radiologic presentation of drug-resistant and drug-susceptible TB
cases is similar and the principles guiding the management of drug-resistant disease
remain unchanged. High-risk children in contact with MDR-TB cases should be pro-
tected with appropriate preventive therapy, whereas accurate disease classification
and drug susceptibility test results of the child’s isolate, or in absence thereof, the
source case’s isolate, should guide therapy in those with TB disease.66

The term MDR-TB implies resistance to INH and RMP, with or without resistance to
other TB drugs.

Second-line drugs are generally more toxic, but with correct dosing few serious
adverse effects are seen in children. Treatment should best be discussed with an
expert in the field. A rational guide for preventive therapy in high-risk MDR contacts
is to use at least 2 drugs to which the organism is susceptible, for at least 6 months.67

Basic treatment principles include:68



Box 1

Summary of research priorities for childhood tuberculosis

Exposure and infection

1. Role of IGRAs and skin tests with inclusion of novel antigens to differentiate between
latent infection, incipient, and active disease, as well as the ability to register
a reinfection event

2. Finding pragmatic ways to identify children in need of preventive therapy

3. Randomized control trials for short-course combination preventive therapy

4. Evaluate interventions to improve adherence to preventive therapy

5. Identify optimal preventive therapy for contacts of MDR- and XDR-TB cases

6. Feasibility of implementing a contact register to encourage/monitor provision of
preventive therapy

7. Identify barriers to provision of preventive therapy

8. Prospective evaluation of risk/benefit of BCG in HIV-exposed children (HIV-infected on
HAART)

9. Develop and evaluate new TB vaccines

10. Preventing TB in highly vulnerable populations (eg, HIV-infected pregnant women)

Diagnosis

1. Improved methods for specimen collection

2. Role of more sophisticated imaging modalities to assist diagnosis and improve
understanding of disease pathology

3. Role of bronchoscopy and other invasive methods in complicated TB cases

4. Value of rapid M tuberculosis identification and drug resistance testing in children

5. Improving the diagnosis in the absence of sophisticated tests

6. Early detection of TB meningitis, before irreversible damage is done

Treatment

1. Pharmacokinetics and -dynamics of all TB drugs in children, including all relevant age
bands

2. Safety and adverse effects of second-line and new TB drugs

3. Optimal duration and drug combinations/doses for different disease manifestations (eg,
TB meningitis and spinal TB)

4. Optimal duration of MDR- and XDR-TB treatment in children with early or advanced
disease

5. Optimal duration of treatment in HIV-infected children on/off HAART, with early or
advanced disease

6. Interventions to improve adherence

7. Optimal/safe treatment of pregnant women with MDR-TB

8. Document frequency/presentation of IRIS caused by TB, BCG, or NTM; effect of early
HAART; optimal management

9. Drug interactions between antiretroviral and TB drugs (first- and second-line)

10. Value of post-TB treatment INH prophylaxis in HIV-infected children; influence of HAART
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Other interventions

1. What is the role of surgery in: nodal compression of the airways/children with MDR-/
XDR-TB/spinal TB

2. Role of steroids in lymph node compression of airways/IRIS

3. Value of cotrimoxazole prophylaxis in HIV-infected children with TB on HAART;
influence of CD4 count

4. Value of and feasible strategies for nutritional support

Recording/reporting

1. Collecting and reporting accurate data on smear-positive and -negative TB in children in
2 age groups (<5 years and 5 to 14 years) as requested by WHO

2. Documenting and reporting HIV test results in all children treated for TB (should be
performed in all TB suspects)

3. Identify barriers to HIV testing and making the result available for optimal patient
management

Infection control

1. Infection control measures applied in pediatric inpatient ward; consider parents/
caretakers with possible TB, children with cavitary disease

2. Monitoring of staff working in neonatal/pediatric wards for possible TB

3. Infection control in primary care and TB treatment clinics; exposure of vulnerable
children

Other issues

1. Understanding disease pathology. What causes the change from primary TB in children
to adult-type TB in adolescents, and the reverse in adults with advanced HIV infection?

2. Documenting emergence of transmitted drug resistance and dominant strains using
children with TB as a marker of recent transmission/epidemic control

3. Identify best practices to care for adolescent children with TB

BCG, bacille Calmette-Gu�erin; HAART, highly active antiretroviral therapy; HIV, human immu-
nodeficiency virus; IGRA, interferon gamma release assay; IRIS, immune reconstitution inflam-
matory syndrome; MDR, multidrug-resistant; NTM, nontuberculous mycobacteria; TB,
tuberculosis; XDR, extremely drug resistant.
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(1) Collect multiple specimens for culture and drug susceptibility testing, preferably
before treatment initiation

(2) Provisionally treat the child according to the drug susceptibility pattern of the likely
source case’s isolate

(3) Give 3 or more drugs to which the isolate is susceptible and/or naive (preferably
more if the child has extensive or cavitary disease); never add one drug to a failing
regimen

(4) Use daily DOT only
(5) Schedule regular follow-up visits to monitor response to therapy and adverse

events
(6) Treatment should continue for an extended period after the first negative culture (at

least 12 months in early primary disease and at least 18 months in cavitary, exten-
sive pulmonary, or disseminated disease).

Extensive drug-resistant (XDR)-TB can be defined as MDR-TB with additional resis-
tance to fluoroquinolones and one or more of the second-line injectable agents
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kanamycin, amikacin, or capreomycin. Currently preventive therapy for high-risk XDR
contacts is not advised, but in the light of possible low- or intermediate-level INH resis-
tance, high-dose INH (15–20 mg/kg) may provide some protection.69,70 High-risk
contacts should receive diligent follow-up for a minimum of 2 years. Once a patient
has been diagnosed with MDR-TB it is essential to perform second-line drug suscep-
tibility testing to optimize treatment and prevent the development of additional resis-
tance. Fluoroquinolone resistance often applies to the whole class of drugs, but
susceptibility to moxifloxacin may still be present. Newer drugs, such as linezolid,
have been used with success in children with XDR-TB, but are expensive and adverse
events are common with prolonged therapy.71

RESEARCH PRIORITIES

Children are frequently excluded from drug trials because there is a perception of
additional risk and limited financial return. Many drugs remain unlicensed for use in
children or become available for pediatric use only long after initial registration. Chil-
dren were almost completely excluded from the initial clinical trials on TB treatment.
As a result, nearly 40 years after the development of short-course regimens for adults,
fundamental uncertainties about optimal dosing and treatment duration persist.72 It is
essential that children should be included in the evaluation of novel TB drugs, as soon
as initial safety and efficacy studies have been concluded. There are difficulties that
complicate their inclusion in efficacy trials and it seems reasonable to extrapolate effi-
cacy data from adult studies. However, because of the existence of unique age-
related pharmacokinetic and toxicity profiles it is essential to include children in safety
and dose ranging studies and to develop child-friendly formulations before product
registration. A summary of research priorities is provided in Box 1.
SUMMARY

Optimizing access to preventive and curative treatment is essential to reduce the
morbidity and mortality associated with pediatric TB. Children develop TB where
adults continue to spread the infection, and TB disease burdens predominantly reflect
global socioeconomic disparities. Strong political commitment to comprehensive
health initiatives such as the Millennium Developmental Goals (MDGs), together with
local community involvement and ongoing advocacy, are required to meet the daunt-
ing challenge posed by the global TB epidemic.
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Aging of the Tuberculosis Patient Population

Tuberculosis (TB) can attack people of any sex, age, or socioeconomic class. In
reality, TB is likely to claim its greatest toll from certain strata of the population, and
it is important to identify these for the purpose of planning and implementing TB
control. Fig. 1 presents the age-specific incidence rate of TB and the age distribution
of TB patients in the United States1 and Africa2 (countries belonging to the African
Region of the World Health Organization), representing countries with a low and
high prevalence of TB, respectively. Here, ‘‘TB’’ refers to smear-positive TB for Africa,
and TB of all forms for the United States. Also, for the United States it is limited to TB in
whites, as 58% of the TB patients in the United States are foreign-born and have
clearly distinct epidemiologic characteristics.

The epidemiologic situations with respect to TB in Africa and the United States are
tremendously different, with incidence rates of smear-positive TB for the entire popu-
lation of 124 and 1.1, respectively. A similar difference appears with regard to age-
specific statistics. The incidence rate curve in Africa has a peak at 25 to 44 years of
age that goes downward thereafter, whereas in the United States it goes up monoton-
ically with age. As for the age composition of the patients, in Africa the age group of 15
to 44 years comprises 74% of the population, whereas in the United States it is only
24%, and instead the age group of 65 years and older occupies 35% (vs only 4% in
Africa). It is apparent that in high-prevalence settings TB is badly affecting the most
productive age groups. On the other hand, TB is now becoming a serious health issue
of elderly persons in low-prevalence countries.
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A similar comparison can be observed in the historical changes of TB within the
same population. In Japan, TB mortality has changed dramatically in its level and
age pattern from 1940 through 1990 (Fig. 2). Fig. 3 presents the TB notification rates
as well as the age composition of newly notified patients for the years 1962 and 2005
in Japan.3 The notification rate for all ages was 303 (per 100,000 population) in 1962
and had fallen greatly to 22 by 2005. At the same time, the age strata of the population
affected by the disease have changed drastically. The age-specific notification rate
increased continuously with age during both years, but the gap between the young
and the aged groups has recently become wider. Also, in 1962 a majority (65%) of
the patients were aged 20 to 59 years, whereas in 2005 this group was replaced by
those aged 60 years or older (60%), a group that accounted for only 16% in 1962.

When TB was prevalent globally, covering Europe and the United States during the
nineteenth and early twentieth centuries, it was a problem of youth or middle age and
was supposed to be rare in old age.4,5 Such is characteristic of the current situation in
Africa and that of the Japan in the past. When the level of epidemics is reduced, the
problem of old age emerges to a varying extent.
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Aging of the Population

In many countries and areas, the decline of TB epidemics and the aging of the popu-
lation are occurring in parallel. The drift of TB into aged people is ascribed greatly to
the aging of the entire population, distinct from any epidemiologic changes. Taking the
aforementioned example of the United States and Africa, the proportion of population
older than 65 years is 13% and 6%, respectively, meaning that a considerable part of
the predominance of the aged seen in the United States could be attributed to its aged
population. Similarly, in Japan the proportion of those older than 60 years has
increased from 9% in 1962 to 28% in 2005. The impact of this change is illustrated
in Fig. 3B, in which the age composition of new cases in 2005 was adjusted by
applying the age-specific rates of that year to the population structure of 1962. If it
were not for the population aging, the proportion of those 60 years and older would
have been 31%, meaning that about half (but not all) of the observed proportion of
elderly patients could be explained by the aging population.

However, the effects of the aging population on TB epidemiology are complicated. If
the aged population grows together with a decline in the overall incidence rate, the
latter may slow down due to the higher level and slower decline of incidence in the
elderly, as observed in Japan after the 1980s. As a result, the decline of infection sour-
ces within the population may be hampered. Infection can be transmitted to all age
groups, thereby retarding the decline in age-specific case rates. Also, in the growing
elderly population segment, there are more subjects with various health problems,
such as underlying illnesses or risk factors that would predispose them to TB, and
these may in turn have repercussions on the TB problem for the entire population.

Burden of Infection in the Older Age Group

The most basic index of TB epidemiology is annual risk of infection (ARI). The accumu-
lated effect of ARI on each cohort is indicated by the age-specific prevalence of TB
infection, as seen in Fig. 4 for Japan.6 This estimate is based on the tuberculin survey
results and mathematical modeling. The prevalence of infection thus estimated for
1950, when the TB mortality rate was 146 per 100,000, was 50% at age 20 and older,
and 90% at age 60. In those days, mortality was highest in the 20s and 30s age
groups. In 2005, the prevalence of infection was as low as 1% at age 20, but as
high as 56% in the 60s and 70% in the 70s. This trend implies that the current aging
of TB disease rates is a reflection of the overwhelming concentration of the infected
into the older age segments of the population. In 2005, out of all infected subjects,
74% were 60 years or older, and 91% were older than 50.

At the same time, the risk of progression from infection to disease is not excessively
high in the older subjects as compared with those of younger age. By dividing the inci-
dence rate by the prevalence of infection for each age group, one can derive the risk of
progression to clinical disease. As shown in Fig. 4B, an age-dependent profile with
a young adult peak is seen, rather similar to what is observed for TB incidence rate
in high-prevalence settings (see Fig. 2). The gradually declining risk after the 30s
may be due to the passing of time after the primary infection. Indeed, for those
aged 70 to 74 years in 2005, it is estimated that 80% of the infection was acquired
before 1950.

Cohort Effect

Apart from the changing pattern of the age-specific prevalence of infection in the face
of declining epidemics, the generation or cohort effect is another important epidemi-
ologic mechanism that drives the change in age pattern of TB with time. This theory
assumes that a generation of people born during a certain time period, that is, a cohort,
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shares the same age-dependent risk of disease development as cohorts born at other
time. However, if the exposure level decreases with time, a higher burden of infection
remains in the older cohorts, which is manifest by increasing disease risk with age at
cross-sectional analysis. Thus, high levels of disease risk in old age indicate the
residual effects of higher risks of infection earlier in life.7 As Powell has said,8 the
fact that the pool of infected persons from which cases of disease arise is becoming
older signifies the continuing success of the battle against TB.

Not Just Cohort Effect

However, there are some cases that indicate a deviation from the cohort model when
analyzed closely. Tocque and colleagues9 performed cohort analyses of the TB noti-
fication rates in Hong Kong and in England and Wales. In Hong Kong, each birth cohort
exhibited a similar age pattern of notification rates, peaking in the 25 to 39 age group
and gradually declining thereafter. After 1978, all cohorts exhibited an increase in rates
with increasing age (Fig. 5). For England and Wales, the decline of the rates with age
ceased in 1984. A similar discontinuation of the decline in the incidence rate in later life
was observed in Japan after 1990. As shown in Fig. 4B, there is also an increase in the
risk of developing disease after 60 years of age, even after controlling for difference in
the prevalence of infection. Regarding the reasons for this recent irregular trend,
Tocque and colleagues argued for the possibility of immunologic incompetence due
to the pattern of aging leading to exogenous reinfection and reactivation. In England



Fig. 5. Age-specific pattern of TB in 13 cohorts born between 1909 to 1913 and 1969 to 1973
in Hong Kong males. (From Tocque K, Bellis MA, Tam CM, et al. Long-term trends in tuber-
culosis. Comparison of age-cohort data between Hong Kong and England and Wales. Am J
Respir Crit Care Med 1998;158:485; with permission.)
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and Wales, increased infection during the War years is suspected as a possible
cause.10 For Japan, it has been argued that the cohorts infected around the end of
the War under conditions of serious malnutrition may run a higher risk of disease
that has lasted to the present day. A more plausible reason that could explain such
a phenomenon across different localities might have been the attenuation of the
natural selective forces for survival with the continuing socioeconomic development
and improvement in health care. Whereas only few of the fittest could have survived
beyond 70 years in the early part of the last century, most children born nowadays
are expected to live beyond that age in developed countries. With the increasing prev-
alence of chronic degenerative diseases among the elderly nowadays, it is perhaps
not surprising to see a rising incidence of TB at this extreme of age nowadays. The
effect of tobacco smoking on TB has been established,11 and differences in preva-
lence of this habit among cohorts could also have contributed.
RISK FACTORS FOR TB
Demographic Factors

Aging itself is generally not an important risk factor of TB disease. As remote infection
is much more likely in elderly subjects, they often run a lower risk of developing
disease, primarily due to the longer time lapse since the primary infection and their
status as selected survivors. However, at the same time they are likely to have various
risk factors commonly associated with aging that may enhance the risk of disease
development, or modify/complicate the clinical picture of TB.

As cited by Perez-Guzman and colleagues12 in their meta-analysis of comparative
studies between elderly and nonelderly TB patients, most of the available studies
reported a male predominance among elderly TB patients. For Japan in 2005, notifi-
cation rates of males and females per 100,000 population considered separately
were 10.2 versus 8.7 for 0 to 39 years, 24.5 versus 9.0 for 40 to 59 years, and 70.5
versus 30.2 for 60 years and older,3 indicating a remarkable sex difference beyond
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the age of 40 years. For the United States in 2007, the rates were 4.0 versus 3.1 for age
group of 0 to 44 years, 7.4 versus 3.3 for 45 to 64 years, and 9.4 versus 4.9 for 65 years
and older,1 also demonstrating a wider gap after the age of 45 years. The similar male
predominance was reported from Hong Kong.13 The reason for this male predomi-
nance in the TB rate may be at least partly ascribed to the more extensive social
activity of males, exposing them to infection and in turn leading to TB disease.12

Smoking and Comorbidities

In a prospective study of older subjects on the risk of TB development, Leung and
colleagues14 found that TB incidence was clearly higher in current smokers (2.6
times that of nonsmokers). These investigators also calculated that 33% of male
TB cases and 9% of female TB cases is attributable to smoking, which may partly
explain these sex differences. Moreover, the recent deviations in the cohort pattern
of notification rates can be related to recent changes in smoking habits within the
cohorts.

Other factors analyzed by Perez-Guzman and colleagues12 that were found to be
significantly more common in elderly patients included cardiovascular diseases,
chronic obstructive pulmonary disease, diabetes mellitus, a history of gastrectomy,
and malignancy. These diseases or conditions are more common in the elderly than
in the general population, and the contribution of diabetes, gastrectomy, and malig-
nancy to TB has been well documented.

As for diabetes, Ponce-de-Leon and colleagues15 found in a survey in Mexico that
subjects with diabetes had a prevalence rate of TB 6.8 times higher than the general
population. In a prospective study conducted in Korea from 1988 to 1990, people with
diabetes were found to have an incidence rate of TB 3.47 times higher (5.15 times for
bacteriologically confirmed TB) than those without diabetes.15,16 In Japan’s surveil-
lance report, the proportion of reported diabetes cases among newly notified TB
patients was 7.0% for those younger than 60 years but 15.2% for those aged 60 years
and older.17 The contribution of diabetes to TB appears not only in its higher disease
development but also in causing rapid progress of the illness, a poor treatment
response,18 and a greater risk of relapse.

In Hong Kong, TB patients older than 60 years were known to have more underlying
diseases, including diabetes (in 16.6%, compared with 6.2% for those younger than
60 years), silicosis (2.3% vs 1.0%), liver disease (2.1% vs 1.4%), lung cancer (1.6%
vs 0.3%), and other malignancies (1.2% vs 0.2%).19 Korzeniewska-Kosela and
colleagues20 also reported that elderly patients had cancers other than lung cancer
3.94 times more frequently than younger patients.

Interacting Effects/Environment

The changes in immunity associated with advanced age is well known from many
observations of waning tuberculin reactions, or even anergy, among both TB patients
and healthy subjects at the upper extreme of age.21,22 All of the illnesses or conditions
cited above are supposed to promote these immunity changes, thus creating a predis-
position for the development of clinically manifest disease.

Finally, there is the issue of elderly subjects living in nursing homes or other
congregate facilities. In such facilities in the United States, tuberculin positivity
has been reported at higher levels and outbreaks of TB have not been rare.23,24

Staff members at these facilities are also known to have a higher risk of TB.
Similar observations were made in Hong Kong as well.25 However, no such
problem was found in similar facilities in Canada.26 Further studies are warranted
to address this issue properly.
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PREVENTIVE TREATMENT
Goal of Intervention

Infection is the prerequisite for development of disease. Preventive treatment for TB
generally refers to the screening and treatment of latent TB infection (LTBI). Like
that for other infectious diseases, it serves 2 main functions: personal protection
and public health control.

TB is a chronic infection. Although the risk of disease is highest in the first 2 years
after infection, considerable magnitude of risk persists for their lifetime.27 As dis-
cussed earlier, there is generally excess risk of LTBI among the elderly segment of
the indigenous population in developed countries,28,29 likely reflecting the much higher
burden of TB in the past decades. With the waning immunity associated with advance
age and increasing prevalence of multiple comorbidities, there is often an excess risk
for the development of clinical disease. Indeed in Hong Kong, there is up to a 100-fold
risk differential between elderly men aged 75 or older and those aged 14 or younger
(Fig. 6).30 Smoking,13 low body mass index,31 and poorly controlled diabetes melli-
tus32 have been associated with an increased risk of TB among an elderly cohort in
the same locality. Furthermore, TB often presents atypically among the elderly.12,13

Delay in diagnosis and treatment, coupled with poorer drug tolerance, accounts for
the much higher mortality among this group.13 Screening and treatment of LTBI
can, at least in theory, help to avert morbidity and mortality in this age group.

TB is an airborne infectious disease and a major killer in the history of mankind.
There is, perhaps, a more important public health dimension in the screening and
treatment of LTBI. It is estimated that 2 billion people worldwide have LTBI.33 There
is little doubt that treatment of active disease by DOTS (Directly Observed Treatment
Short-course) remains the key strategy to bring the transmission risk under rapid
control in most high-incidence countries. However, such a strategy alone cannot
Fig. 6. Sex- and age-specific tuberculosis notification rate in Hong Kong, 1997, 2006 and
2007. (Data from Tuberculosis and Chest Service. Annual Report of Tuberculosis and Chest
Service 2007. Hong Kong (China): Department of Health; 2009.)
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tackle the continuing development of disease by endogenous reactivation among
those latently infected. In many intermediate burden areas, where the transmission
risk has been brought under control either by natural decline or the introduction of
effective chemotherapy, endogenous reactivation of LTBI among the elderly segment
of the population accounts for the increasing proportion of TB cases.30,34 In contrast
to the treatment of active disease by DOTS, screening and treatment of LTBI, if imple-
mented on a population scale, has the potential to tackle the large pool of infected
individuals across successive birth cohorts, and thereby to bring the disease under
more rapid control. However, the limitations of existing diagnostic and treatment tools
must be overcome before such an ambitious goal can be realized.

Screening Tools for LTBI

With a very low bacillary load and in the absence of clinical manifestations, the diag-
nosis of LTBI involves measurement of the specific host immune responses to the
pathogen. Serologic tests have contributed remarkably in the diagnosis of many viral
infections, even when the there is difficulty in isolating the causative organism. For TB,
the situation is much more complex. The human body appears to rely mainly on
cellular immune response to defend against the tubercle bacillus. Humoral responses
are variable and inconsistent. No serologic test has been conclusively found to be
useful for the diagnosis of either TB infection or disease.27,35,36 The diagnosis of
LTBI therefore relies on the measurement of cellular responses to TB antigens, either
in vivo with the tuberculin skin test or in vitro with the interferon-g release assays
(IGRAs). Table 1 summarizes the characteristics of the currently available diagnostic
tools for TB infection. The tuberculin skin test (TST), which measures the in vivo cellular
immune response to intradermally injected purified protein derivatives (PPD) of the
human tubercle bacillus, has been the gold standard test for diagnosis of LTBI for
many years. As TST is cross-reactive to bacillus Calmette-Gu�erin (BCG) and nontu-
berculous mycobacteria, a relatively high specificity is attainable often at the expense
of sensitivity, especially among BCG-vaccinated populations. However, cross-
reactivity to BCG is usually not a major issue among the elderly, as few of them would
have the opportunity of being vaccinated with BCG during their childhood. On the
other hand, the immunologic response to the injected antigens does vary with age
and host immunologic status. Multiple cut-offs are therefore recommended to give
the best predictive values under different clinical27 and epidemiologic situa-
tions.27,30,37 The tuberculin response is often found to be diminished among the
elderly,22,38 but substantial disease risk is still found among those with a negative
tuberculin response, especially among those with a body mass index (weight in kilo-
grams divided by height in meters squared) below 18.5.29 The need for a separate
test-reading visit and potential boosting of response on serial testing also affect its
field application, especially in marginalized population segments or institutional
settings.27 Although repeat testing within 2 weeks is sometimes recommended to
pick up infected negatives among the elderly, this has been found to decrease the
specificity of TST in identifying active TB on follow-up in a recent Hong Kong study.29

With advances in immunology and genomics, several relatively specific antigens
have been discovered in the pathogenic Mycobacterium tuberculosis complex. These
antigens include the early secretory antigen target 6 (ESAT-6) and culture filtrate
protein 10 (CFP-10), which are encoded by genes located in the Region of Difference
(RD-1) of the bacillary genome, and are absent in all BCG strains and most environ-
mental mycobacteria (with the exception of Mycobacterium szulgai, Mycobacterium
marinum, Mycobacterium flavescens, and Mycobacterium kansasii). The newly intro-
duced IGRAs, QuantiFERON TB Gold (QFT-G), QuantiFERON TB Gold in-Tube



Table 1
Comparison of available tests for TB infection

Tuberculin Skin Test QuantiFERON TB-Gold/IT T-Spot.TB

Antigens Complex: purified protein derivative Specific:ESAT6, CFP10, TB .7 Specific: ESAT6, CFP10
Cross reaction: BCG, other mycobacteria Absent in BCG and most TM Absent in BCG and most NTM

Test method Skin test: intradermal/multiple puncture;
2 visits

Whole blood interferon ssay;
single visit

Blood monocyte spot test;
single visit

Laboratory support No; clinic/bedside procedure High; fresh blood delive Highest; fresh blood delivery

Cell separation No No Yes

Cost Relatively low High Highest

Interference by BCG Yes No No

Booster effect Yes (2 tests >1 wk to exclude booster) No (good for serial testin ) No (good for serial testing)

Choice of cut-off 5, 10, 15 mm in different clinical scenarios
Trade-off: sensitivity and specificity
Higher disease risk with larger induration

Single
Not fully clarified yet
Not fully clarified yet

Single
Not fully clarified yet
Not fully clarified yet

Conversion Criterion established for recent conversion Not fully clarified yet Not fully clarified yet

Infection or disease Do not distinguish Do not distinguish Do not distinguish

Recent versus remote Do not distinguish Do not distinguish adeq tely Do not distinguish adequately

Exposure correlation Some Higher Higher/highest

Immune compromise Affected significantly Less affected Least affected

Advance age Significantly affected Less affected Less affected

Proxy sensitivitya 71%–82% QFT-Gold: 73%–82%; QF Gold IT: 63%–78% 86%–93%

Proxy specificityb No BCG: 95%–99%; BCG: low and
heterogeneous

No BCG: 98%–100%; BC 94%–98% 86%–100%

Longitudinal data Abundant Scant Scant

Abbreviations: BCG, bacillus Calmette-Gu�erin; NTM, nontuberculous mycobacteria.
a Positive rate among patients with culture confirmed tuberculosis.
b Negative rate among low risk individuals.
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(QFT-G-IT) (Cellestis Ltd, Carnegie, Victoria, Australia), and the T-SPOT.TB test
(Oxford Immunotec, Oxford, UK) measure the release of interferon-g by blood mono-
cytes on stimulation by these specific antigens. In the absence of a gold standard for
LTBI, surrogate measures like positive rate among culture-confirmed TB (for sensi-
tivity) and negative rate among subjects with low risk for TB infection (for specificity)
were used in most of the available studies evaluating the performance of TST and
IGRAs.39 The performance of IGRA has also been evaluated by correlating test results
with TB exposure factors40 and BCG status.39 In general, studies have demonstrated
similar levels of specificity for IGRAs and independence from BCG status.39 The sensi-
tivity of IGRAs has been shown to be at least equivalent to that of TST and superior
with T-SPOT.TB among human immunodeficiency virus (HIV)-infected children, the
severely malnourished, and children younger than 3 years. The IGRAs also appear
to be less affected by advance age in comparison with the TST.41–44 It should be
noted, however, that the IGRAs still measure the host’s immunologic reaction to the
tubercle bacillus. As such, they might be affected by the host immune status, though
possibly by a lesser degree than TST. Although they have several operational advan-
tages, such as completion of test in one visit, results available in 24 hours, absence of
inter- and intraobserver divergence, detection of potential immunodepression, and
avoidance of the booster phenomenon, the need for delivery of fresh blood, lengthy
laboratory processes, and high costs may limit their large-scale application in most
TB-endemic areas.

In the clinical application of both TST and IGRAs, it is of importance that clinically
manifest disease only develops in a minority of infected subjects after a highly variable
latent period. Using development of active disease as the end point, the predictive
values of all available LTBI tests are necessarily low. None of these tests are able to
distinguish satisfactorily between recent and remote infection, latent infection and
active disease, or untreated and treated infection/disease. Remote infection generally
carries a much lower risk of disease development than recent infection.27 The preva-
lence of background infection tends to increase with advance age and varies greatly
between different places and settings, depending on past disease incidence and
exposure pattern. These factors must be taken into careful consideration in the imple-
mentation of LTBI screening, either with traditional TST or the more specific IGRAs,
among the elderly, especially in high TB burden settings. Better cost-effectiveness
can often be achieved by a more targeted approach, focusing on defined risk groups
such as those with a higher chance of recent infection (eg, recent household or insti-
tutional contacts) or a higher risk of reactivation (eg, HIV-infected subjects, silicosis,
and immunosuppressive therapy, and so forth).

While isolation of Mycobacterium tuberculosis complex is often regarded as the
gold standard in the diagnosis of active TB disease, conventional cultures take
a very long time and bacteriologic confirmation is never established in at least
15% to 20% of cases. As TB disease must be preceded by infection, attempts
have been made to evaluate the potential roles of the new IGRAs in the diagnosis
of active TB disease, especially among children43 and the elderly.22 Unfortunately,
conflicting results are obtained depending on the prevalence of the target condi-
tions in the study population and the background prevalence of LTBI.45,46 Untreated
active TB disease carries very substantial morbidity and mortality, especially among
the elderly. The sensitivity and specificity of both TST and IGRAs are not adequate
to rule in or rule out active disease,27,39 even though a positive or negative result
might affect the likelihood of the presence or absence of disease. Account must
therefore be taken of the overall clinical and epidemiologic situation in reaching
a sensible diagnosis.47
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Treatment of LTBI

Isoniazid monotherapy, either daily or twice weekly, for 9 months is currently the rec-
ommended regimen for treatment of LTBI in United States,27 while a 6-month regimen
is adopted in Hong Kong.30,48 In the International Union Against Tuberculosis (IUAT)
Trial, a daily 52-week regimen of isoniazid was slightly more effective in reducing
the risk of TB than a 24-week regimen (75% vs 65%) in persons with fibrotic lung
disease.49 The risk of hepatotoxicity with isoniazid was reported to be in the range
of 0.5% to 1% in that trial and the United States Public Health Service (PHS) multi-
center study.50 The 24-week regimen prevented more cases of TB per case of
drug-induced hepatitis in the IUAT trial,51 and the cost per case of TB prevented by
6-month isoniazid was also shown to be half of that under the 12-month regimen.52

The risk of hepatotoxicity increases with age. In the PHS study, isoniazid-associated
hepatitis occurred in 0% of those aged under 20, 0.3% from 20 to 34, 1.2% from 35 to
49, and 2.3% from 50 to 64 years.50 In these early studies, the hospitalization rates
were up to 5.0 per 1000 treatment initiations49 and a mortality rate of 0.6 per 1000
persons was reported in the PHS study, even though liver cirrhosis might have been
a confounding factor.50 More recently, the rate of symptomatic hepatitis has been esti-
mated to be 1 to 3 per 1000, and much lower hospitalization rates (0.1–0.2 per 1000)
and mortality rates (0.0–0.3 per 1000) have been reported.52,53

Treatment with rifampicin at a dose of 10 mg/kg daily (maximum 600 mg) for
4 months is currently an acceptable alternative for treatment of LTBI.27 Unlike isoni-
azid, there are only scant clinical data on its clinical efficacy, but hepatotoxicity risk
appears to be low in the limited number of clinical studies.48,54 The combination of rifa-
pentine, 900 mg and isoniazid, 900 mg once weekly for 12 weeks was found to be well
tolerated in a recent human trial.55 Further clinical studies to address the tolerance and
efficacy of this combination are ongoing. Despite initial favorable reports on the use of
2 months of rifampicin plus pyrazinamide in the treatment of LTBI among the HIV-
infected persons,56,57 such a regimen was associated with an unacceptably high inci-
dence of hepatotoxicity in subsequent field surveillance52 and clinical trials.58,59 This
result could not be entirely accounted for by risk factors like alcohol use or chronic viral
hepatitis, but older age and concomitant use of other medications could have
contributed.59,60

To minimize the risk of hepatotoxicity during the treatment of LTBI among the
elderly, careful pretreatment assessment is needed to balance the benefit against
the potential risk.61 Close clinical monitoring is necessary during treatment. Patients
should be thoroughly educated about the symptoms of hepatitis, and advised to
report them promptly for early evaluation. Baseline and monthly (or biweekly) labora-
tory testing of liver enzymes is generally recommended for high-risk patients, espe-
cially for chronic alcohol users, HIV-infected persons, and those with chronic liver
disease, or those taking concomitant hepatotoxic medications.27,52 Isoniazid or rifam-
picin should be withheld as recommended if serum transaminase level is higher than 3
times the upper limit of normal in a symptomatic patient or 5 times the upper limit of
normal in the absence of symptoms.27,62
OTHER PREVENTION STRATEGIES
Modification of Host Factors

As smoking13 and poorly controlled diabetes mellitus32 are proven risk factors for TB
among the elderly, careful control of these risk factors by healthy lifestyle and careful
management of comorbidities could make substantial contributions in reducing the
TB morbidity and mortality among the elderly. Evidence is also accumulating in both
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human and animal studies that undernutrition is associated with increased risk and
severity of TB.31,63,64 Maintaining a balanced diet with adequate protein, calories,
and micronutrient intake is therefore important not only for general health but also for
protection against the human tubercle bacillus, at no additional cost or potential risk.
Both macronutrient and micronutrient deficiencies should be aggressively treated.
Vitamin D deficiency has been implicated as a risk factor for TB,65 but the role of vitamin
supplementation in the absence of clinical deficiency has yet to be clarified.66

Tuberculosis Control in Elderly Institutions

In elderly institutions, the concentration of both potential infectious sources and
susceptible contacts is conducive to the spread of TB. Although TB is an airborne
disease, its infectivity decreases rapidly with effective treatment unless there is signif-
icant drug resistance. Early identification, separation, and treatment of symptomatic
infectious cases therefore play a key role in infection control. Maintaining good venti-
lation and avoiding overcrowding are also important in reducing the risk of transmis-
sion. For nursing homes and other health care facilities, the established hierarchy of
administrative, environmental, and personal protective measures should be followed
to contain the infectious sources, reduce the environmental pathogen level, and
protect those at risk of exposure.67 Although indiscriminate chest radiography
screening is unlikely to be cost-effective, preadmission examination of both staff
and clients may serve a dual purpose: to avoid inadvertent introduction of infectious
cases into the high-risk environment and to provide baseline results for later compar-
ison. As intradermal injection of antigens is not involved in the new IGRAs, they have
an advantage over TST in the serial surveillance of LTBI among staff and/or clients in
some of these high-risk settings. However, previous sensitization by the antigens used
for TST might still affect their own interpretation. Further studies are required to clarify
their exact role, especially in high-burden settings.
CLINICAL DISEASE AMONG THE ELDERLY
Clinical Presentation and Diagnosis

Most TB in elderly persons occurs as a result of endogenous reactivation of remote
infections. However, in low-prevalence situations, it includes many more cases of clin-
ical disease in immunologically compromised subjects as compared with the younger
age strata. This scenario often affects the clinical presentation of TB in elderly persons.
Among a total of 25,311 newly notified patients in Japan in 2007, 17% had TB in sites
other than the lung in those aged 14 to 59 years, while it was 24% in those older than
60 years. Miliary TB accounted for 3.3% of all TB for those aged 60 years or older,
which was significantly high compared with 0.9% for younger subjects. Schluger68

also mentioned that elderly patients are more likely to have extrapulmonary TB
including miliary disease, although this was not supported in recent United States
statistics69 or in Hong Kong.19 In Japan, 74% of pulmonary TB patients were bacteri-
ologically confirmed cases for the age group 15 to 59 years, compared with 86% for
those aged 60 years or older. A similar tendency was also seen in Hong Kong13,19 and
in the meta-analysis by Perez-Guzman and colleagues.12

Regarding the clinical presentation of TB, the meta-analysis of Perez-Guzman
and colleagues12 suggested that fever, sweating, and hemoptysis were less
frequent in older patients, but dyspnea was more frequent, while there was no
significant difference for coughing, sputum, loss of body weight, and fatigue or
malaise. Leung and colleagues13 also reported the same findings in their system-
atic comparison of old and young patients in Hong Kong. Laboratory findings
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indicated that the tuberculin-positive rate, serum total protein level, and white
blood cell counts were lower in elderly patients.12,13 There was no difference
between the two age groups in hemoglobin concentration or in liver transaminase
activity.

Radiographic findings such as cavity formation and lesions in the upper lung area
are supposed to be characteristic of the adult type (reactivation) TB. The meta-
analysis by Perez-Guzman and colleagues12 revealed that cavity formation is rare in
elderly patients and that the upper zone predominance was similar for both age
groups, whereas Leung and colleagues13 found that the elderly patients have more
extensive disease and lower zone involvement on chest radiograph. Chan-Yeung
and colleagues19 reported that cavitary lesions were seen in 16% of the aged patients,
slightly lower than the 19% of younger patients. Morris70 pointed out that the most
common radiographic findings in the elderly or immunocompromised TB patients
are opacity in the lower zone accompanied by basal effusion or thickening, and that
the apical as well as lower lung cavity are rare. He also noted that disseminated lesions
are rare but can occur in the absence of significant host reaction, resulting in an appar-
ently normal radiograph.

Theatypical clinicalpresentation of TB in theelderlycanoften make diagnosisdifficult,
and can be further complicated due to the coexistence of underlying illnesses. Diagnosis
is sometimes made at a very late stage of the disease.71 Perez-Guzman and
colleagues12 found a longer evolution time in elderly patients in their meta-analysis.
The longer delay in presentation and start of treatment was seen in elderly patients in
Hong Kong.13 Thus, Iseman72 stresses the importance of considering TB and careful
history taking of exposure, followed by 3 sputum examinations. He also recommends
sputum induction or gastric juice aspiration if voluntary production of sputum is difficult.

Treatment of Active Disease

In general, TB in elderly patients should be treated with the same treatment used for
younger patients. However, special attention must be paid to preventing, detecting,
and managing the adverse reactions of anti-TB drugs. Higher risk of hepatotoxicity
is seen for isoniazid in those aged 50 years or older and in those with a previous history
of liver disease. Similar caution should be taken when using rifampicin and pyrazina-
mide. Ethambutol can cause problems with the optic nerve, including disturbances of
visual acuity and color sensation, which might be difficult to detect in presence of
cataract or other preexisting causes of visual impairment often more common at
this age. Although these visual disturbances are often assumed to be reversible,
some reports indicate that there are irreversible changes that warrant special attention
in the case of long-term use of the drug.2

The outcomes of treatment are not always favorable in elderly patients. The 12-
month treatment success rate in the study of Chan-Yeung and colleagues19 in Hong
Kong was 83% for those younger than 60 years compared with 77% for the elderly,
and the death rate was 1% (59 years and younger) and 9% (60 years and older).
The treatment success rate in Hong Kong was only 72.5% and mortality 16% for those
aged 65 or older.13

In Japan, the 9-month treatment success rate was 87% for young patient cohorts
and 71% for elderly patient cohorts; the death rates were 21% (elderly) and 3%
(young).17 On the other hand, the death risk relative to that of the general population
was 12.5 times higher for the 30 to 49 age group, 11.7 times for the 50 to 59 age group,
8.8 times for the 60 to 74 age group, and 4.5 times for the 75 and older age group. The
lower relative risks at the upper age ranges reflect the high background mortality,
rather than decreased lethality of TB, at these ages.
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FUTURE PERSPECTIVE

Despite the decline in the overall incidence of TB in many developed countries, TB
remains an important problem among the older population. The epidemiologic transi-
tion will take several decades in most of the intermediate-burden areas, as very high
disease rates were observed in these areas in the middle of the last century. The
control of TB in the elderly will remain a major challenge in the coming years because
of the limitations of the existing tools for the diagnosis and treatment of both LTBI and
clinically active disease. Diagnostic tests with better predictive values for the develop-
ment of clinical disease will be required for tackling the large infection pool at this age.
Shorter, more effective, and less toxic treatment regimens will also be required if any
large-scale treatment of LTBI is to be contemplated among the elderly. Better diag-
nostic tools and new TB drugs are also required to manage patients with clinically
active disease, especially in the face of the global emergence of drug resistance. Until
these become available, a high index of suspicion will continue to be required to
detect the often atypically presenting disease. A careful, holistic approach is also
needed in the management of elderly TB patients because of the often late presenta-
tion, poorer drug tolerance, and sometimes less satisfactory outcome.
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Nontuberculous mycobacteria (NTM) are environmental mycobacteria that are distinct
from Mycobacterium leprae and members of the Mycobacterium tuberculosis
complex. Only relatively few of the more than 115 known NTM species have been impli-
cated in lung disease (Table 1). The spectrum of NTM lung involvement ranges from
isolation of mycobacteria that may be benignly colonizing an individual, to benign
nodules (ie, granulomata), disease in ostensibly healthy immune competent persons,
disease in immune compromised hosts who may be infected with unusual or rarely
encountered NTM, and hypersensitivity syndrome.1 Explanations for these varying
presentations are imperfect, and studies of pathogenesis have yielded only few conclu-
sive findings. Likewise, our approach to diagnosis and treatment continue to evolve.
EPIDEMIOLOGY

Precise data on the incidence and prevalence of NTM lung disease is limited by the
fact that unlike tuberculosis, these infections are generally not reportable to public
health authorities. However, between 1999 and 2000, sensitization to Mycobacterium
intracellulare was found in 16.6% of 7384 noninstitutionalized civilians in the United
States, representing a significant increase from the 11.2% found in a similar survey
conducted between 1971 and 1972. This figure is consistent with increasing labora-
tory isolation of NTM. For example, approximately three-quarters of the mycobacterial
isolates from 33 United States laboratories in 1992 were NTM,2 up from one-third of
32,000 isolates between 1979 and 1980.3 In Canada, the prevalence of NTM isolates
(excluding Mycobacterium gordonae, a generally nonpathogenic species) increased
at an annual rate of 8.4% between 1997 and 2003.4 Similar trends have been
described elsewhere in the world.
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Table 1
NTM species more commonly implicated in human pulmonary disease

Species Geographic Distribution of Reported Cases Comments

MAC (M intracellulare and M avium) Worldwide Most common cause of NTM lung disease.
Represents prototype of patterns of NTM lung
disease

M kansasii United States, Europe, South Africa Clinical disease closely resembles TB. Associated
with mining

M abscessus Worldwide Common cause of disease in CF patients. Difficult to
eradicate with drugs alone

M xenopi Europe, North America (United States and Canada) Survives in hot water systems. Optimum growth
temperature is 45�C. Pseudo-outbreaks from
contaminated hospital water supplies

M chelonae Probably worldwide Usually seen in patients with underlying lung
disease. Antibiotic susceptibility testing should
guide therapy

M fortuitum Probably worldwide Associated with gastroesophageal disorders that
predispose to aspiration such as achalasia.
Treatment is needed only in a minority of cases
where it is isolated. Antibiotic susceptibility
testing should guide treatment selection

Ta
iw

o
&

G
la

ssro
th

7
7
0



M szulgai Worldwide Scotochromogenic at 37�C and photochromogenic
at 25�C. Isolation represents true disease that
requires treatment or close follow-up in virtually
all cases. Usually favorable treatment outcomes

M malmoense United Kingdom, Northern Europe. Rare cases from
North America and Japan

Some strains require culture for 8–12 wk, thus may
be underdiagnosed because many laboratories
hold mycobacterial cultures for a shorter length
of time

M simiae Southwest United States Can be easily mistaken for MTB because it produces
niacin. Resistant to usual TB drugs, and has
unpredictable antibiotic susceptibility

M scrofulaceum Worldwide, South Africa. rarely in the United States Classically a cause of scrofula (cervical
lymphadenitis). Commonly isolated in South
African miners

M smegmatis United States, Europe Associated with lipoid pneumonia

M celatum United States, Asia, Europe False-positive tests for MTB possible with DNA
probe. DNA sequencing or HPLC is required for
definitive diagnosis. Clinically indistinguishable
from TB. Optimal therapy is unknown, although
most patients have had some improvement with
clarithromycin-based therapy

Rarer species include M triplex, M hemophilum, M asiaticum

Abbreviations: CF, cystic fibrosis; HPLC, high-performance liquid chromatography; MTB, M tuberculosis; TB, tuberculosis.
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NTM are ubiquitous in environmental reservoirs, including domestic and natural
water supplies, soil, food and animals.5 Human infection is common but disease
appears relatively rare given this ubiquity; infection is thought to occur mainly from
water, soil, and aerosolized organisms from these sources. There is no persuasive
evidence of human-to-human or animal-to-human transmission.

Partly because of their impermeable cell wall, NTM can survive environments with
a wide range of acidity or alkalinity, and are intrinsically resistant to chlorine and
biocides.6 In addition, they can escape filtration.7 Mycobacterium avium, Mycobacte-
rium chelonae, Mycobacterium phlei, Mycobacterium xenopi, and Mycobacterium
scrofulaceum are relatively viable at high temperature, with M xenopi being the
most thermoresistant species.8 Thus, water purification practices may inadvertently
select NTM, and other modern practices such as a shift from bathing to showering
and embrace of aquatic recreational activities may create new exposures.
Common-source exposure can result in patient clusters of hypersensitivity
phenomena following bathing in infected hot tubs9 or occupational exposure to aero-
solized NTM present in metal working fluid.10

Species of NTM Causing Lung Disease

The predominant NTM species responsible for lung disease depends on the
geographic area and the patient population studied. Illustratively, in New York M avium
complex (MAC), rapidly growing mycobacteria (RGM), M xenopi, and Mycobacterium
kansasii were responsible for 80%, 9%, 6%, and 5% of cases, respectively.11 In South
Korea, analysis of NTM isolates from 195 patients with definite or probable NTM lung
disease showed that the most common isolates were also MAC and Mycobacterium
abscessus, but with very different frequencies (48% and 33%, respectively).12 Those
distributions contrast with data from South African miners, most of whom had a history
of tuberculosis or silicosis. In that population, M kansasii accounted for 68% of
isolates.13 There have been fewer reported cases of NTM lung disease from devel-
oping countries, but more cases are likely to be identified as local diagnostic capabil-
ities improve.
PATHOGENESIS
Virulence

The virulence of different NTM varies substantially. For example, M kansasii is often
associated with lung disease whereas M gordonae rarely is. Of the 2 species
described as MAC, M intracellulare may be relatively more pathogenic than M avium.14

An MAC strain, designated 198, was recently reported to demonstrate hypervirulence
in human macrophages in vitro, and produced clinical features of progressive lung
disease.15 Species differences in opsonization by complement have also been identi-
fied as a potential virulence factor.16 RGM (M abscessus, Mycobacterium fortuitum,
and M chelonae) are capable of biofilm formation in appropriate media,17 but the
impact of this property on the pulmonary pathogenicity, if any, is uncertain. Moreover,
this would not explain why the majority of significant lung infections from RGM are due
to M abscessus. Although mycobacterial virulence factors are likely important in lung
disease, they remain largely uncharacterized.

Host Factors

Factors that may contribute to host susceptibility to NTM lung disease include defects
in immune responses to the pathogen and dysfunctional local mechanical barriers due
to pre-existing lung disease.
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Cytokines and NTM lung disease
A recent review18 describes the immune cascade that appears to be related to initial
exposure to NTM lung disease. In brief, lipoarabinomannan from NTM cell wall binds
to Toll-like receptor 2 (TLR-2) on macrophages, causing production of interleukin-12
(IL-12) and tumor necrosis factor (TNF). IL-12, in turn, binds to its receptor on lympho-
cytes and this interaction causes up-regulation of interferon-g (IFN-g). IFN-g is a poly-
functional proinflammatory cytokine that binds to IFN-g receptor (IFN-gR), and
stimulates production of other proinflammatory cytokines including TNF-a, IL-12
(positive feedback), and free radicals. With other mediators, these cytokines orches-
trate the immune cascade necessary for granuloma formation, host control, and erad-
ication of intracellular pathogens including NTM,19 and development of acquired (ie,
specific) immunity.

Profound defects in the pathway for synthesis and response to IL-12 and IFN-g exist
in some patients with disseminated NTM.20 Although anomalies of comparable
severity have not been consistently demonstrated in those with disease limited to
the lungs, measurable defects in these pathways exist in some patients.21 In vitro,
peripheral blood mononuclear (PBMCs) from 4 patients with NTM lung disease
showed poor purified protein derivative (PPD)-induced IFN-g production, and even
lower cytokine production when stimulated by pathogenic NTM.22 Similarly, defective
secretion of IFN-g was demonstrated in 5 patients with persistent NTM lung disease.23

Other investigators have also found lower production of IFN-g or IFN-g receptor,
TNF-a, and IL-12 in PBMCs of patients with MAC and M abscessus disease compared
with healthy controls.24

Altered local host defense
The presence of preexisting lung disease such as bronchiectasis, chronic obstructive
pulmonary disease (COPD), cystic fibrosis, pneumoconiosis, or prior tuberculosis in
many patients with fibrocavitary NTM lung disease suggests that disruption of local
defenses plays a central role in disease predisposition. Unlike M tuberculosis, which
can adhere to normal mucosa, NTM tend to adhere to damaged respiratory mucosa
through a fibronectin-mediated process.25,26 Even in the absence of known preexist-
ing lung disease, NTM can cause nodular disease with bronchiectasis and perhaps
ultimately cavitation predominantly in older women,27 although more subtle abnormal-
ities have not been entirely excluded in such patients. Illustratively, women with
nodular bronchiectatic disease tend to be taller and leaner, while scoliosis is present
in up to 50%, pectus excavatum in 11% to 27%, and mitral valve prolapse in 9%.20,28

Because this morphotype is strongly associated with NTM lung disease it has been
speculated that it may signify underlying mucociliary, immune, or epithelial defects.
Mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene
may also be more common in these patients than in the general population.20

Other systemic immune deficiency
Specific immune responses against NTM are CD41 T lymphocyte dependent. Thus,
advanced human immunodeficiency virus (HIV) infection and other causes of cellular
immune deficiency are predisposing factors, whereas neutropenia and humoral
immune defects seem much less important. Curiously, lung disease reportedly occurs
in as few as 2.5% of AIDS patients in contrast to disseminated MAC, which is more
common.29 Iatrogenic immune suppression after solid organ or stem cell transplanta-
tion30 and use of immune-modulatory agents such as TNF-a inhibitors31 have become
recognized predisposing conditions. NTM reside almost exclusively in macrophages,
and it appears that some polymorphisms of the human solute carrier (SLC) 11A/natural
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resistance associated macrophage protein (NRAMP) 1 gene may influence develop-
ment of MAC and perhaps other NTM lung disease.32
CLINICAL FEATURES

NTM lung disease usually presents with nonspecific pulmonary symptoms, especially
cough or dyspnea. Chest pain and hemoptysis are less common. Fever, malaise, night
sweats, and asthenia 33 tend to be seen with advanced/extensive disease. Symptoms
related to comorbid conditions may be present as well. Given these protean presen-
tations, precise characterization of a patient’s illness requires comprehensive history
and physical examination whereby attention is paid to subtle details, including occu-
pational and recreational exposures, antecedent lung disease, and the patient’s body
habitus.

Immune Competent Hosts

In immune competent persons, the presentation is likely to be in 1 of 3 prototypical
forms: fibrocavitary disease, nodular bronchiectatic disease, (with some overlap
between the 2), or hypersensitivity pneumonitis syndrome. Those with underlying
immune compromise tend to exhibit more florid, often atypical, syndromic manifesta-
tions and may be susceptible to uncommon and less pathogenic NTM. The 3 proto-
types of disease were defined largely based on MAC-related disease, but other
NTM species presumably have the ability to cause similar disease patterns and their
frequency reflects their prevalence and virulence. Presentations such as solitary
pulmonary nodule pose unique diagnostic challenges.34

Fibrocavitary disease
Fibrocavitary, ‘‘tuberculosis-like’’ disease (Fig. 1) is classically seen in middle-aged or
older men with substantial smoking histories and underlying lung disease such as
bronchiectasis, COPD, pneumoconiosis, prior tuberculosis, or sarcoidosis. There is
Fig. 1. Severe fibrocavitary disease with calcification at the right apex. Note also the exten-
sive pleural thickening. (Courtesy of Dr Eric Hart, Feinberg School of Medicine, North-
western University, Chicago.)
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a predilection for apical and posterior segments of the upper lobe, although multiple
lung segments may be involved. Cavitation typically includes thick walls, no air fluid
level, and often is associated with pleural thickening that is more extensive than
seen with M tuberculosis. Pleural effusion and substantial lymph node enlargement
are less common than in tuberculosis.35–38

Nodular bronchiectasis
This pattern typically occurs without preexisting pulmonary disease, and is seen
most commonly in older women nonsmokers; persistent cough is the cardinal
symptom at presentation. In 1992, Reich and Johnson39 hypothesized that
affected patients habitually suppressed the impulse to cough, which led to pooled
secretions that became secondarily infected by MAC with consequent nonspecific
inflammation, especially in dependent pulmonary areas. These investigators
termed involvement of the right middle lobe or lingula, which are anatomically pre-
disposed to impaired clearance of secretions, Lady Windermere syndrome.39,40

However, proof of the proposed association with habitual cough suppression is
lacking. Pulsed field electrophoresis and seroagglutination studies showed
substantial genetic diversity, over time, among the MAC strains found in patients
with nodular bronchiectasis and no underlying lung disease, whereas only single
strains were present in patients with the fibrocavitary phenotype. This finding
may reflect a still uncharacterized predisposition of those with nodular bronchiec-
tasis to NTM reinfection.41 Nodular bronchiectasis can result in severe lung
damage, although many patients experience a chronic less aggressive course.

Radiologic features include single or multiple nodules that are usually less than
5 mm in diameter with or without bronchiectasis. Computed tomography (CT)
scans early in the disease process may reveal a nonspecific ‘‘tree-in-bud’’ pattern
representing bronchiolar inflammation (Fig. 2). In contrast to the fibrocavitary proto-
type, cavitation is uncommon early in this pattern of disease but may develop later
in the course of the illness. The right middle lobe or lingula tend to be
Fig. 2. Tree-in-bud opacities in the superior segment of the right lower lobe and ill-defined
opacities in portions of the right middle lobe, right upper lobe, and lingula. (Courtesy of
Dr Eric Hart, Feinberg School of Medicine, Northwestern University, Chicago.)
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disproportionately affected, but not all studies have found a predilection for specific
lobes.27 The better sensitivity of CT scan for identifying characteristic abnormalities
makes it the preferred imaging modality for this form of disease; suspicious CT
findings may be the sentinel clue that leads the clinician to consider a diagnosis
of NTM disease.42

Hypersensitivity syndrome
This pattern classically follows exposure to NTM-infected hot tubs, or medicinal pools,
hence the name ‘‘hot tub lung.’’9,10 However, other contaminated water sources have
been implicated.43 Symptoms typically include subacute or acute dyspnea and
cough; fever may be prominent. It is likely that both direct infection and hypersensi-
tivity to inflammatory products released by the offending NTM are involved in this
syndrome. Symptom recrudescence on reexposure to the NTM source, as well as
improvement of symptoms, radiologic appearance, and objective assessments of
pulmonary function with removal of the offending NTM, support a hypersensitivity
pathogenesis.44 Use of systemic corticosteroids is sometimes needed, but it is
unclear whether specific antimycobacterial therapy hastens recovery.45 A role for
direct infection is supported by the occasional recovery of NTM from lung tissue of
affected patients, and formation of granulomata that are more exuberant than the
loose, poorly circumscribed variety that is characteristic of most hypersensitivity
pneumonias.46

There are no pathognomonic radiologic findings for this syndrome, but high-
resolution CT (HRCT) scan usually demonstrates an alveolar-interstitial process with
patchy or diffuse ground-glass infiltrates, interstitial nodules, and thickened interlob-
ular septae.47 Other patients may have ground-glass alveolar infiltrates or nonspecific
alveolitis only. The distribution of CT findings matches areas of granulomatous inflam-
mation, and a normal HRCT scan essentially excludes the diagnosis.

Immunocompromised Hosts

Disseminated MAC, the most common manifestation of NTM in AIDS patients, usually
occurs at CD4 cell counts less than 50 cells/mm3. Isolated lung disease is rare,
whereas respiratory colonization without clinically apparent lung disease is relatively
common with disseminated MAC.48,49 Of the NTM, M kansasii has most often been
associated with lung disease in the setting of HIV coinfection, perhaps reflecting the
greater virulence of this species. HIV-infected gold miners in South Africa developed
M kansasii lung disease at relatively high CD4 cell counts (median, 381 cells/mm3).50

Overall, HIV-infected persons and other cellular immunocompromised hosts have
attenuated immune responses to NTM; therefore atypical clinical presentations are
more common.

Escalation of existing symptoms or emergence of new symptoms or signs (such
as recrudescent fever, lymph node enlargement, and worsening of radiologic
abnormalities) is characteristic of immune reconstitution inflammatory syndrome
(IRIS). In HIV-infected patients, IRIS can be provoked when antiretroviral therapy
controls HIV replication, and increases CD4 cell counts, culminating in a robust
immune response to circulating antigens, including those of NTM. The clinical
features of IRIS usually appear within a few weeks to a few months of initiating
HIV treatment. Effective treatment of HIV or the underlying lung disease may avert
the need for specific treatment of potentially less virulent NTM such as M
xenopi.51

Patients with other forms of acquired immune defects such as transplant recipients
and those receiving TNF-a antagonists are at risk of severe NTM infections,
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sometimes caused by low-virulence NTM. For example, Mycobacterium peregrinum,
a rarely encountered NTM, caused fatal pneumonia in a patient receiving infliximab for
polymyositis and dermatomyositis.52

Cystic Fibrosis Patients

Fibrocavitary NTM lung disease occurs at a younger age in patients with cystic fibrosis
(CF). In one study, respiratory NTM ‘‘colonization’’ in a cohort of CF patients (n 5 385)
increased with age, reaching a peak of 15% at 15 years. Of note, M abscessus was
found in all age groups whereas MAC was present only in the older patients.53 Allergic
bronchopulmonary aspergillosis (ABPA) and use of systemic corticosteroids appear to
be risk factors for NTM lung disease in this population.54 Unlike other risk groups,
screening for NTM at least yearly is recommended for CF patients.55,56 Screening is
also recommended for those who experience a decline in lung function, as well as
before and during macrolide monotherapy for immune modulation. Macrolide immune
modulation is not advisable in those with persistently positive NTM cultures. The pres-
ence of NTM pretransplant is a strong predictor of invasive lung disease posttrans-
plant, but this should not automatically contraindicate transplantation because
invasive cases may be treatable.57
DISEASE PATTERNS WITH NTM OTHER THAN MAC
Mycobacterium kansasii

M kansasii is the second most common cause of NTM lung disease in the United
States. Subtype 1 is the most frequently implicated subtype in immune competent
hosts, while most persons with disease due to subtype 2 are immune compromised.58

The pulmonary disease caused by this NTM is clinically and radiologically more like
reactivation tuberculosis than disease caused by other NTM. Accordingly, cavitary
and upper lobe disease are typical, although nodular bronchiectasis without cavitation
can occur as well. Isolation of M kansasii usually indicates disease that needs
treatment.59

Rapidly Growing Mycobacteria

RGM are most commonly associated with skin and soft tissue infection, but they
are also an important cause of lung disease. In the United States, approximately
80% of pulmonary diseases due to RGM are caused by M abscessus, the most
common presentation being nodular bronchiectasis; cavitation occurs in fewer
than 1 in 5 patients.60 MAC is a coinfection in approximately 15% of patients
with M abscessus lung disease.60 M abscessus infection is particularly difficult to
manage.54,61 M fortuitum and M chelonae account for virtually all the remaining
cases of RGM lung disease in the United States, although Mycobacterium immu-
nogenicum has been the etiologic agent in some outbreaks of hypersensitivity
illness.

Mycobacterium malmoense

Following initial reports from Sweden and a few other Northern European countries,
this organism has been described in other geographic areas, including the United
States and Japan.62–64 M malmoense exhibits a strong association with underlying
lung disease, and typically presents as fibrocavitary disease with symptoms and signs
that are indistinguishable from tuberculosis. Radiographic findings are nonspecific,
although cavities larger than 6 cm, air-fluid levels, and loss of lung volume may be
more common with M malmoense than other mycobacteria.65
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Mycobacterium xenopi

M xenopi is the most commonly isolated NTM in some geographic areas and, for
example, it was the most common cause of NTM lung disease in a recent review of
24 cases from Croatia. Ninety percent of the patients in that series had a comorbidity,
most frequently COPD. Approximately three-quarters of the patients had cavitary
disease on chest radiograph.66 Elderly and HIV-infected patients appear to be at
increased risk.67

Other Notable NTM

M gordonae is very commonly isolated as a nonpathogenic contaminant, though rarely
it has caused disease in immunocompromised hosts. Mycobacterium terrae complex
and Mycobacterium scrofulaceum are also usually contaminants or the cause of
extrapulmonary disease, respectively, although they have been the etiologic agents
in lung disease.49 Mycobacterium szulgai tends to affect persons with underlying
lung disease,68 and Mycobacterium smegmatis has been reported in the setting of
lipoid pneumonia.69

DIAGNOSIS

NTM lung disease is likely underrecognized, partly because NTM are of lower patho-
genicity than M tuberculosis and may be contaminants of clinical specimens. Hence,
they are often erroneously described as ‘‘colonizers.’’ In addition, diagnostic
approaches geared to more acute conditions such as tuberculosis are not well suited
to the more chronic conditions often caused by these organisms. However, our under-
standing of the potential of these organisms to invade tissue and cause bronchiolitis,
bronchiectasis, and granulomatous inflammation is evolving,70,71 and newer diag-
nostic methods are facilitating identification of NTM disease. Indeed, some have sug-
gested that the term NTM ‘‘colonization’’ should be discarded and that patients from
whom NTM are isolated should be categorized into those who require immediate
treatment and those for whom treatment can be deferred.71,72 The American Thoracic
Society (ATS)/Infectious Diseases Society of America (IDSA)56 Statement, summa-
rized in Table 2, offers guidance for diagnosing NTM disease. Key elements in the
diagnosis include: exclusion of other diseases, particularly tuberculosis and tumor;
Table 2
Recommendations of the ATS for diagnosis of pulmonary disease caused by NTM

Clinical criteria (all required)
� Pulmonary symptoms
� Imaging showing nodular or cavitary opacities on chest radiograph, or multifocal bronchi-

ectasis with or without multiple small nodules on chest CT scan
� Exclusion of other diseases
Microbiologic criteria (only one required)
� Positive cultures from two separate expectorated sputum samples
� Positive culture from at least one bronchial wash or lavage
� Transbronchial or other lung biopsy with histopathologic changes (granulomatous inflam-

mation or AFB) plus positive NTM culture, or histopathologic changes plus at least one
positive NTM culture from sputum or bronchial washing

From Griffith DE, Aksamit T, Brown-Elliott BA, et al on behalf of the ATS Mycobacterial Diseases
Subcommittee. An official ATS/IDSA statement: diagnosis, treatment, and prevention of nontuber-
culous mycobacterial diseases. Am J Respir Crit Care Med 2007;175:367–416; with permission from
the American Thoracic Society.
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microbiologic results; and radiologic evidence of disease consistent with NTM. The
importance of repeated isolation of the same organism from respiratory secretions
is emphasized but situations are acknowledged in which a single positive culture is
sufficient for diagnosis if other clinical and radiologic findings, particularly chest CT,
are consistent with NTM disease.

In most patients, radiologic findings, especially from chest CT (discussed earlier)
provide valuable information that forms a rational basis for diagnosis and management
decisions when interpreted in conjunction with baseline clinical and microbiologic
data. Chest CT is the cornerstone imaging procedure in the diagnostic armamen-
tarium because it provides better resolution of radiographic findings and therefore
superior delineation of the disease severity (Figs. 3 and 4). CT may also provide prog-
nostic information as, for example, when identifying those with extensive atelectasis,
cavitation, and pleural thickening who are less likely to achieve sputum conversion
after treatment.73 Chest imaging also serves as a reference point for monitoring treat-
ment response.

At least 3 expectorated or induced early morning sputum samples, ideally obtained
over 3 separate days, should be evaluated to detect the presence of NTM. Bronchos-
copy with bronchial washing or lavage is an alternative source of respiratory specimen
when sputum is unavailable or nondiagnostic. Like other mycobacteria, NTM are acid-
fast on smear microscopy. Commonly available staining techniques include fluores-
cence microscopy using a fluorochrome such as auramine or auramine-rhodamine,
and carbol fuchsin (Ziehl-Neelsen [ZN] or Kinyoun) staining. The Kinyoun method is
the least sensitive while fluorescence staining, the method recommended by ATS,
has comparable sensitivity to the ZN technique but can be completed faster.74 With
the exception of M intracellulare and M avium, which are coclassified as MAC, all
respiratory NTM should be fully speciated, a task that cannot be accomplished
through smear microscopy.

Culture in solid media (eg, Lowenstein-Jensen agar or Middlebrook 7H10 and 7H11)
and in broth media or in nonradiometric mycobacteria growth indicator tube, MGIT
(Becton Dickinson Diagnostic Instrument Systems, Sparks, MD, USA), is recommen-
ded. Broth media are more sensitive and yield mycobacterial growth more rapidly
Fig. 3. Mild right middle lobe predominant disease with bronchial wall thickening, bronchi-
ectasis, and a small amount of volume loss medially. (Courtesy of Dr Eric Hart, Feinberg
School of Medicine, Northwestern University, Chicago.)



Fig 4. Moderately severe disease with more bronchial wall thickening and bronchiectasis,
Also demonstrated are patchy right middle lobe consolidation, a small focus of consolida-
tion in the right lower lobe, and minimal lingula volume loss. (Courtesy of Dr Eric Hart, Fein-
berg School of Medicine, Northwestern University, Chicago.)

780 Taiwo & Glassroth
(often within 2–3 weeks compared with 6–8 weeks). However, colony morphology,
identification of infection with multiple species, and semiquantitative reporting are
possible only with solid media. Although culture is a reliable method for isolating
NTM, the results can take weeks for species other than RGM; evolving molecular iden-
tification methods now provide a more rapid adjunct for identifying certain common
species.

In smear-positive patients, molecular techniques applied directly to the respiratory
specimen have proven useful for rapid identification of those infected with M tubercu-
losis. Commercially available molecular tests generally rely on amplification using
techniques like the polymerase chain reaction (PCR) of specific DNA or RNA
sequences, with results available in as a few hours. These tests are highly specific
but suffer from variable sensitivity. PCR-based techniques and gene probe can also
be used to speciate several NTM isolates obtained from culture.75 These techniques
offer more rapid diagnosis than traditional methods that rely on testing biochemical
properties and physical parameters such as growth rate, optimal growth temperature,
and pigment production. The most widely used molecular test for culture isolates
employs Acridium ester-labeled DNA probes that target released 16s rRNA to form
DNA-rRNA hybrid (AccuProbe, Genprobe Inc, San Diego, CA, USA). AccuProbe is
able to identify M tuberculosis complex, MAC, M kansasii, and M gordonae. Analysis
of the mycolic acid in NTM cell wall using high-performance liquid chromatography
(HPLC) can be used for species determination as well, but HPLC has lower specificity
compared with the molecular techniques.76
TREATMENT

Treatment should be approached with the understanding that patients under-
going treatment for the first time have over twice the rate of culture response
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seen in previously treated patients.77 Recommended initial treatment of NTM
lung disease depends on the causative species, comorbidities, disease proto-
type, and severity of the condition (Table 3). Regimens for most NTM involve
treatment for a period of 12 months following conversion to sputum culture
negative status. In cases where sputum culture is initially negative (eg, diagnosed
by bronchoscopy) a 12-month course of treatment would usually be pursued. As
NTM tend to be slowly progressive, it may sometimes be prudent to defer treat-
ment or attempt only to intermittently suppress symptoms rather than provide an
extended course of poorly tolerated treatment that may have little likelihood of
effecting cure in a particular patient. Treatment of hypersensitivity disease is
addressed in an earlier section.

MAC

Macrolides form the cornerstone of MAC treatment. Although previously untreated
‘‘wild strains’’ are universally sensitive to macrolides, the ATS/IDSA recommend in
vitro testing for clarithromycin susceptibility (results can be extrapolated to azithromy-
cin).56 The benefits of clarithromycin susceptibility testing are clearer in cases of
retreatment or when the patient may be failing treatment. Routine susceptibility testing
should not be performed for the other agents, as a correlation between in vitro suscep-
tibility and response to treatment is unproven.78,79 Because macrolide monotherapy
can rapidly lead to resistance and treatment failure,78 it is essential that additional
agents be included in the regimen; a rifamycin and ethambutol are the preferred
agents. The selected rifamycin can be rifampin or rifabutin with the understanding
that as the more potent inducer of cytochrome P450, rifampin carries a greater risk
of significant drug interactions. However, rifabutin tends to be less well tolerated.

An intermittent thrice-weekly regimen is recommended for most patients with
nodular bronchiectatic disease but is less effective for cavitary disease, extensive
bronchiectatic MAC, or patients with a history of previous treatment for MAC.77 For
those patients, daily therapy, possibly including a parenteral aminoglycoside (ie,
streptomycin or amikacin) for the first 8 to 12 weeks, is recommended. Addition of
an aminoglycoside is associated with more rapid sputum conversion to smear nega-
tive, although significant improvement in symptoms or radiographic appearance may
lag behind or not occur.80 Because these regimens may be poorly tolerated, many
experts suggest gradual dose escalation over a period of 1 to 2 weeks. Ethambutol
should not be excluded from the treatment regimen because of apparent in vitro resis-
tance.77 As with most NTM, treatment duration should include 12 months of negative
sputum cultures.56

Sputum evaluation should be performed monthly while on therapy.56 Conversion to
smear negative tends to be associated with improvement or resolution of pulmonary
nodules, but pleural thickening is less responsive. Factors predictive of decreased
likelihood of sputum conversion include prior therapy, extensive bronchiectasis, atel-
ectasis, cavities, and pleural thickening.73 Strongly positive sputum acid-fast bacilli
(AFB) stain pretherapy, low body mass index, persistently elevated C-reactive protein,
and certain strains of MAC (eg, serovar 4) have also been associated with poor
outcomes. Repeatedly positive cultures after completion of macrolide-based therapy
in patients with nodular bronchiectasis usually represent reinfection with new strains
rather than relapse.81

Resistance to macrolides is usually due to mutation in the 23S r-RNA gene at posi-
tions 2058 and 2059, and was recently reported to occur in only 4% of patients treated
with a regimen of clarithromycin, ethambutol, and a rifamycin. In contrast, 76% (39/51)
of patients receiving macrolide monotherapy or macrolide plus a fluoroquinolone



Table 3
Initial medical treatment of common NTM pulmonary disease

NTM Species Recommended Susceptibility Testing Potential Regimens

MAC Clarithromycin (especially if retreatment); with or without
aminoglycoside, rifabutin, ethambutol; possibly quinolone if
macrolide resistant

Macrolide, rifampin, ethambutol (add aminoglycoside for
extensive/cavitary disease) treatment 3 times weekly for limited
disease. Treatment daily for extensive disease, repeat treatment
or with coexisting COPD. For macrolide resistance use isoniazid,
rifampin (possibly rifabutin), ethambutol, and amikacin/
streptomycin (first 3–6 mo)

M kansasii Rifampin for new (untreated) isolates; if rifampin resistant:
macrolide, quinolones, isoniazid, ethambutol, rifabutin,
amikacin, sulfamethoxazole

Daily rifampin, ethambutol, isoniazid (3 times weekly may be
effective); if rifampin resistant, consider high-dose isoniazid,
ethambutol plus 1–2 others (sulfa, amikacin/streptomycin,
macrolide, quinolone), or macrolide/quinolone-based regimen

M szulgai Isoniazid, rifampin, ethambutol, aminoglycoside, with/without
quinolone and macrolide

Isoniazid, rifampin, ethambutol, with or without fourth drug;
pyrazinamide may be effective

M malmoense Ethambutol, isoniazid, rifampin, macrolide, quinolone,
(correlation with outcome uncertain)

Isoniazid, rifampin, ethambutol, with/without macrolide and/or
quinolone

M xenopi Macrolide, rifampin, ethambutol, isoniazid, quinolone
(correlation with outcome uncertain)

Isoniazid, rifampin, ethambutol, clarithromycin with/without
streptomycin for first 3–6 mo; quinolones may be active

M abscessus Macrolide, amikacin, cefoxitin, linezolid, imipenem, clofazimine,
tigecycline; correlation with clinical response is poor

No clear curative medical regimen available; macrolide plus 1–2
parenteral drugs such as amikacin plus cefoxitin or imipenem
may be useful for control of symptoms. Lung resection of
limited disease or periodic treatment for symptom control.
Amikacin plus cefoxitin (imipenem) when macrolide resistant

M chelonae Tobramycin, amikacin, macrolide, quinolones, linezolid,
imipenem, clofazimine, doxycycline

Clarithromycin plus one or more additional agents with in vitro
susceptibility

M fortuitum Macrolides (may be misleading), quinolones, doxycycline,
minocycline, sulfa, amikacin, imipenem, cefoxitin

Two agents with in vitro susceptibility (macrolide with inducible
resistance; use with caution)

Abbreviations: macrolide, clarithromycin/azithromycin; quinolone, moxifloxacin preferred.
Adapted from Glassroth J. Pulmonary disease due to nontuberculous mycobacteria. Chest 2008;133:243–51; with permission from the American College of Chest
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developed resistance.82 Macrolide resistance is difficult to manage, often requiring
intravenous aminoglycoside and surgical resection.82

Treatment of confirmed pulmonary MAC is similar in HIV-infected and HIV-negative
persons, although optimization of antiretroviral therapy is an important additional
element in HIV-infected patients, and drug interactions tend to be more problematic.

Mycobacterium kansasii

Rifampin is an essential drug for M kansasii treatment, and susceptibility testing is rec-
ommended for all new isolates.56 Additional agents in a ‘‘standard’’ regimen for
rifampin-susceptible isolates include isoniazid and ethambutol, all given daily. A
rifampin, ethambutol, and macrolide regimen given thrice weekly has also been
used successfully, though experience is limited.83 Treatment duration should include
12 months of negative sputum cultures.56 In a comparison of 12-month versus 18-
month therapy, only one relapse occurred, which was in the 12-month arm.84

Recently, Santin and colleagues85 reported a relapse rate of 6.6% among patients
treated with 12 months of rifampin, ethambutol, and isoniazid plus streptomycin in
the first 3 months. Of note, there were no relapses in patients who were younger
than 40 years and had no debilitating comorbidities. Susceptibility testing for other
agents should be performed when there is documented rifamycin resistance.56 Moxi-
floxacin and linezolid are active against M kansasii in vitro,86 but the clinical value of
these agents is unclear at this time.

Mycobacterium abscessus

Usual antituberculosis drugs are not active against M abscessus. Thus, treatment
should be based on susceptibility testing. Short courses (2–4 months) of a combination
macrolide plus parenteral agents such as amikacin plus cefoxitin or imipenem can
slow disease progression and moderate symptoms, but rarely achieve cure.87

Surgical resection of diseased lung, if possible, is usually necessary for cure. Intermit-
tent cycles of treatment to control symptoms may be useful in patients who are not
surgical candidates. Moxifloxacin and linezolid have in vitro activity against M absces-
sus; however, there is limited clinical experience with these agents.88 A recent prelim-
inary report suggests a role for clarithromycin based regimens.89 By contrast, M
fortuitum and M chelonae are curable medically using combinations of these same
drugs as guided by in vitro susceptibility testing.

Mycobacterium xenopi

The optimal regimen and treatment duration for M xenopi lung disease are uncertain. A
potential regimen is clarithromycin, rifampin, isoniazid, and ethambutol.56 Quinolones,
especially moxifloxacin, may be effective but experience is limited. Comorbidities
significantly influence outcomes of M xenopi lung disease.90 In a retrospective study
of 31 patients with NTM lung disease, including 15 with M xenopi, there was no differ-
ence in survival between untreated and treated patients, even in the subset that was
treated based on susceptibility results or treatment guidelines. The 5-year mortality
was 71%, but only 30% of the deaths were primarily attributed to the mycobacterial
disease.91 This statistic illustrates the challenge of treatment decisions in patients
with this species of NTM; the presence of persistent symptoms or evidence of radio-
graphic progression are particularly important in the treatment selection process.

Surgical Therapy

Adjunctive surgical management should be considered for selected patients such as
those with M abscessus infection, clarithromycin-resistant MAC, or inadequate
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response to antibiotic therapy alone. Surgery is best reserved for localized disease in
patients who are otherwise also surgical candidates. Surgery is typically performed
after a period of antibiotic therapy and while antibiotics are continued. Although asso-
ciated with high complication rates, surgery can be highly effective in properly selected
patients and at centers experienced in this type of surgery. For example, all 53 patients
who underwent pneumonectomy at a center with experienced surgeons achieved
clearance of sputum NTM; one patient had recurrent disease and died 4 years after
the procedure, and another patient died within a year due to respiratory failure.92

SUMMARY

Human exposure to NTM is unavoidable and increasing, and in some cases results in
lung disease. While the rapidity of laboratory identification of some NTM has been
enhanced by advances in molecular techniques, further research into the pathogen-
esis, clinical course, and epidemiology of these organisms is needed to refine the
criteria for therapeutic intervention, to expand the list of effective drugs, and to
increase the odds of achieving a cure.
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viruses. For nonviral respiratory pathogens, developments in laboratory technology
have been less profound in general, but have still led to modest improvements in
the diagnostic capability.

For the diagnostic microbiology laboratory, the routine evaluation of patients with
suspected respiratory infections continues to rely on methods that have been used
for a long time: microscopy and culture of respiratory tract specimens, blood cultures,
detection of antigens in urine and upper respiratory specimens, and serology. Recent
advances in pneumonia diagnostics have mostly occurred in the areas of antigen and
nucleic acid detection. Despite these technological advances, there remain several
major challenges that hinder the search for the causes of respiratory infections, partic-
ularly for pneumonia.3 These challenges include difficulty collecting lower respiratory
tract specimens, problems distinguishing colonization from infection, poor clinical
(diagnostic) sensitivity of assays, and often inadequate evaluation of new diagnostics.

This review focuses on recent advances in laboratory diagnostics that enable rapid
identification of respiratory pathogens.
ANTIGEN DETECTION

Assays to detect microbial antigens in body fluids have been used for the diagnosis of
respiratory infections for many years, using various formats such as immunofluores-
cence, enzyme-linked immunosorbent assay (ELISA), latex agglutination, coagulation,
and chromatographic immunoassay. These methods are the diagnostic tools most
easily applied as near-patient tests, but development is reliant on the identification
of suitable antigens that are present in detectable quantities in clinical specimens.
To date, commercial assays have been developed only for a limited range of patho-
gens. The most widely available assays have focused on the detection of selected
bacterial pathogens in urine and the detection of viruses in respiratory specimens.

Among bacterial respiratory pathogens, assays for Streptococcus pneumoniae and
Legionella pneumophila are the most developed. A newer generation immunochroma-
tographic test that detects the C-polysaccharide cell wall antigen in urine (NOW) has
been an important advance in the diagnosis of pneumococcal disease.4 This test has
a sensitivity of 70% to 80% and a specificity of greater than 90% compared with
conventional diagnostic methods for detection of pneumococcal pneumonia in adults.
Unfortunately, the NOW test cannot be used reliably in children as it also detects
pneumococcal carriage.5 Alternative pneumococcal antigens for diagnostic purposes,
such as pneumolysin, have shown promising results, although none has been demon-
strated to perform better than existing commercial C-polysaccharide antigen
assays.6–8 The combination of a pneumolysin-specific antigen detection ELISA
together with the NOW test may result in a better diagnostic yield because of the
higher specificity of the pneumolysin detection ELISA.7

Detection of soluble Legionella antigen in urine is an established and valuable tool
for the diagnosis of Legionnaires’ disease, although current commercial assays can
only reliably detect infection caused by Legionella pneumophila serogroup 1.9 Some
assays have been intended to detect other legionellae,10 although the performance
is not as good as for L pneumophila serogroup 1.

Detection of respiratory viral antigens in respiratory secretions has become an
important diagnostic tool.11–13 Antigen detection using immunofluorescent techniques
were pioneered in the 1970s, and commercial reagents are now widely used for the
detection of influenza viruses, respiratory syncytial virus (RSV), parainfluenza viruses,
adenoviruses, and human metapneumovirus. These assays require technical exper-
tise and have the advantage of allowing direct evaluation of specimen quality. More
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recently, commercial rapid diagnostic tests (RDTs) have become widely used for the
detection of influenza or RSV directly in respiratory specimens. These diagnostic test
kits, produced as dipsticks, cassettes, or cards, contain internal controls, and a posi-
tive result is signaled by a color change. Results are produced by these tests within
5 to 40 minutes.

The sensitivity of rapid tests for the detection of seasonal influenza in clinical spec-
imens ranges from 10% to 96%,14,15 and varies with virus type or subtype, timing of
specimen collection, specimen type, patient age, and the test comparator.16,17 With
the emergence of the pandemic influenza A (H1N1) 2009 virus, RDTs have been widely
used for patient triaging, although there are limited data available on their clinical
accuracy.18,19 The sensitivity of these assays for detecting this new strain is 10% to
69% compared with real-time PCR.20–22 Specificity of RDTs for seasonal influenza
is 90% to 100% according to the available data for H1N1 2009.22 Commercial RSV
RDTs have sensitivities of 71% to 95% and specificities of 80% to 100% compared
with culture.23–25 Poorer performance has been observed in adults,26 which may be
related to the decreased viral titer in adults compared with children.

To correctly interpret results of RDTs, the prevalence of influenza or RSV disease in
a community must be considered.15 During peak disease activity, positive predictive
values are highest, but false-negative results more likely. The opposite is true during
times of low disease activity.17 When the disease prevalence is low or unknown,
RDT results become difficult to interpret and of limited use.17
NUCLEIC ACID AMPLIFICATION TESTS

The use of nucleic acid amplification tests (NAATs) has transformed our understanding
of respiratory infections, demonstrating the relevance of new agents such as human
metapneumovirus, and providing new insights into previously recognized ones such
as rhinoviruses. The progressive commercialization and clinical application of these
methods is placing them at the forefront of respiratory diagnostics.

NAATs possess several advantages over more traditional techniques for the detec-
tion of respiratory pathogens.27 These tests have improved sensitivity for detecting
organisms that are fastidious, no longer viable, or present in small amounts. NAATs
can provide rapid genetic information regarding sequence evolution, geographic
variation, or the presence of virulence factors or antibiotic resistance. Their rapid turn-
around times allow them a more prominent role in patient management, and the ability
of NAATs to test for multiple pathogens simultaneously has aided in the diagnosis of
nonspecific respiratory syndromes, such as in outbreak settings. Within the labora-
tory, NAATs offer enhanced opportunities for automation, and have a lower safety
risk than culture for the detection of highly virulent pathogens.

Among the NAATs, the PCR is the most common and thoroughly evaluated
method.28,29 The PCR formats most relevant for respiratory diagnostics can be clas-
sified into conventional, real-time, and multiplex platforms, with various amplicon
detection methods such as gel analysis, ELISA, DNA hybridization, or the use of fluo-
rescent dyes or chemical tags. Real-time PCR has several features that place it at an
advantage. First, the two steps of amplification and detection are combined in one
reaction, increasing the speed and efficiency of testing and reducing the risks of oper-
ator error and cross-contamination. Real-time PCR also allows for the possibility of
quantifying the amount of starting nucleic acid material.

Multiplex PCR systems, in which multiple PCR targets are sought after simulta-
neously in one reaction, have gained wider acceptance, particularly among commer-
cial assays. These systems have the advantage of increasing the number of
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pathogens tested for, without increasing the required amount of operator time or
specimen material. Multiplex assays have broadened the scope of respiratory surveil-
lance studies, and have also led to the increasing recognition of dual or triple infections
in the same individual.30 As noted in Table 1, these assays can be differentiated by
either their amplification or detection steps. In the amplification step, all multiplex plat-
forms must balance the competing optimal PCR conditions for each individual target,
and must overcome problems of competition and inhibition among the various primers
and probes. Each platform uses a unique method to address these issues, such as
nested primer combinations,30,31 complex primer structures,32,33 and nontraditional
nucleotides.34–36

These assays are even more varied in their detection stages, where the common
task is to differentially detect and report distinct populations of amplified targets.
Several platforms involve solid-phase arrays, such as polystyrene microbead suspen-
sions that use fluorescent dyes to differentiate targets,34,37,38 or the microchip formats
that identify targets by binding to a specific physical location.39–41 The former has
been developed into platforms detecting 17 to 20 targets, whereas the latter can iden-
tify between a few dozen to thousands of targets. The increased breadth of targets
afforded by microarrays, however, comes at the expense of decreased sensitivity.42

Multiplex PCR products can also be distinguished by their size, using resolution
techniques such as agarose gel electrophoresis to differentiate by weight, and
capillary-based auto-sequencers that identify targets by length and sequence.32,33

Mass spectrometry can also be used for identification, either by the attachment of
high molecular weight tags to primers43–46 or by the analysis of specific nucleotide
base ratios that can be resolved by molecular weight.47

Regardless of the platform, all PCR assays require good primer design taking into
consideration gene target, gene number, mobility of genes between species, stability
of gene, and the presence of mutations. Bacteria have large genomes with many
genes for a fully functional organism, including their own genes for replication and
enzyme product. Owing to the large genome size there are many targets available
for specific detection of a bacterial species. Housekeeping genes, those genes that
are essential for the survival of the organism, are desirable gene targets because
they have conserved regions and hypervariable regions (eg, the 16S rRNA gene).
Genes found in multicopies will also increase the sensitivity of PCR assays. The
choices of viral pathogen gene targets are limited because of the limited size of the
viral genome. Genes that are highly conserved are desirable targets for PCR because
they allow the detection of many strains. Other genes that process areas of nucleotide
hypervariability caused by genetic mutation should be avoided because changes over
primer and probe sites can cause poor PCR efficiency and the potential for false-
negative results. Table 2 lists some of the more common respiratory pathogen target
genes.

The published literature on NAATs can be difficult to interpret, because study
designs vary and rarely involve head-to-head comparisons among the different
assays. Calculation of clinical sensitivity and specificity is complicated because
NAATs often are more sensitive than the reference culture-based standards. Compar-
isons of study results are also problematic because of the use of different specimen
types that may have differential yields for pathogens.48 Finally, several NAAT platforms
require investment in specialized equipment, the cost of which can only be recovered
through high-volume testing. Therefore, few NAAT assays for respiratory diagnosis are
licensed for clinical use, and their daily use in clinical practice remains uncommon. To
promote widespread adoption in the future, developers of NAAT diagnostics will need
to standardize evaluation methods, particularly in comparison with reference
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techniques, reduce complexity and cost, and better demonstrate their utility in the
clinical environment.

NAATs for Specific Respiratory Pathogens

Although NAATs have been developed for all important respiratory pathogens, the
clinical application of these tests varies. Perhaps the area that NAATs have had the
greatest impact is for the diagnosis of infections caused by respiratory viruses.29,49,50

For most, if not all, respiratory viruses, detection of viral nucleic acid is the most sensi-
tive diagnostic approach, and current ‘‘gold standards’’ (namely, culture and direct
immunofluorescence) will be eventually replaced by NAATs.50 PCR has become the
diagnostic test of choice for some respiratory viral infections (eg, for influenza during
the current influenza H1N1 pandemic), and is a useful epidemiologic tool for charac-
terizing the role of viruses in various disease states.51 NAATs can provide results
rapidly and are able to detect many viral pathogens that are unable to be readily
detected by culture. Perhaps more so than for other respiratory pathogens, consider-
able effort has been directed toward the development of multiplex assays to enable
the simultaneous detection of multiple viral pathogens. Given the increasingly large
number of respiratory viruses, this can be a challenging task.

The need for improved diagnostic tools for pneumococcal disease has lead to the
evaluation of several NAATs. For pneumonia, PCR has a sensitivity for detecting
S pneumoniae in blood samples ranging from 29% to 100%,27 with a tendency for
higher sensitivity in children than adults. The finding of positive pneumococcal PCR
results from asymptomatic control subjects complicates interpretation.52–54 When
testing sputum samples from adults with pneumonia, PCR positivity has ranged
from 68% to 100%,27 although it is unclear how often this reflects upper respiratory
tract colonization rather than infection.55 Further refinement of PCR assays, including
the use of multiple targets, has increased the specificity,56 with lytA assays potentially
offering advantages over other assays.57,58 Quantification of S pneumoniae DNA load
may provide additional diagnostic and prognostic information. Quantitative PCR may
help distinguish colonization from infection, with a higher bacterial burden in pneumo-
coccal disease than in a carrier state.59 High pneumococcal DNA loads in blood have
been recently shown to be associated with severe disease in various settings.60–62

NAATs have improved the ability of diagnostic laboratories to detect respiratory
pathogens that are difficult to culture, such as Mycoplasma pneumoniae, Legionella
species, and Chlamydophila pneumoniae. An extensive evaluation of 13 antibody
detection assays using PCR as the comparator standard concluded that few commer-
cial serologic assays for detection of M pneumoniae performed with sufficient sensi-
tivity and specificity, and highlighted the increasing importance of NAATs.63 Indeed
PCR is considered by many to be the method of choice for detection of M pneumoniae
infection.64 Both upper and lower respiratory tract samples are suitable for testing for
M pneumoniae by PCR, although throat swabs and nasopharyngeal samples may be
preferred because of high sensitivity, high specificity, and convenience. In practice,
PCR has been successfully used to rapidly diagnose mycoplasma pneumonia during
outbreaks, and was particularly useful in children, immunocompromised patients, and
in early-stage disease.65,66

Legionnaires’ disease can be difficult to diagnose, and NAATs have proven a useful
adjunct to culture and antigen detection.9 PCR has repeatedly been shown to have
sensitivity equal to or greater than culture when testing lower respiratory speci-
mens.67–73 Legionella DNA can also be detected in nonrespiratory specimens, such
as urine, serum, and peripheral leukocytes,9 although testing these specimen types
is not well established.



Table 1
Comparison of nucleic acid amplification platforms

Platform

Targets

Included

Assays

Available

Analytical

Performance

Clinical

Performance

Development

Timeframe Flexibility

Turnaround

Time

Specimen

Requirements Quantitation Licensing Status

Real-time

PCR

(rtPCR)

Variable;

maximum

of 4–5

targets

per assay,

can run

parallel

reactions,

limited by

sample

volume

Various

in-house

protocols

Likely

highest

sensitivity,

eg, 1 pfu/mL,

10 copies/

reaction

Good;

singleplex

rtPCR is

often the

gold

standard

molecular

diagnostic

Depends

on the

originating

laboratory

Multiplex

must be

optimize

for each

addition

target,

limited

to 5 tota

targets

Half-day None Yes Some

approved

for in vitro

diagnosis

(IVD), others

research use

only (RUO)

Microbead

array

17–20 viral

or bacterial

targets in

each assay

QIagen

(Resplex I

[bacterial]

and II [viral]),

Luminex,

and Eragen

Biosciences

Varies by

kit and

pathogen;

limits of

detection

reported

at 60 copies/

reaction,

or 0.1–100

TCID50/mL

Sensitivity

72%–100%

compared

with culture

plus rtPCR;

varies by

target,

reduced

by dual

infections

All are

commercially

available

Multiplex

must be

optimize

for each

addition

target; u

to 30 can

be detec d

at once;

commerc l

kits may

be slow

modify

6–8 h No IVD (Luminex);

RUO (Qiagen,

Eragen)

Mass

spectrometry

All main

respiratory

viruses and

bacteria

MassTag,

IBIS

MassTag:

500–1000

copies/

reaction, 1

TCID50/mL;

IBIS: 50

copies/well

(basically

singleplex)

Not

rigorously

evaluated

Unknown Requires

optimiza on

of multip x;

detection

methods

unrestric d

Half to

1 day

No RUO

M
u

rd
o

ch
e
t

a
l

7
9
6

d

al

l

d

al

p

te

ia

to

ti
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Commercial

multiplex

All main

respiratory

viruses and

bacteria

Seegene

(Seeplex)

10–100

copies/

reaction

96%–100%

concordance

with DFA and

sequencing

Commercially

available

Multiplex

apparently

tolerant of

additional

targets;

detection

method

determined

separately

6–8 h No sputum No IVD in Europe

and Canada,

RUO in USA

Microarray Several

thousand

viruses,

bacteria,

fungi, and

parasites

Greenechip,

VIrochip,

Autogenomics

10–10,000

copies/

reaction

No data Unknown Not generally

customizable

No data No data No RUO

16S rRNA All bacteria

and

mycobacteria

Viruses Can detect

low

abundance

organisms

For bacteremia,

87%

sensitivity,

86%

specificity vs

blood

culture

Assay for

respective

pathogens

is in

development

Not

applicable

PCR 3–4 h,

analysis

time

3–4 h

ND No RUO

Ultrahigh

throughput

screening

All microbes None Limit of

detection

5500

copies/mL

No data No data Not

applicable

ND ND; likely

none

No RUO

Abbreviations: DFA, direct fluorescence assay; ND, not determined; TCID50, tissue culture infective dose needed to produce 50% change.
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Table 2
Common gene targets for nucleic acid amplification tests

Organism Genome Size (nt) Target Function

Streptococcus pneumoniae dsDNA w2,040,000 ply
lytA
psaA
16S rRNA

Detection

Haemophilus influenzae dsDNA w1,830,138 16S rRNA
BexA

Detection

Moraxella catarrhalis dsDNA w1,940,000 16S rRNA Detection

Legionella dsDNA w3,576,470 16S rRNA
mip

Detection

Mycoplasma pneumoniae dsDNA w816,394 16S rRNA
P1 adhesion gene
CARDS toxin

Detection

Chlamydophila pneumoniae dsDNA w1,225,935 omp-2 gene Detection

Bordetella pertussis dsDNA w4,086,189 IS481
adenylate cyclase toxin (ACT) gene

Detection

Mycobacterium tuberculosis dsDNA w4,411,532 IS6110
16S rRNA

Detection

Pneumocystis jiroveci dsDNA w8,400,000 18S rRNA,
mitochondrial (mt) rRNA
5S rRNA

Detection

Adenovirus dsDNA w36,000 Hexon gene
Fiber gene

Detection and genotyping

Enterovirus ssRNA (1) w7500 50UTR
VP1,2

Detection
Genotyping

M
u

rd
o

ch
e
t

a
l

7
9
8



Rhinovirus ssRNA (1) w7500 50UTR
VP1,2

Detection
Genotyping

Coronavirus
229E, OC43, SARS, NL63, HKU-1

ssRNA (1) w30,000 Polymerase gene
Nucleocapsid gene
ORF1

Detection

Influenza A ssRNA (�) w12,000 Matrix protein gene Detection

Influenza B ssRNA (�) w12,000 Hemagglutinin gene Detection

Parainfluenza virus 1, 2, 3, and 4 ssRNA (�) w15,600 Hemagglutinin gene Detection

RSV ssRNA (�) w10,000 Fusion protein (F)
Nucleoprotein (N)

Detection

hMPV ssRNA (�) w14,000 Fusion protein
Nucleoprotein
Large polymerase (L) protein gene

Detection

Bocavirus ssDNA w5,500 Viral protein (VP1)
Nonstructural protein (NP1)

Detection

Abbreviations: ORF, open reading frame; UTR, untranslated region.
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PCR has been extensively evaluated for the rapid diagnosis of C pneumoniae infection
using various assays.74 A standardized approach to C pneumoniae diagnostic testing
was published in 2001 by the US Centers for Disease Control and Prevention and the
Canadian Laboratory Center for Disease Control.75 However, there are still few eval-
uations that have extensively used clinical samples, and the great variety in the
methods used makes it difficult to make firm conclusions about performance. To
further complicate matters, significant interlaboratory discordance of detection rates
have been recorded for some assays.76,77

The diagnostic yield from PCR is consistently greater than for culture when testing
nasopharyngeal samples for Bordetella pertussis.27 PCR remains positive for a longer
period after the onset of symptoms and thus is useful for individuals who present late
in their illness.78 In the investigation of a pertussis outbreak, the combination of PCR
and culture for samples obtained 2 weeks or less after illness onset and PCR alone for
samples obtained more than 2 weeks after illness onset proved to be the most diag-
nostically useful.79

PCR has greater sensitivity than cytologic methods for the detection of Pneumocys-
tis jiroveci, although it has been difficult to interpret the common finding of
PCR-positive samples that are negative by standard methods.27 The latter may reflect
P jiroveci colonization of uncertain clinical significance. The performance of PCR has
been shown to vary with different assays,80 although the results correlate well with
clinical evidence of pneumocystis pneumonia.81

The need for improved diagnostic methods for tuberculosis has focused attention
on the potential role of NAATs. Advances in this area have been relatively slow, with
NAATs for mycobacteria failing to provide greater sensitivity than culture-based
methods. The relatively high false-negative rate with NAATs for Mycobacterium tuber-
culosis probably reflects a combination of the paucibacillary nature of samples, pres-
ence of inhibitors in samples, and suboptimal DNA extraction methods. The situation
is changing, with new developments in rapid diagnosis and antibiotic susceptibility
testing.82 For direct detection of M tuberculosis in respiratory samples, all commercial
assays have high specificity (>98%), but variable sensitivities: 90% to 100% for
smear-positive samples and 33% to 100% for smear-negative samples.27 Conse-
quently, it is recommended that use of these tests is restricted to only smear-
positive samples. Evaluations of PCR for the diagnosis of tuberculosis in
high-prevalence populations have been promising.83–86 Alternative strategies under
development to diagnose tuberculosis by molecular tools include detection of myco-
bacterial DNA in urine87,88 and direct detection in respiratory specimens by
microarray.89

New Pathogen Discovery

The NAATs discussed herein target known pathogens. When NAATs fail to identify an
agent, additional tools are needed to pursue an etiologic diagnosis as might be
indicated in an outbreak setting. These additional methods include microarrays and
high-throughput sequencing.42,90,91 Proteomics also has a potential for being devel-
oped as a tool for pathogen discovery.92
BREATH ANALYSIS

Breath analysis is an exciting new area with enormous diagnostic potential.93–95 Alve-
olar breath contains many biomarkers derived from the blood by passive diffusion
across the alveolar membrane,93 and also contains direct markers of lung injury.96–98

Breath testing is noninvasive, easily repeatable, and requires minimal specimen
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workup. Various testing methodologies and sample types have been used in breath
research, usually involving the measurement of exhaled permanent gases, detection
of volatile organic compounds, or analysis of exhaled breath condensate.

The use of breath analysis for the investigation of respiratory infections has not yet
been extensively evaluated. Electronic nose devices detect volatile molecules as they
interact with chemical sensor assays.99–101 Based on the reactivity of multiple sensors
to the volatile molecules, an electronic signature is generated. Testing of exhaled
breath by a portable electronic nose has been used to diagnose pneumonia in
mechanically ventilated patients.102–104 The clinical impact of this device needs further
evaluation, but it could be used as a trigger for further diagnostic studies in pneumonia
such as bronchoscopy.

Microorganisms produce volatile metabolites that may be used as biomarkers.105

Detection of these biomarkers in breath samples by gas chromatography/mass spec-
troscopy or similar methods may provide an etiologic diagnosis of respiratory tract
infection. Ideally, specific biomarkers need to be identified, and it may be difficult to
discover unique markers for each pathogen produced in sufficient quantities to enable
detection. Potential biomarkers have been reported for some respiratory pathogens,
such as Aspergillus fumigatus106,107 and M tuberculosis,108,109 but it is still uncertain
whether they will prove to be useful as clinical diagnostic tools.

FUTURE PROSPECTS

Diagnostic tests for respiratory infections will continue to evolve and become more
user-friendly. Antigen-detection assays in immunochromatographic or similar formats
are rapid, simple to perform, and are most easily developed as near-patient tests.
These methods are among the most attractive diagnostic tools, but further develop-
ment is reliant on the discovery of suitable antigens that can be reliably detected in
readily obtained specimens. NAATs have now been developed to a stage where multi-
plex assays that detect the common respiratory pathogens are commercially avail-
able, although not all have been rigorously evaluated in clinical settings. Further
improvements in design and performance are expected, and an emphasis should
be placed on clarifying the clinical usefulness of NAATs, developing standardized
methods, producing even more user-friendly platforms, and exploring the role of
quantitative assays. New approaches for respiratory pathogen detection are desper-
ately needed. Breath analysis is an exciting new area with enormous potential, and it
will be interesting to follow progress in this area over the next few years.
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In the setting of intensive immunosuppression for the management of rejection in solid
organ transplant (SOT) recipients, or graft-versus-host disease (GVHD) in hematopoi-
etic stem cell transplant (HSCT) recipients, antiviral therapy is commonly used and
drug-resistant viruses are increasingly encountered. Prolonged antiviral drug expo-
sure and ongoing viral replication due to immunosuppression are key factors in the
development of antiviral drug resistance, which may manifest as persistent or
increasing viremia or disease despite therapy. Consequences of drug resistance
range from toxicity inherent in use of second-line antivirals, to severe disease and
even death from progressive viral infection when no effective alternative treatments
are available. In this article, the authors review the mechanisms, implications, and
management of resistance to antiviral drugs used to treat several viral infections
that play a significant role in the clinical course of transplant recipients and oncology
patients: cytomegalovirus (CMV), herpes simplex virus (HSV), varicella zoster virus
(VZV), and hepatitis B virus (HBV).
HERPESVIRUSES
Antiviral Agents and Mechanism of Action

All of the currently licensed drugs for systemic treatment of herpesvirus infections
share the same target, viral DNA polymerase. The most commonly used drugs are
the nucleoside analogues acyclovir and ganciclovir. Acyclovir, its more bioavailable
prodrug valacyclovir, and famciclovir (the prodrug of penciclovir) are used for HSV
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and VZV infections but have weak anti-CMV activity. Ganciclovir and its valine ester
prodrug valganciclovir have in vitro activity against HSV, VZV, and CMV, and are
Food and Drug Administration (FDA)-approved for CMV infection, for which antiviral
potency outweighs the increased toxicity as compared with acyclovir.
Acyclovir is monophosphorylated by thymidine kinase (TK) expressed by HSV

(UL23) or VZV (ORF36) and then converted by cellular kinases to the active form,
acyclovir triphosphate. Acyclovir triphosphate inhibits HSV and VZV replication by
competitive inhibition of viral DNA polymerase and by chain termination of viral DNA
strands.1,2 Selectivity is related to preferential activation of acyclovir by viral TK and
to the greater sensitivity of viral compared with cellular DNA polymerase to acyclovir
triphosphate. Penciclovir, the active metabolite of famciclovir, has a similar mecha-
nism of activation and action. Ganciclovir is monophosphorylated by the CMV UL97
kinase, or HSV or VZV TK, with subsequent antiviral action analogous to acyclovir.
Unlike acyclovir, ganciclovir is not an obligate chain terminator, but rather causes
a slowing and subsequent cessation of viral DNA chain elongation.3

Foscarnet, a pyrophosphate analogue, and cidofovir, a nucleotide analogue, do not
depend on prior activation by viral enzymes. Foscarnet binds selectively to viral DNA
polymerase at the pyrophosphate-binding site, blocking cleavage of the pyrophos-
phate moiety from deoxynucleotide triphosphates, in turn halting DNA chain elonga-
tion. Cidofovir is phosphorylated by cellular enzymes, and once activated acts as
a potent inhibitor of the viral DNA polymerase. Foscarnet and cidofovir are typically
used as second- and third-line herpesvirus drugs, respectively, when there is either
suspected or documented resistance to initial therapy or dose-limiting toxicities of
first-line drugs.
Use of these antiviral drugs may be affected by dose-limiting toxicities. Although

acyclovir is usually considered relatively nontoxic, high doses are associated with
nephrotoxicity4 and encephalopathy.5,6 High-dose valacyclovir has been associated
with thrombotic microangiopathy in immunocompromised hosts.7 Ganciclovir and
valganciclovir frequently cause myelosuppression, especially neutropenia.8,9 Foscar-
net is associated with significant nephrotoxicity and electrolyte abnormalities.10,11

Cidofovir is associated with nephrotoxicity and neutropenia when administered intra-
venously,12 and with application site irritation when administered topically.13

In Vitro Evaluation of Antiviral Susceptibility

In vitro drug susceptibility testing of herpesviruses is by phenotypic and/or genotypic
assays. Phenotypic assays measure drug susceptibility by culturing a calibrated viral
inoculum under serial drug dilutions, thereby arriving at the drug concentration
required to inhibit viral growth by 50% or 90% from the level observed without drug,
referred to as the IC50 or IC90, respectively. The IC50 is the value usually reported
because it is more reproducible than the IC90 value. The IC50 threshold for susceptible
strains is assay dependent, with the cutoff for sensitivity typically set at 3 to 5 times the
mean IC50 for susceptible strains. In the classic plaque reduction assay (PRA), viral
growth is measured as the number of visible plaques formed in cell culture monolayers
after a fixed incubation period. The PRA is poorly standardized as to what constitutes
a viral plaque, is labor-intensive, and is affected by a variety of culture conditions such
as the type, density, and growth phase of cells, the viral inoculum, and the drug
concentration range. Efforts were made to standardize a PRA technique for CMV
susceptibility testing,14 though in practice a great deal of variability remains, and the
assay is clinically impractical because of the slow growth of CMV and the increasing
use of molecular diagnostic assays that do not yield a live isolate for phenotypic
testing. On the other hand, phenotypic testing for the more rapidly growing HSV is
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a preferred approach to resistance testing for this virus. To improve assay efficiency
and reduce subjectivity, plaque counting can be replaced by viral quantitationmethods
that depend on assay of viral antigen or nucleic acid, or a reporter gene that is activated
by viral infection. A reporter-based yield reduction system has been used for rapid
phenotypic testing of HSV clinical isolates and laboratory strains.15

Genotypic assays depend on knowledge of the viral mutations causing resistance to
specific antiviral drugs and the level of resistance and cross-resistance conferred by
single and multiple mutations. These assays work best when a limited number of char-
acteristic mutations are regularly encountered in connection with resistance to
a specific drug, and are well supported by an accessible information database neces-
sary for accurate interpretation. Genotypic tests have a faster turnaround time than
phenotype assays and use a common technology of polymerase chain reaction
(PCR) amplification of viral sequences followed by analysis for diagnostic mutations.
A viral culture isolate is not needed, and viral DNA can be amplified directly from blood,
fluid, or tissue specimens. Limitations of genotypic assays include difficulties with
interpretation of viral sequence changes not found in the current information data-
base, and the effective levels of resistance that result from combinations of mutations.
There are also technical issues relating to DNA amplification and the sensitivity of
detection of viral mutations when present as a minor subpopulation mixed with
wild-type virus.
Genotype-phenotype correlations are confirmed by recombinant phenotyping, also

known as marker transfer, whereby individual mutations suspected of causing drug
resistance are transferred to baseline viral strains and their effect on drug suscepti-
bility is established by phenotypic assays. A large volume of this work has been
done for CMV because of the dominant role of genotypic resistance testing for this
virus. Recombinant phenotyping has also been done to determine the significance
of various TK and DNA polymerase gene mutations for HSV and VZV drug resis-
tance,16,17 but given the number and variety of TK resistance mutations, resistance
testing of HSV and VZV isolates is more reliant on phenotypic approaches.
HERPES SIMPLEX VIRUS
Epidemiology of Antiviral Resistance

Acyclovir, valacyclovir, and famciclovir are drugs of choice for mucocutaneous HSV
infections and for preventive treatment, while intravenous acyclovir is used for serious
invasive disease such as encephalitis. The first clinical cases of acyclovir-resistant
HSV were reported in 1982, shortly after initial use of systemically administered
acyclovir.18,19 Despite the subsequent widespread use of acyclovir, clinically evident
drug resistance remains largely confined to the immunocompromised population, and
the frequency of isolation of acyclovir-resistant HSV has remained stable over time.20

Drug-resistant HSV disease is rare in immunocompetent hosts (<1% in various
reports), and typically is cleared without adverse clinical outcome.20–24 In immuno-
compromised hosts the prevalence ranges from 3.5% to 14%, with the most the
most immunosuppressed subset having the highest risk for resistance.20–25 Prolonged
use of acyclovir is an important risk factor for resistant HSV, but drug-resistant HSV
has been isolated in the absence of a known history of acyclovir exposure.26

Mechanisms of Resistance

Resistance of HSV to acyclovir is related to viral TK or DNA polymerase mutations.27

As viral TK is not essential for HSV replication, more than 90% of acyclovir resistance
in clinical isolates is associated with TK mutations.28 TK mutations may result in either
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a loss of TK activity (TK deleted or deficient virus) or, less commonly, an alteration in
TK substrate specificity (TK altered virus).28 Mutations in the TK gene are often due to
addition or deletion of nucleotides in homopolymer runs of guanines and cytosines,
resulting in frameshifting and loss of TK function.29,30 The specific TKmutations result-
ing from penciclovir exposure differ from those selected by acyclovir; cross-resistance
is expected with TK deficient mutants, though certain acyclovir-resistant TK altered
mutants appear to retain in vitro sensitivity to penciclovir.31 In addition, resistance
to ganciclovir is presumed in the case of TK-deficient mutants.32 Drug-resistant TK
mutants retain susceptibility to drugs that are not dependent on virally mediated phos-
phorylation, including foscarnet and cidofovir, unless a viral DNA polymerase mutation
is also present. Given the essential role of viral DNA polymerase in viral replication,
mutations in this gene occur less frequently and have been observed to cluster in func-
tional domains II and III. The cross-resistance patterns of these mutations vary and are
evaluated by recombinant phenotyping.3,33

Clinical Implications and Management of Resistant Virus

The clinical implications of antiviral-resistant HSV are related to the direct effects of
viral infection as well as the toxicities of second-line agents. Unchecked viral replica-
tion can lead to progressive and sometimes fatal invasive HSV disease.32,34,35 Recur-
rent, chronic, and extensive mucocutaneous HSV ulcerations have been observed in
immunocompromised individuals with drug-resistant virus.36 Drug-resistant HSV has
been associated with decreased neurovirulence in murine models when compared
with wild-type virus,37,38 with TK null mutants having the greatest reduction in viru-
lence.39 Though previously thought to lack the ability to establish and reactivate
from latency, it is now appreciated that TK null mutants may be able to do so by
way of reversion, due to ribosomal frameshifting or replication errors that create
subpopulations of TK altered virus.40,41 Human data for decreased pathogenicity of
drug-resistant HSV are lacking.
In clinical practice, management of suspected or proven acyclovir-resistant HSV is

generally with foscarnet, or less often with cidofovir. Management is often done empir-
ically based on the frequency of TK mutations, but cross-resistance may result from
DNA polymerase mutations, and emergence of both foscarnet and cidofovir resis-
tance while on therapy has been reported.36,42 Vidarabine, a purine analogue phos-
phorylated by cellular kinases with selectivity for HSV DNA polymerase, has in vitro
activity against HSV,43 but clinical experience has been disappointing for acyclovir-
resistant HSV in the human immunodeficiency virus (HIV)-infected population.44

Topical imiquimod, an immunomodulatory agent, or topical cidofovir have been
used successfully to treat some cases of drug-resistant mucocutaneous HSV infec-
tion.45,46 Topical treatments avoid the potential nephrotoxicity of systemically admin-
istered foscarnet or cidofovir. Management of drug-resistant HSV should include
efforts to improve the immune status of the patient, when possible, by decreasing
immunosuppressive therapy.
VARICELLA ZOSTER VIRUS
Epidemiology of Antiviral Resistance

The same antiviral drugs are used for VZV as for HSV. Given that acyclovir has less
potent activity against VZV than HSV, intravenous administration, frequent and high
oral doses, or the more bioavailable oral prodrugs (valacyclovir or famciclovir) are
needed to ensure therapeutic antiviral blood levels.47 Acyclovir-resistant VZV clinical
isolates have been reported uncommonly and mostly in the HIV population,48–51 with
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a few cases in oncology and transplant recipients.52,53 Unlike HSV, there are no large
surveillance studies of antiviral drug-resistant VZV, and available information exists as
case reports and series. Of note, there are 2 cases in the pediatric oncology literature
of chronic disseminated varicella disease attributable to the VZV vaccine strain Oka
with in vitro documentation of acyclovir resistance.54,55

Mechanisms of Resistance

Like HSV, VZV also expresses a TK, and VZV drug resistance is for the most part
attributable to TKmutations,3 which often result in a premature stop codon that makes
the virus TK deficient and appear to cluster at particular VZV TK gene loci.3,53 Limited
data from laboratory strains suggest that acyclovir-resistance mutations in the VZV
DNA polymerase genemay partially overlap mutations conferring resistance to foscar-
net.3 Not much is known of penciclovir-resistant clinical isolates. Although acyclovir
and penciclovir may select in vitro for different patterns of cross-resistance to other
antivirals, cross-resistance between the 2 drugs is expected.56

Clinical Implications and Management of Resistant Virus

Similar to HSV, the clinical implications of drug-resistant VZV relate to the direct
effects of viral replication and to the toxicities of alternative antiviral agents. Cases
of visceral dissemination and death due to progressive VZV infection unresponsive
to antiviral treatment were reported in HIV-infected subjects.51 A chronic verrucous
form of VZV is associated with drug-resistant virus in immunocompromised
hosts.52,55,57,58 Some VZV DNA polymerase mutants selected under foscarnet in
cell culture have a slow-growth phenotype,59 perhaps suggesting attenuated viru-
lence, although this has not been clinically validated.
Management of suspected or proven acyclovir-resistant VZV is generally with

foscarnet, as described mostly in HIV-infected individuals51,60 and some oncology
patients.52,54,55 Emergence of foscarnet resistance was detected in a few patients
being treated with the drug for acyclovir-resistant VZV,60,61 and attributed to a viral
DNA polymerase mutation.61 Although the literature on cidofovir treatment for drug-
resistant VZV is very limited,62 cidofovir is expected to retain activity against
acyclovir-resistant TK mutants.63 Vidarabine shows in vitro activity against VZV
DNA polymerase mutants,64 though clinical experience is limited.65 Susceptibility
testing of VZV isolates should be performed when drug resistance is suspected on
clinical grounds, and any immunosuppressive therapy should be minimized.
CYTOMEGALOVIRUS
Epidemiology of Antiviral Resistance

CMV is a well-recognized opportunistic pathogen in those with AIDS, in SOT and
HSCT recipients, and occasionally in nontransplant oncology patients, particularly
following major T-cell suppressive regimens.66 Ganciclovir and valganciclovir are
currently the principal drugs used for prevention and treatment of CMV infection,
and are widely used in transplant populations. Shortly following the introduction of
ganciclovir in the late 1980s, cases of ganciclovir resistance in immunocompromised
hosts began to appear in the literature.67 Much of our knowledge about CMV drug
resistance comes from studies of CMV retinitis in the AIDS population in the
1990s.68,69 More recently, studies have highlighted the problem in the SOT popula-
tion.70–78 The overall incidence of ganciclovir resistance among SOT recipients is
0% to 13%, and varies according to the type of organ transplant, the immunosuppres-
sive regimen and antiviral prophylaxis used, and the specific criteria for determining
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resistance.79 CMV seronegative recipients of organs from seropositive donors (D1/
R� subset), those with prolonged ganciclovir exposure and potent immunosuppres-
sion, and lung transplant recipients are at higher risk for developing antiviral drug
resistance. In the HSCT setting, the development of ganciclovir resistance is reported
to be uncommon and generally limited to case reports and small case series,80–85 with
the exception of the pediatric population for which there have been reports of rapid
emergence of resistance86–88; this may relate to less ganciclovir exposure in the
HSCT population, where a preemptive as opposed to a prophylactic approach to
CMV disease prevention is favored. Emergence of resistance to foscarnet and cidofo-
vir has also been reported in the SOT and HSCT population.76,80,81,86,89–91

Mechanism of Resistance

The literature on CMV drug resistance mutations is extensive,92–99 especially for gan-
ciclovir. More than 90% of resistant CMV isolates obtained following ganciclovir expo-
sure contain one or more characteristic mutations in the viral UL97 kinase gene,98

which apparently decrease the phosphorylation of ganciclovir without impairing the
important functions of this kinase in viral replication.98,100,101 Unlike the case with
HSV TK mutations, CMV UL97 drug resistance mutations cluster tightly at codons
460, 520, and 590-607 (Fig. 1). Mutations M460V/I, H520Q, C592G, A594V, L595S,
and C603W are among the most frequently encountered in ganciclovir-resistant
isolates.98 These mutations individually confer moderate ganciclovir resistance, with
an IC50 ratio of 5 to 10, except for C592G, which confers low-level ganciclovir resis-
tance with an IC50 ratio of about 2.5.98 These IC50 ratios are based on recombinant
phenotyping data,99 which are also available for many other less common UL97 muta-
tions. The accumulated genotype-phenotype correlations are the basis for the CMV
genotypic resistance testing that is available in various commercial and academic
laboratories.
CMV UL54 DNA polymerase mutations can confer resistance to any or all of the

current anti-CMV drugs. Many ganciclovir resistance mutations are located in the
exonuclease domains (Fig. 2) and typically confer cross-resistance to cidofovir.92,94

Mutations in and between catalytic regions II (eg, codons 700 and 715), III (eg, codons
802 and 809), VI (eg, codon 781), and at some nonconserved loci (eg, codon 756)
confer foscarnet resistance, as well as low-grade ganciclovir or cidofovir cross-resis-
tance in the case of mutations at region III.3,92,95 Uncommonly, single UL54 mutations
can confer simultaneous resistance to ganciclovir, cidofovir, and foscarnet.89,94,97 The
serial emergence of multiple mutations in patients on prolonged CMV antiviral therapy
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Fig. 1. Map of CMV UL97 gene functional domains and resistance mutations. Ganciclovir
resistance (GCVr) mutations are clustered at codons 460, 520, and 590-607. In the latter
region mutations A594V, L595S, C592G, and C603W are some of the most common, but
a variety of point and in-frame deletion mutations are known to confer varying degrees
of GCV resistance. Not all sequence changes at codons 590 to 607 confer ganciclovir resis-
tance. ATP, adenosine triphosphate.



Fig. 2. Map of CMV DNA polymerase functional domains, resistance mutations, and associ-
ated phenotypes. All listed mutations have been found in clinical isolates and validated by
recombinant phenotyping. Shaded regions indicate where resistance mutations are clus-
tered, with associated phenotypes indicated below. GCVr, ganciclovir resistance; CDVr, cido-
fovir resistance; FOSr, foscarnet resistance. Updated from Chou S, Lurain NS, Thompson KD,
et al. Viral DNA polymerase mutations associated with drug resistance in human cytomeg-
alovirus. J Infect Dis 2003;188:32–9; with permission.
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is well documented.93,102 A UL97 mutation conferring ganciclovir typically appears
first, followed by the addition of one or more UL54 polymerase mutations after pro-
longed therapy. The eventual phenotype of these isolates is often high-level resistance
to ganciclovir, with additional resistance to foscarnet and/or cidofovir.

Clinical Implications and Management of Resistant Virus

As with untreated CMV infection, the clinical consequences of infection with drug-
resistant CMV range from asymptomatic to severe. While asymptomatic infection
with drug-resistant virus has been noted, especially in clinical antiviral trials for disease
prevention,103 and persistent viremia without overt disease also occurs, drug-resistant
CMV has been reported more commonly in connection with severe
disease,75,77,80,83,84 probably because the host factors that predispose to serious
CMV disease are the same as those that favor the emergence of drug resistance.
There is insufficient evidence to assess the relative clinical virulence of wild-type
and drug-resistant CMV strains, even though several drug-resistant CMV DNA poly-
merasemutants have been reported to have a slow-growth phenotype in vitro.3,80,86,96

CMV drug resistance should be suspected in the setting of high or rising viral load
and/or progressive CMV disease despite appropriate induction doses of antiviral
therapy for at least 2 weeks, and with a history of cumulative antiviral drug exposure
of at least 6 weeks, except in some pediatric settings as noted earlier. When resis-
tance is suspected, laboratory testing for resistance should be pursued and immuno-
suppressive therapy should be minimized. There are no controlled studies to guide the
treatment of drug-resistant CMV infection. The degree of drug resistance, the antiviral
drug(s) and dose used, the competence of host immune response, and the site and
extent of CMV disease all play a role in determining outcome.
In the absence of immediate, life- or sight-threatening CMV disease, selection of

antiviral therapy should be guided by genotypic analysis of UL97 and UL54 genes.
The degree of phenotypic resistance known to be associated with a particular gene
mutation(s) has significant implications for choice of therapy. Low-grade ganciclovir
resistance in the case of non–life- or sight-threatening disease can potentially be
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addressed with higher-dose intravenous ganciclovir.78,79,104,105 High-grade ganciclo-
vir resistance with a major UL97 resistance mutation and suspected resistance in the
case of life- or sight-threatening disease is best managed with foscarnet. Use of
foscarnet is often complicated by nephrotoxicity, and long-term use is rarely tolerated.
Cidofovir is another option for ganciclovir-resistant CMV, providing there is not a poly-
merase mutation conferring cross-resistance to ganciclovir and cidofovir. Significant
nephrotoxicity has been associated with cidofovir use in HSCT recipients106; however,
the experience in SOT recipients is limited. Combination therapy with ganciclovir and
foscarnet has been recommended for treatment of drug-resistant CMV infection,
based on limited in vitro data107 and a small case series advocating reduced-dose
ganciclovir and escalating-dose foscarnet.108 Despite the lack of controlled studies,
combination treatment is a common practice in cases of documented multidrug resis-
tance or cases of life- or sight-threatening disease unresponsive to monotherapy.
Given the significant limitations of the currently available therapies for drug-resistant

CMV infection, alternative agents, both investigational compounds and drugs
currently licensed for other indications, have been studied. Maribavir, a benzimidazole
riboside, is a potent inhibitor of the CMV UL97 kinase, an enzyme important in various
aspects of CMV replication. Because maribavir inhibits UL97-mediated ganciclovir
phosphorylation, it antagonizes the antiviral action of ganciclovir, but may have an
additive anti-CMV effect when combined with foscarnet or cidofovir.109 No cross-
resistance has been observed between maribavir and other current anti-CMV
drugs.110 Maribavir-resistant laboratory CMV strains have been isolated in vitro111,112

and have been found to contain mutations in the UL97 and/or UL27 genes, which
confer high- and low-grade resistance, respectively.111–113 Maribavir was successfully
tested in phase 1 and 2 trials, which suggested low toxicity and in vivo antiviral
activity.114 However, two phase 3 trials as a CMV prophylactic agent in HSCT and liver
transplant recipients did not meet expectations of antiviral efficacy at the dosing regi-
mens chosen. Higher doses of maribavir could still be useful in treating drug-resistant
CMV, although clinical experience to date is limited to several transplant recipients,
some of whom may have benefited, albeit maribavir-resistant virus was isolated in
one case.115

Other experimental anti-CMV therapies are considerably less clinically developed
than maribavir. Inhibitors of viral DNA cleavage and processing include tomeglovir
(BAY-384766), and a benzimidazole D-riboside, GW-275175X, both of which under-
went preliminary clinical studies to demonstrate tolerability, but neither of which has
proceeded to more advanced clinical trials.116 In vitro resistance to tomeglovir
maps to the CMV UL89, UL56, and UL104 genes,117 supporting the novel mechanism
of action and expected lack of cross-resistance to current drugs. A lipid ester oral pro-
drug of cidofovir (hexadecyloxypropyl-CDV, or CMX001) has been shown to have in
vitro and in vivo activity against CMV, with excellent oral bioavailability and minimal
nephrotoxicity in preclinical studies.118–120 CMX001 may offer a better alternative to
the intravenous cidofovir formulation currently available. Cyclopropavir, a purine
nucleoside analogue, has been shown to have potent in vitro and in vivo activity
against CMV121,122 but has not undergone clinical trials. While cyclopropavir appears
to have a mechanism of action similar to ganciclovir, one study reported that some
ganciclovir-resistant isolates exhibited only slightly reduced susceptibility to cyclopro-
pavir122; more data are needed on the extent of cross-resistance between the 2 drugs.
Several drugs licensed for other indications and with no defined viral target appear

to have anti-CMV activity, although clinical experience is limited to case reports, small
case series, and retrospective cohort studies, with no controlled treatment data avail-
able. Their role in the treatment of drug-resistant CMV is unclear at this time but would
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likely be adjunctive to other antivirals. Several retrospective studies in SOT recipi-
ents,123–129 as well as a few studies in HSCT recipients,130,131 have demonstrated
a lower incidence of CMV infection in patients who have received immunosuppressive
regimens that included a target of rapamycin inhibitor, either sirolimus or everolimus.
Leflunomide, an immunosuppressive drug with an indication for the treatment of rheu-
matoid arthritis, has been demonstrated to inhibit CMV replication in vitro and in a rat
model.132 Clinical data on the use of leflunomide for treatment of CMV infection in
transplant recipients is mixed. When used as adjunctive therapy, a few successes
have been reported in the treatment of drug-resistant CMV81,133; however, lefluno-
mide is associated with significant hematologic and hepatic toxicity, and treatment
failures have been reported as well.134 Lastly, the antimalarial drug artesunate has
been shown to have inhibitory activity against CMV in vitro and in vivo.135,136 Artesu-
nate appears to have additive effects with ganciclovir, foscarnet, and cidofovir.135

There is one report of successful use in an HSCT recipient with foscarnet- and ganci-
clovir-resistant CMV infection.137
HEPATITIS B VIRUS
Antiviral Agents and Mechanism of Action

There are currently 7 FDA-approved agents for the treatment of hepatitis B. Three are
nucleoside analogues (lamivudine, entecavir, and telbivudine) and 2 are nucleotide
analogues (adefovir and tenofovir). Alpha-interferon, approved in 1992 for this indica-
tion, and more recently pegylated interferon, remains an important treatment option.
Lastly, passive immunization with hepatitis B immune globulin (HBIG) is used after
liver transplantation, in combination with a nucleoside or nucleotide analogue for
the prevention of HBV recurrence.138,139

All of the nucleoside and nucleotide analogues selectively target HBV DNA poly-
merase, which includes reverse transcriptase activity. Drugs in this class are phos-
phorylated by cellular enzymes to active form and then incorporated into growing
DNA, resulting in premature chain termination, amongst other inhibitory functions
related to viral replication. While drug-related side effects are generally minimal with
this class, adefovir is associated with nephrotoxicity in up to 12% of liver transplant
recipients,140,141 and caution is advised in patients receiving concomitant nephrotox-
ins. Although these antiviral compounds are effective to varying degrees in providing
long-term suppression, they do not eradicate HBV, which persists in hepatocytes in
the form of covalently closed circular DNA (cccDNA).142 In vitro studies have demon-
strated that antiviral therapy has little or no effect on cccDNA.143 Therefore, treatment
of chronic HBV infection is typically prolonged and issues of antiviral drug resistance
become important.
Historically, sequential and combination therapy was used to treat chronic HBV

infection, with changes made in response to the frequent emergence of antiviral
drug resistance. More recently, because of higher potency and lower rates of resis-
tance, entecavir and tenofovir have largely supplanted lamivudine and adefovir as
preferred first-line agents for antiviral naı̈ve individuals.144 For the significant number
of patients who have been successfully treated with lamivudine and adefovir, with
undetectable serum HBV DNA, there is no recommendation to change therapy.

In Vitro Evaluation of Antiviral Susceptibility

Genotypic resistance testing involves the detection of characteristic HBV polymerase
gene mutations, which can be performed at varying levels of sensitivity using broadly
applicable methods, such as standard sequencing of PCR products, restriction
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fragment length polymorphism, reverse hybridization, and single genome
sequencing.145 Conventional dideoxy sequencing is insensitive at detecting minor
subpopulations of mutant virus that comprise less than 20% of the circulating virus
population. The more sensitive assays can detect HBV DNA mutants that represent
5% to 10% of the entire HBV quasispecies, potentially allowing for earlier identification
of genotypic resistance. With the advent of newer sequencing technologies, such as
“ultra-deep” pyrosequencing, mutants comprising less than 1% of the viral pool can
be identified and characterized.146 The clinical utility and value of these more sensitive
techniques remains to be determined. Genotypic testing is standard clinical practice
as it is rapid and practical, but subject to the usual limitation that it cannot interpret
novel or previously uncharacterized mutations and cannot directly assess such prop-
erties as the replication fitness of drug-resistant mutants.
Standardized phenotypic testing for HBV drug susceptibility has been limited by the

absence of a cell culture system that allows fully permissive infection. A human hepa-
toma cell line maintained with dimethyl sulfoxide and hydrocortisone to promote cell
differentiation and phenotypic stability147 has been developed as a means of
comparing the relative antiviral susceptibility and growth fitness of HBV mutants.148

Cell culture systems may involve transient transfection of HBV clones or construction
of cell lines that permanently express drug-resistant mutants.149 Alternatively,
biochemical assays of expressed HBV polymerase have been used to assess inhibi-
tion by drug, independent of cell culture. Although current HBV recombinant pheno-
typing approaches may not accurately model viral replication in vivo, they are
necessary for validating the interpretation of genotypic resistance testing data.

Epidemiology of Antiviral Resistance

Given the high viral replication rate and the error-prone nature of HBV reverse tran-
scriptase, emergence of drug resistance is expected.150 Drug resistance has been
associated with a variety of patient and viral factors. Host factors that contribute to
an increased risk for drug resistance include older age, high body mass index (weight
in kilograms divided by height in meters squared), medication noncompliance, immu-
nosuppression, high pretreatment HBV DNA levels, baseline hepatic enzyme eleva-
tions, and abundant replication space (large number of uninfected hepatocytes, as
in a newly transplanted liver).151–156 The viral mutation frequency, the magnitude
and rate of virus replication, and the overall replication fitness of the mutant are critical
viral determinants in risk for drug resistance.157

Apart from host and virus factors, the potency and genetic barrier to resistance of
the antiviral drug is of critical importance in determining risk for drug resistance.150

The genetic barrier reflects the number and type of mutations that must be accumu-
lated in order for the virus to develop significant drug resistance while maintaining
adequate growth. Lamivudine is an intermediate potency drug with a low genetic
barrier to resistance, resulting in high resistance rates. Adefovir is a low potency
drug with an intermediate genetic barrier to resistance, and therefore an intermediate
rate of resistance. Telbivudine is a high-potency drug, though with a low genetic
barrier to resistance, and so resistance rates are intermediate. Lastly, entecavir and
tenofovir are considered high-potency antivirals, with a high genetic barrier to resis-
tance, and therefore low rates of resistance. Among antiviral-naı̈ve patients, drug
resistance has been reported in up to 70% of patients treated with 5 years of lamivu-
dine therapy, 29% after 5 years of adefovir, 20% after 2 years of telbivudine, and 1%
after 5 years of entecavir.152,158–162 Resistance rates are significantly higher in patients
with prior exposure to lamivudine, with rates of up to 18% at 1 year following switch to
adefovir monotherapy and 51% at 5 years following switch to entecavir.150,163
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Mechanism of Resistance

The HBV polymerase gene is the target for nucleoside and nucleotide analogues. The
enzyme has 4 functional domains (terminal protein, spacer, Pol/rt [polymerase/reverse
transcriptase], and RNaseH), with 7 catalytic subdomains (A–G) in the Pol/rt region
(Fig. 3).150 Antiviral drug-resistant strains have signature mutations in the reverse tran-
scriptase domains of the viral polymerase gene, with most substitutions occurring in
domains B, C, and D. Resistance mutations alter the interaction between HBV poly-
merase and drug.164 Molecular modeling studies of the interaction of wild-type and
mutant HBV polymerase with natural thymidine triphosphate substrate and with
anti-HBV agents highlight the important conformational changes in mutants that
confer drug resistance.165 While the interaction of each nucleoside or nucleotide
analogue with HBV polymerase appears to be mechanistically unique with regard to
binding affinity and shifting after ligand attachment, all drug-resistant mutants seem
to exhibit either altered binding of substrate or downstream structural changes that
interfere with the inhibitory effect of drug on viral polymerase. After emergence of
primary resistance mutations, compensatory mutations that restore replication
capacity may arise, as well as secondary resistance mutations that increase drug
resistance when they accumulate on the same viral genome.
High-level lamivudine resistance is most often caused by mutations M204I/V, which

are in the YMDD (tyrosine-methionine-aspartate-aspartate) motif in the C domain of
the polymerase gene,166 and infrequently by A181V/T mutations.167 M204V is almost
always accompanied by compensatory mutations L180M and/or V173L, resulting in
restored fitness of the mutant.166,168 The M204I mutation confers high-level cross-
resistance to telbivudine, but M204I/V mutations do not appear to reduce suscepti-
bility to adefovir and tenofovir.162,169 The signature mutation associated with
Terminal
Spacer Pol/rt RNaseH

protein

amino acid 1                    183                       349            692                  845

I (G) II (F) A B C D E

amino acid 24-36 37-47 24-36 159-182 200-210 230-241 247-257

Lamivudine resistance
L80I/V* V173L* M204I/V

L180M*

A181V/T

Adefovir resistance A181V/T N236T

Entecavir resistance†
I169T S202I M250V
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Telbivudine resistance M204I
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† with concomitant L180M-M204I/V resistance mutations

* compensatory mutations

Fig. 3. Map of HBV polymerase gene functional domains (terminal protein, spacer, Pol/rt,
RNaseH), catalytic subdomains (A–G), and resistance mutations. Pol/rt, polymerase/reverse
transcriptase.
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telbivudine resistance is M204I, either alone or in association with the secondary
mutations L80I/V or L180M.162

N236T and A181V/T are adefovir-resistance mutations.159,170 Although the resis-
tance conferred by these mutations is less than that associated with M204I/V and lam-
ivudine resistance, virological breakthrough is seen.169–171 The N236T mutation
reduces viral replicative capacity in vitro and confers cross-resistance to tenofovir
but not to lamivudine or telbivudine.172

Resistance to entecavir appears to occur though a 2-hit mechanism, whereby
classic lamivudine-resistant mutants (L180M, M204I/V) are selected in patients on
lamivudine or, less frequently, in patients on primary therapy with entecavir.173 During
continued entecavir treatment, additional mutations at I169T and M250V or T184G
and S202I are selected, conferring resistance to entecavir.174–176

Resistance to tenofovir currently appears to be unusual,177 although more experi-
ence with this drug for treatment of chronic HBV is needed. There is a report of viro-
logic breakthrough on tenofovir in 2 HBV/HIV coinfected patients with prior lamivudine
exposure (L180M-M204V mutations) and an A194T mutation.178 However, A194T was
not shown to confer resistance to tenofovir in vitro,179 suggesting that it may instead
be a viral sequence polymorphism or a lamivudine compensatory mutation.180

Clinical Implications and Management of Resistant Virus

With the availability of safe and effective oral HBV antiviral agents in the late 1990s and
the switch from HBIG monotherapy to combination therapy (HBIG plus antivirals) in
HBV-infected liver transplant recipients, HBV recurrence rates have decreased signif-
icantly.181–183 Antiviral drug resistance remains an important factor in HBV reinfection
after liver transplantation. Clinical consequences of the emergence of drug-resistant
HBV range from asymptomatic viremia to serum transaminase flares, worsening liver
histology, hepatic decompensation and, occasionally, death.152,171,184 Drug resis-
tance is associated with virologic breakthrough,185 defined as an increase in serum
HBV DNA by at least 1.0 log10 (10-fold) above nadir, or the reappearance of serum
HBV DNA with previously undetectable HBV DNA on 2 or more occasions at least
1 month apart while on treatment and after initial response is achieved in a medica-
tion-compliant patient.145 Ultimately biochemical breakthrough, defined by elevation
of hepatic transaminase values (hepatitis flare), occurs.
Genotypic resistance testing is important because not all virologic breakthrough is

attributable to drug resistance. As many as 30% to 50% of viral breakthroughs
observed in clinical trials are due to medication noncompliance,145 a figure likely to
be higher in clinical practice. When virologic breakthrough is associated with the
emergence of resistance mutation(s), the inferred cross-resistance phenotype is
used to develop a timely plan of action, such as a change to another drug or combi-
nation therapy.186

Management of lamivudine-resistant virus has involved the addition of adefovir,
a strategy that has been shown to result in high rates of virologic suppression and
a lower emergence rate of adefovir resistance than sequential monotherapy.186,187

Tenofovir, a potent antiviral drug with excellent activity against lamivudine-resistant
virus, appears to be superior to adefovir monotherapy for treatment of lamivudine-
resistant virus188; comparison of tenofovir with combination adefovir-lamivudine in
this setting, however, has not yet been reported in large-scale clinical studies. Enteca-
vir is not a good option for lamivudine-resistant virus given the observed emergence of
resistance.176,189 Telbivudine resistance is associated with the M204I mutation, and
although there are in vitro data demonstrating telbivudine activity against the
M204V lamivudine-resistant mutant,190 clinical data are not available at this time.
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Telbuvidine should not be relied on for treatment of lamivudine-resistant virus, and
management of telbivudine resistance should be similar to management of lamivudine
resistance. Management of adefovir-resistant virus is dependent on the type of muta-
tion(s) and the antiviral drug history of the patient. Lamivudine has proved to be effec-
tive in suppressing adefovir-resistant HBV with the N236 T mutation,170,191 and it is
presumed that telbivudine would also be effective based on in vitro data.190 The dura-
bility of response in patients with previous lamivudine resistance, however, is unclear,
with a report of reemergence of lamivudine resistance after reintroduction of drug.192

There are in vitro data to suggest that entecavir may be a reasonable choice for N236T
mutants,193 with the caveat that the benefit may be short-lived in patients with prior
lamivudine resistance. For patients with the N236T mutation, options include switch-
ing to or adding entecavir, adding lamivudine (or telbivudine), or switching to tenofovir.
The activity of lamivudine (and likely telbivudine) against the A181 V adefovir-resistant
mutants is decreased compared with wild-type HBV.167 Whereas the A181T mutant
has been shown in vitro to have decreased susceptibility to tenofovir,167 in the clinical
setting entecavir and tenofovir have been effective in suppressing replication of A181T
adefovir-resistant mutants.194,195 In the case of an A181T mutation, management
options include switching to or adding entecavir, or switching to tenofovir; lamivudine
should not be used in this scenario given the risk of cross-resistance.167

There are no large-scale clinical studies yet available to guide the treatment of ente-
cavir-resistant HBV. From in vitro data and case reports it appears that adefovir and
tenofovir are effective for entecavir-resistant HBV.176,196,197 Based for the most part
on expert opinion, a recommended approach for entecavir-resistant virus is to add
tenofovir or adefovir.145,150,194 Data on management of tenofovir-resistant HBV are
not yet available, given the low rate of resistance observed with early use of this drug.
Emtricitabine, a potent nucleoside analogue that is currently FDA-approved for the

treatment of HIV, is currently in late phase clinical trial for management of chronic
HBV.198 At the target treatment dose of 200 mg daily, resistance to emtricitabine
was observed in 9% of treatment-naı̈ve patients at 1 year and rose to 20% after 2
years.198 Emtricitabine resistance is conferred by the M204I/V mutation with or
without the accompanying L180M and V173L mutations, therefore implying cross-
resistance to lamivudine and telbivudine.
THE FUTURE

As antiviral therapy becomes widely used in immunosuppressed patient populations,
concerns about drug resistance will require a better understanding of the relevant
virus-, host-, and drug-related factors. Knowledge of genetic mechanisms and asso-
ciated viral mutations has allowed for development of genotypic techniques for the
timely diagnosis of resistance. The accuracy of this testing will be improved by
recombinant phenotyping data that validate the drug resistance properties associated
with the many viral sequence changes detected in clinical specimens. An accessible
and authoritative database of drug resistancemutations needs to be available for each
virus to guide therapeutic decisions. More comprehensive information on the epidemi-
ologic, host, and drug exposure factors that favor the emergence of resistant virus can
be used to develop better strategies for prevention, early detection, and appropriate
treatment change. Ideally, controlled trials are needed to compare sequential and
combination use of alternative therapies, optimize dosing schedules, and evaluate
adjunctive therapies that seek to improve host conditions for antiviral drug efficacy.
There is an ongoing need for less toxic but potent new antiviral drugs that preferably
target different aspects of viral replication to reduce the risk of cross-resistance.
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