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How recent advances in molecular tests could impact the diagnosis of pneumonia
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ABSTRACT

Molecular diagnostic tests have been the single major development in pneumonia diagnostics over
recent years. Nucleic acid detection tests (NATs) have greatly improved the ability to detect respiratory
viruses and bacterial pathogens that do not normally colonize the respiratory tract. In contrast, NATs do
not yet have an established role for diagnosing pneumonia caused by bacteria that commonly colonize
the nasopharynx due to difficulties discriminating between pathogens and coincidental carriage strains.
New approaches are needed to distinguish infection from colonization, such as through use of
quantitative methods and identification of discriminating cut-off levels. The recent realization that
the lung microbiome exists has provided new insights into the pathogenesis of pneumonia involving
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the interaction between multiple microorganisms. New developments in molecular diagnostics must

account for this new paradigm.

Pneumonia continues to provide a huge global burden of
disease [1]. Although the incidence of pneumonia increases
with increasing age, it is not widely appreciated that pneumo-
nia is also the world’s biggest killer of young children [2].

A wide variety of microorganisms are listed as pneumonia
pathogens [3], and identification of pneumonia etiology is
useful for both patient management and surveillance pur-
poses. However, despite increased recognition of the burden
of disease and advances in effective vaccines against major
pneumonia pathogens, we continue to struggle in our efforts
to identify the pathogens that cause pneumonia in individual
patients [4]. Indeed, historically, we have been unable to
define a causative pathogen in a significant proportion of
pneumonia episodes, even with the best methods.
Determining the microbial etiology of pneumonia in children
has been a particular challenge [5]. The implications of poor
pneumonia diagnostics extend to the population level as well;
assessment of interventions, such as vaccines, is hindered by
suboptimal measures of disease impact that often rely on
accurate surveillance data [6].

Why is it so difficult to determine the microbial etiology of
pneumonia? The inability to obtain good quality specimens
from the lower respiratory tract is one fundamental problem
with pneumonia diagnostics. Whereas, it is relatively easy to
get specimens from the site of infection with diseases such as
meningitis, gastroenteritis, and endocarditis, obtaining repre-
sentative and uncontaminated specimens from the lungs in
pneumonia is a challenge. Sputum and bronchoscopic speci-
mens may be contaminated by normal respiratory flora, and
transthoracic lung aspirates are rarely performed despite a
good safety profile [7]. Instead, we are currently reliant on
testing more distant clinical specimens, particularly from the
upper respiratory tract, blood, or urine. In general, testing
these specimens has suboptimal sensitivity and/or specificity

for determining the microbial etiology of pneumonia with
confidence. A second important issue hindering our ability to
determine pneumonia etiology is the fact that some major
pneumonia pathogens, such as Streptococcus pneumoniae,
Haemophilus influenzae, and Staphylococcus aureus, may also
asymptomatically colonize the upper respiratory tract as part
of normal oropharyngeal flora. Consequently, the detection of
these microorganisms is insufficient by itself in order to attri-
bute pneumonia causation.

This perspective reviews the current use of molecular diag-
nostics for determining the microbial etiology of pneumonia
and future prospects for this purpose. The focus is on recent
advances and their clinical applications rather than detailed
description of specific technologies.

Current pneumonia diagnostics

Presently, we are still reliant on traditional diagnostic tools
that have been used for decades to determine the microbial
etiology of pneumonia. Current guidelines for the manage-
ment of community-acquired pneumonia in adults typically
recommend that microbiologic testing should be largely
restricted to patients with more severe disease, and give
guidance about the judicious use of blood cultures, sputum
microscopy and culture, urinary antigen tests, and serology [8-
10]. Guidelines for the management of community-acquired
pneumonia in children are even more restrictive, again recom-
mending that tests should mainly be used on patients with
severe disease, with a focus on blood cultures and detection
of respiratory viruses [11,12]. Common to these guidelines is a
cautious approach to the use of molecular diagnostics,
although this may change with ongoing reviews. This caution
is driven partly by the perceived and real lack of commercial
and standardized assays and partly by lack of good data on
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diagnostic accuracy. There is also a lingering perception that
molecular diagnostics are expensive tests and that use should
be restricted on this basis. Cost is not the barrier it used to be,
and the relative price of molecular diagnostics has actually
fallen over recent years. Indeed, many molecular assays are
now comparable in cost to conventional culture-based
methods.

Molecular diagnostics for pneumonia

Molecular methods have been a particularly welcome addition
to the pneumonia diagnostic toolbox. Collectively, they repre-
sent the single biggest recent advance in the field. While not
exactly new (polymerase chain reaction (PCR) assays for
respiratory pathogens have been around for over 20 years),
the widespread adoption of nucleic acid detection tests (NATSs)
by diagnostic laboratories has been relatively slow. This con-
trasts to NATs for other infectious diseases, which have been
more quickly embraced by laboratories and clinicians [13]. A
major reason for the slow uptake and acceptance of respira-
tory NATs has been the lack of commercial assays. This situa-
tion is changing rapidly, undoubtedly spurred on by recent
outbreaks of global concern, such as pandemic influenza,
Middle East respiratory syndrome (MERS), and Ebola [14-16].
Indeed, the increased availability of commercial assays is the
major change in the area since | first started reviewing the role
of molecular diagnostics in pneumonia over 10 years ago
[17,18].

To date, molecular tests for pneumonia have mainly
focused on detection of specific known pathogens by NATs.
NATs have several advantages over other existing diagnostic
tools. They potentially detect low levels of all-known pneumo-
nia pathogens in clinical specimens, do not depend on the
viability of the target microbe, and can provide results within a
clinically relevant time frame. They are also probably less
affected by previous antimicrobial therapy than are culture-
based diagnostic methods. There are now a wide variety of
user-friendly platforms that have enabled NATs to be
deployed in laboratories outside of specialist tertiary referral
centers. Although NATs have mainly focused on detecting the
presence of a particular microorganism, they may also provide
additional information, such as data on antimicrobial resis-
tance and strain typing.

The NATs that are most widely used in diagnostic labora-
tories are those that detect potential pneumonia pathogens
that are not part of the normal flora, namely respiratory
viruses and selected non-colonizing bacteria. For these
microbes, simply detecting their presence in a respiratory
sample has been regarded as sufficient evidence to assign
causation. In contrast, NATs for other bacteria, including
some of the most important pneumonia pathogens, have
struggled for a defined role outside research laboratories.
NATs for detection of the following respiratory pathogens
now have established roles.

Respiratory viruses

NATs have revolutionized the diagnosis of viral respiratory
tract infections [19,20]. With high sensitivity and specificity,

rapid turnaround time, and availability as commercial assays,
NATs are now the testing method of choice for respiratory
viruses. Respiratory viruses commonly detected by NATSs, often
in large multiplex panels, include influenza A and B viruses,
respiratory syncytial virus, parainfluenza viruses, human
metapneumovirus, human rhinoviruses, enteroviruses, adeno-
viruses, human bocavirus, and several coronaviruses (0C43,
229E, NL63, and HKU1). NATs are also established diagnostic
tools for detection of severe acute respiratory syndrome-
coronavirus and MERS-coronavirus [16,20].

In the context of pneumonia, the detection of a respiratory
virus in an upper respiratory specimen by a NAT has been
regarded as sufficient to assign causation in both children and
adults [21]. However, this assumption is not always reliable.
There is still debate about the exact role (if any) of some
viruses in the pathogenesis of pneumonia, including human
rhinoviruses and human bocavirus [22]. This has led some to
question the wisdom of using large multiplex NAT panels as
first-line tests for respiratory pathogens given potential pro-
blems with interpretation of positive results [23]. In addition,
when control groups are used in pneumonia etiology studies,
respiratory viruses are often detected in a similar proportion of
both subjects with and without pneumonia, especially in chil-
dren [24,25]. These findings vary by specific virus, with influ-
enza A and B viruses, respiratory syncytial virus, and human
metapneumovirus being typically detected in a significantly
higher proportion of cases with pneumonia than controls.

Legionella species

Environmental bacteria of the genus Legionella are the cause
of Legionnaires’ disease, a pneumonia that requires specific
antimicrobial treatment and is often associated with outbreaks
[26]. Of the many Legionella species that can cause human
infection, Legionella pneumophila is the most common cause
globally, with infection usually acquired from water sources.
Other species predominate in some geographic locations,
particularly Legionella longbeachae which is an inhabitant of
soil and compost. There is no human-to-human spread of
Legionnaires’ disease, and human infection follows environ-
mental exposure to the causative microorganism.

Legionella spp. are fastidious organisms and the traditional
reliance on culture, serology, and urinary antigen tests has led
to underdiagnosis of Legionnaires’ disease globally [27].
Indeed, the almost sole reliance on the urinary antigen test,
which can only detect L. pneumophila serogroup 1, in some
parts of the world has created a ‘blind spot’ for Legionnaires’
disease caused by other species and serogroups [27]. NATs
have long been used to detect Legionella infection [27] and
are well-suited for this purpose. Legionella are not regarded as
human colonizers [28], and the detection of any amount of
legionellae in a clinical specimen is regarded as diagnostic for
infection, assuming contamination has not occurred during
the testing process. Furthermore, all species and serogroups
can be detected. Legionella DNA has been detected in both
upper and lower respiratory samples, urine, and blood from
patients with Legionnaires’ disease [29-34], although sputum
and other lower respiratory samples are regarded as the speci-
mens of choice [31]. Recently, the systematic use of PCR [31]



and collection of induced sputum from patients unable to
expectorate [35] have uncovered a hidden burden of
Legionnaires’ disease and have demonstrated the diagnostic
utility of NATSs for this disease. Arguably, NATs are now the test
of choice for Legionnaires’ disease.

Being an environmental organism, there has been concern
about Legionella contamination during testing, highlighted by
the occasional documented contamination of nucleic acid
extraction kits [36]. This problem can be overcome by strict
adherence to good laboratory practice.

Mycoplasma pneumoniae

Mycoplasma pneumoniae is associated with a variety of both
upper and lower respiratory tract infections and is an impor-
tant cause of pneumonia, frequently occurring in outbreaks.
NATs are now widely regarded as the methods of choice for
detection of M. pneumoniae infections [37,38], and
a M. pneumoniae target has been incorporated alongside
viral targets in many large respiratory multiplex panels. In
practice, NATs have also been useful for M. pneumoniae out-
break identification and management [39]. Both upper and
lower respiratory tract specimens are suitable for testing by
NATs, and a positive result in the context of pneumonia is
regarded as being diagnostic, as asymptomatic carriage
of M. pneumoniae is uncommon [40].

Chlamydophila pneumoniae

Chlamydophila pneumoniae is a relatively common cause of
community-acquired pneumonia in some geographic regions,
but is not typically associated with severe disease [41,42].
NATs have long been used for diagnostic purposes and,
indeed, C. pneumoniae NATs were the focus of some of the
earliest efforts to standardize NATs for respiratory pathogens
[43]. Perhaps because of the association with milder disease,
C. pneumoniae targets have not been a priority for incorpora-
tion into multiplex respiratory panels.

Pneumocystis jirovecii

Colonization with Pneumocystis jirovecii is common among the
general population and is associated with pneumonia in
immunocompromised individuals. NATs have advantages
over traditional microscopy-based diagnostic tools, detecting
P. jirovecii in induced sputum, bronchoscopic, or oropharyn-
geal specimens with high sensitivity [44]. Indeed, it was PCR-
based methods that provided some of the early evidence of
the existence of P. jirovecii colonization [45]. The use of quan-
titative methods has been necessary in order to discriminate
between colonization and disease; thus, at least partially over-
coming the problem of false-positive results. Although promis-
ing, the cut-off values remain to be standardized for
quantitative NATs and may vary with patient population [46].

Mycobacterium tuberculosis

Microscopy and culture of lower respiratory samples remain
the standard diagnostic tools for tuberculosis. Despite
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improvements in culture-based methods, the slow turnaround
time for laboratory diagnosis and global concern about dis-
ease burden and multidrug resistance has provided the
impetus for the development of rapid testing methods [47].
Considerable effort has been put into the development of
NATs for Mycobacterium tuberculosis, and several commercial
assays are now widely available [48]. Interestingly, tuberculosis
is unusual among infectious diseases in that NATs are less
sensitive than culture, a possible consequence of difficulty
with DNA extraction. Sensitivities are typically 92-100% for
smear-positive specimens and 40-93% for smear-negative
specimens [48]. Importantly, small, user-friendly platforms
(such as the Xpert MTB/RIF assay) have been developed to
an extent that they have been successfully deployed in many
resource-poor locations where rapid diagnostics for tubercu-
losis are most needed [47,49]. This is a real success story and
highlights what can be achieved with molecular diagnostics
outside major laboratories.

Bordetella pertussis

NATs are now established tests for the detection of the cau-
sative agents of pertussis [50-52]. While Bordetella pertussis is
the major cause of pertussis in humans and can be compli-
cated by pneumonia [53,54], Bordetella bronchiseptica,
Bordetella holmesii, and Bordetella parapertussis have all been
occasionally associated with (often milder) pertussis-like ill-
nesses [50]. NATs are the most sensitive methods for the
detection of B. pertussis and, with rapid turnaround times,
have been invaluable tools in outbreak management [55,56].
The main limitation of B. pertussis NATSs is specificity, particu-
larly the ability of the most widely used (I1S481-based) assays
to also detect B. holmesii, which is generally considered a false
positive result [50]. The use of dual target assays has been
advocated to overcome this potential problem [52].

Current limitations of molecular diagnostics

What are the limitations of molecular diagnostic tests for
pneumonia and what needs to be addressed in order to
progress with development? Common to all pneumonia diag-
nostic testing, the inability to obtain good quality specimens
from the lower respiratory tract is a major problem that will
only be overcome through new innovative and safe methods
of specimen collection and a greater understanding of the
relationships between changes in the lung and in more distant
specimens in pneumonia.

A second-major limitation of NATs is their inability to dis-
tinguish pathogens from innocent bystanders. In essence, we
need two pieces of information. First, is a particular microor-
ganism present in the clinical specimen? Second, if the micro-
organism is present, is it causing this episode of pneumonia?
To date, diagnostic efforts have focused almost exclusively on
the first question and have ignored the second, which is
usually much more difficult to answer unless the microorgan-
ism is never present as a colonizer (e.g. Legionella spp.). The
efforts to use NATs as a diagnostic for pneumococcal pneu-
monia illustrate some of the key issues.
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S. pneumoniae is regarded as the most common cause of
pneumonia in all age groups and yet, molecular tests do not
have an established diagnostic role [57]. S. pneumoniae is also
a common nasopharyngeal colonizer, with carriage prevalence
exceeding 50% among children in some regions of the world
[58]. Earlier pneumococcal PCR assays, such as those targeting
the pneumolysin gene, had problems of poor specificity due
to detection of other, closely related streptococci [59],
although false-positive results are less likely with some of the
currently more widely used targets (e.g. autolysin gene) [60].
S. pneumoniae is frequently detected by NATs in both upper
and lower respiratory specimens from patients with pneumo-
nia [59], but the clinical implications of a positive result are
uncertain given the relative high prevalence of pneumococcal
carriage. Testing of blood for S. pneumoniae by PCR has been
promoted as an alternative approach that can potentially
avoid issues of contamination. Among lItalian children, blood
PCR showed promise as a diagnostic for invasive pneumococ-
cal disease [61-64] with high specificity [65]. However, in other
populations, positive results have been reported in control
participants who do not have suspected pneumococcal dis-
ease [66], raising concerns about the broader utility of this
approach. In particular, false-positive results are relatively
common in children from developing countries where pneu-
mococcal carriage is common [67]. Consequently, a positive
pneumococcal NAT result alone is usually not enough to
diagnose pneumococcal pneumonia. The possible exception
is the use of NATs to detect S. pneumoniae in pleural fluid
[68,69].

Another important limitation with current NATs is their
focus, by nature, on specific known or suspected pneumonia
pathogens. Implicit with this focus is the assumption that we
know the full range of key potential pathogens that cause
pneumonia. This may well be correct, but there is increasing
interest in the use of modern techniques, such as next gen-
eration sequencing, which provide the opportunity for disco-
vering new or unexpected pathogens [70,71]. The broader
approach of these technologies may provide novel insights
into pneumonia etiology, but have yet to show added advan-
tage as a routine diagnostic tool [72]. No major new pneumo-
nia pathogens have been uncovered over recent years.

A key reason for the slow adoption of respiratory NATs by
diagnostic laboratories is the lack of commercial assays that
have been approved by regulatory bodies. The impact has
probably been felt more in the USA given the strict require-
ments of the US FDA. The level and importance of regula-
tion have been debated [73,74], and it is clear that a balance
is needed between appropriate regulation of new diagnos-
tics, while avoiding unnecessary barriers to the deployment
of useful tests. The use of molecular tests for Legionnaires’
disease is a good example of how assay regulation has had
an impact on diagnostic strategies. Despite NATs being the
diagnostic test of choice for Legionnaires’ disease, the short-
age of FDA-approved assays has severely limited the use of
these tests in the USA, resulting in the continued use of
suboptimal diagnostics and underdiagnosis of this disease
[27]. Moreover, the absence of a prominent role in diagnos-
tic algorithms has possibly led to an incorrect perception
that the performance of NATs is inadequate. Hopefully,

increased experience with these tests will reverse this
perception.

New insights into pneumonia pathogenesis

A major recent revelation in respiratory medicine has been
recognition of the lung microbiome [75]. Until recently, the
lungs in health were regarded as sterile. The use of modern
culture-independent techniques has not supported this con-
cept, consistently finding evidence of bacteria in the lower
airways [75]. This important realization has challenged our
traditional paradigm of pneumonia pathogenesis. The tradi-
tion view that pneumonia is caused by a single invasive
pathogen in a normally sterile site is likely wrong. Increasing
recognition that bacteria and viruses frequently interact in the
causative pathway to pneumonia [76,77] adds additional com-
plexity, as does the frequent finding of polymicrobial infec-
tions [78]. Under the new paradigm, dominant species emerge
from the lung ecosystem in pneumonia through uncertain
mechanisms, and the bacterial versus viral pneumonia con-
cept is too simplistic. Consequently, we probably need to use
more sophisticated approaches to pneumonia diagnosis than
assays that simply target single specific putative pathogens.
We have a lot to learn and are only just beginning to
understand changes in the microbiome during acute infec-
tions [75,79,80]. Analysis of the lung microbiome may provide
insights into pneumonia etiology and reveal novel markers for
pneumonia prognosis and for treatment guidance [81].
Molecular diagnostic techniques clearly have a central role in
these metagenomic analyses [82,83], providing another
opportunity for next generation sequencing technology.

Future directions

Any future developments in pneumonia diagnostics must be
cognizant of new knowledge about the lung microbiome and
about changes in the lungs during the pathway to pneumo-
nia. There is likely to be less focus on just the detection of
specific known pathogens, with more interest in the search for
markers of change in the lung microbial ecology in the dis-
eased state. The potential application of metagenomics in the
diagnostic laboratory is still uncertain and will dependent on
the emergence of improved sequencing technology and
bioinformatics software. Whole genome sequencing of bacter-
ial isolates is already being increasingly used for strain char-
acterization and epidemiological analyses [84].

For detection of specific pathogens, existing molecular
tests can detect very low microbial loads with high analytical
specificity. It is unlikely that further test developments will
lead to significantly improved performance than we have
now. Indeed, the interpretation of low-level positive results
from NATs already provides a dilemma for diagnostic labora-
tories. Instead, the focus of developers should be on making
test platforms that are more user-friendly and that allow
shorter turnaround times.

We also need to place greater attention on the meaningful
interpretation of positive results in order to determine which
microorganisms are actually causing individual episodes of
pneumonia. One approach to help distinguish infection from



contamination or colonization is to quantify microbial load by
molecular methods. The situation is analogous to culture-
based methods, whereby organisms isolated in greater quan-
tities from certain cultures are regarded as more likely to be
clinically significant. This approach depends on the determina-
tion of cut-off microbial load levels that will provide sufficient
diagnostic accuracy to distinguish infection from colonization/
contamination. However, given the lack of suitable compara-
tor ‘gold’ standards, these cut-off values are very difficult to
identify in a scientific manner. They may also vary for different
microorganisms.

Quantitative multiplex PCR has been used to determine the
etiology of community-acquired pneumonia in adults using cut-
offs developed for interpretation of culture results from lower
respiratory tract specimens [85,86]. Not surprisingly, the addition
of PCR targets for common bacterial pneumonia pathogens,
such as S. pneumoniae, resulted in an etiological diagnosis
being made in a high proportion of cases. However, these cutoffs
have been determined by expert opinion and, although gener-
ally intuitive, might be quite misleading. Despite the challenges
in doing so, we need more objective assessment of cut-off values
using good scientific and epidemiologic principles.

Quantitative approaches have also been applied to nasophar-
yngeal specimens. Among HIV-infected adults in South Africa,
quantitative PCR testing of nasopharyngeal samples distin-
guished between pneumococcal pneumonia and asymptomatic
pneumococcal colonization with reasonable diagnostic accuracy
[87,88]. Data from other populations are needed in order to
assess whether this method can be used in clinical practice.
Microbial load in pneumonia can also be a prognostic marker.
For example, pneumococcal density in the nasopharynx [89] and
blood [90,91] are associated with disease severity in adults.

We can probably also be more innovative with statistical
methods to help interpret molecular test results. Statistical
modeling techniques can be used to help overcome the lim-
itations of diagnostic testing for pneumonia, particularly the
lack of good comparator standards. Latent class analysis has
been used to determine the prevalence of pneumonia caused
by specific pathogens in epidemiologic studies [92,93] and for
the assessment of diagnostic tests in tuberculosis [94,95].
Possibly the most sophisticated use of statistical modeling
techniques in the context of pneumonia etiology is currently
being undertaken as part of the Pneumonia Etiology Research
for Child Health (PERCH) study [96]. PERCH is a large 7-country
case-control study focused on the causes of severe pneumonia
in young children from developing countries, the findings of
which will be published in 2016. In this study, partially latent
class models have been designed for estimating the popula-
tion etiology distribution and the individual etiology probabil-
ities for specific pneumonia pathogens, with a major focus on
molecular diagnostic test results [97]. The findings of PERCH
are awaited with great anticipation, as this approach has never
before been so extensively applied to the etiology of an
infectious disease.

We have entered a new age in pneumonia diagnostics that
needs to look beyond the targeting of a limited number of
potential pathogens. New knowledge about the Ilung
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microbiome and pneumonia pathogenesis, together with emer-
ging developments in sequencing technology, provide oppor-
tunities for novel diagnostic tools to help better guide the
management of pneumonia.

Expert commentary

Molecular tests are now mainstream diagnostics for many
respiratory infections, although we still have much to learn
about using them more effectively to assist with the manage-
ment of pneumonia. Those involved in molecular diagnostic
test development for pneumonia need to look beyond the
simple detection of specific known pathogens and also pro-
vide means to accurately interpret the clinical significance of a
positive result. It is not good enough to simply assess a new
test by measuring analytical sensitivity and making compar-
isons to the performance of other similar assays. Diagnostic
tests must be evaluated properly following good epidemiolo-
gical principles. New developments in molecular diagnostics
must also be cognizant of emerging information about the
lung microbiome, which will likely provide opportunities for
the discovery of novel markers to help guide pneumonia
management.

Five-year view

The recent expansion in the number and variety of commer-
cial NATs is likely to continue, leading to greater uptake by
diagnostic laboratories and greater incorporation into diag-
nostic test algorithms and guidelines for the management of
pneumonia. The provision of even more user-friendly plat-
forms will enable deployment of these tests in laboratories
that have not traditionally used molecular diagnostics. Further
efforts are needed to evaluate the clinical application of micro-
bial load measurement for the purpose of distinguishing
pathogens from colonizing microorganisms and as a prognos-
tic marker.

It is still unclear about how new knowledge about the lung
microbiome will affect the development of pneumonia diag-
nostics, but the impact may be profound. While it will be some
time before next generation sequencing becomes a standard
tool in diagnostic laboratories, this technology may provide
valuable insights into the lung microbial ecology in health and
disease and a greater understanding of the pathogenesis of
pneumonia. With this comes a shift away from the targeting of
a limited number of putative pneumonia pathogens toward
the identification of signal patterns characteristic of different
etiologies and stages of pneumonia. The hope is that these
signals will have sufficient diagnostic accuracy to help guide
pneumonia management.
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Key Issues

Identifying the microbial etiology of pneumonia is challenging, largely due to difficulty in obtaining uncontaminated specimens from the site of infection
and in discriminating between colonizing microorganisms and true pathogens.

Molecular tests, particularly NATs, have been the major advance in pneumonia diagnostics over recent years.

Although uptake has been relatively slow, NATs now have established roles (often as the diagnostic of choice) for the detection of respiratory viruses and
several non-colonizing bacteria (e.g. Legionella species). In contrast, NATs have yet to have an established role for several important bacterial pneumonia
pathogens (e.g. S. pneumoniae) that also are asymptomatic colonizers of the upper respiratory tract.

Further developments in molecular tests need to focus on methods to help interpret the significance of positive results. The use of quantitative NATs and
microbial load cutoffs has shown promise as one means to discriminate between colonizing and pathogenic microorganisms.

The recent revelation that the lung microbiome exists and new knowledge about the interaction between bacteria and viruses has changed the
traditional view of pneumonia pathogenesis. New diagnostics need to account for this new paradigm and be less focused on just detecting specific

known pathogens.

References

References of special note have been highlighted as:
« of interest
- of considerable interest

1.

10.

11.

12.

13.

14.

15.

Vos T, Barber RM, Bell B, et al. Global, regional, and national
incidence, prevalence, and years lived with disability for 301
acute and chronic diseases and injuries in 188 countries,
1990-2013: a systematic analysis for the global burden of disease
study 2013. Lancet. 2013;386:743-800.

. Walker CLF, Rudan |, Liu L, et al. Global burden of childhood

pneumonia and diarrhoea. Lancet. 2013;381:1405-1416.

. Musher DM, Thorner AR. Community-acquired pneumonia. N Engl J

Med. 2014;371:1619-1628.

Murdoch DR, O’Brien KL, Scott JAG, et al. Breathing new life into
pneumonia diagnostics. J Clin Microbiol. 2009;47:3405-3408.

This commentary summarizes some of the key challenges in
determining the microbial etiology of pneumonia.

. Murdoch DR, O'Brien KL, Driscoll AJ, et al. Laboratory methods for

determining pneumonia etiology in children. Clinl Infect Dis.
2012;54:5146-S52.

. Hanquet G, Valenciano M, Simondon F, et al. Vaccine effects and

impact of vaccination programmes in post-licensure studies.
Vaccine. 2013;31:5634-5642.

. Ideh RC, Howie SR, Ebruke B, et al. Transthoracic lung aspiration for

the aetiological diagnosis of pneumonia: 25 years of experience
from The Gambia. Int J Tuberc Lung Dis. 2011;15:729-735.

. Lim WS, Baudouin SV, George RC, et al. BTS guidelines for the

management of community acquired pneumonia in adults: update
2009. Thorax. 2009;64:iii1-iii55.

. Mandell LA, Wunderink RG, Anzueto A, et al. Infectious diseases

society of America/American thoracic society consensus guidelines
on the management of community-acquired pneumonia in adults.
Clin Infect Dis. 2007;44:527-S72.

National institute for health and care excellence. Pneumonia in
adults: diagnosis and management. Manchester: National Institute
for Health and Care Excellence; 2014.

Bradley JS, Byington CL, Shah SS, et al. The management of
community-acquired pneumonia in infants and children older
than 3 months of age: clinical practice guidelines by the Pediatric
infectious diseases society and the infectious diseases society of
America. Clin Infect Dis. 2011;53:e25-€76.

Harris M, Clark J, Coote N, et al. British Thoracic Society guidelines
for the management of community acquired pneumonia in chil-
dren: update 2011. Thorax. 2011;66:ii1-ii23.

Sloots TP, Nissen MD, Ginn AN, et al. Rapid identification of patho-
gens using molecular techniques. Pathology. 2015;47:191-198.
Faye O, Faye O, Soropogui B, et al. Development and deployment
of a rapid recombinase polymerase amplification Ebola virus detec-
tion assay in Guinea in 2015. Euro Surveill. 2015;20:44.

Kumar S, Henrickson KJ. Update on influenza diagnostics: lessons
from the novel HIN1 influenza A pandemic. Clin Microbiol Rev.
2012;25:344-361.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

. Mackay IM, Arden KE. MERS coronavirus: diagnostics, epidemiology

and transmission. Virol J. 2015;12:222.

. Murdoch DR. Nucleic acid amplification tests for the diagnosis of

pneumonia. Clin Infect Dis. 2003;36:1162-1170.

. Murdoch DR. Molecular genetic methods in the diagnosis of lower

respiratory tract infections. Apmis. 2004;112:713-727.

. Somerville LK, Ratnamohan VM, Dwyer DE, et al. Molecular diag-

nosis of respiratory viruses. Pathology. 2015;47:243-249.

Mahony JB. Nucleic acid amplification-based diagnosis of respira-
tory virus infections. Expert Rev Anti Infect Ther. 2010;8:1273-1292.
Ruuskanen O, Lahti E, Jennings LC, et al. Viral pneumonia. Lancet.
2011;377:1264-1275.

Pavia AT. Viral infections of the lower respiratory tract: old viruses,
new viruses, and the role of diagnosis. Clin Infect Dis. 2011;52:
$284-59.

Schreckenberger PC, McAdam AJ. Point-counterpoint: large multi-
plex PCR panels should be first-line tests for detection of respira-
tory and intestinal pathogens. J Clin Microbiol. 2015;53:3110-3115.
Hammitt LL, Kazungu S, Morpeth SC, et al. A preliminary study of
pneumonia etiology among hospitalized children in Kenya. Clin
Infect Dis. 2012;54:5190-59.

Rhedin S, Lindstrand A, Hjelmgren A, et al. Respiratory viruses
associated with community-acquired pneumonia in children:
matched case-control study. Thorax. 2015;70:847-853.

This recent case-control study highlights the relatively high
prevalence of respiratory virus detection among community
controls and some of the challenges with interpretation of
positive PCR results in children with pneumonia.

Phin N, Parry-Ford F, Harrison T, et al. Epidemiology and clinical
management of Legionnaires’ disease. Lancet Infect Dis.
2014;14:1011-1021.

Mercante JW, Winchell JM. Current and emerging Legionella diag-
nostics for laboratory and outbreak investigations. Clin Microbiol
Rev. 2015;28:95-133.

Pedro-Botet ML, Sabria M, Sopena N, et al. Environmental legionel-
losis and oropharyngeal colonization by Legionella in immunosup-
pressed patients. Infect Control Hosp Epidemiol. 2002;23:279-281.
Diederen BM, Kluytmans JA, Vandenbroucke-Grauls CM, et al.
Utility of real-time PCR for diagnosis of legionnaires’ disease in
routine clinical practice. J Clin Microbiol. 2008;46:671-677.
Murdoch DR, Chambers ST. Detection of Legionella DNA in periph-
eral leukocytes, serum, and urine from a patient with pneumonia
caused by Legionella dumoffii. Clin Infect Dis. 2000;30:382-383.
Murdoch DR, Podmore RG, Anderson TP, et al. Impact of routine
systematic polymerase chain reaction testing on case finding for
Legionnaires’ disease: a pre—post comparison study. Clin Infect Dis.
2013;57:1275-1281.

« This study illustrates a pragmatic application of PCR for the

32.

diagnosis of Legionnaires’ disease.

Murdoch DR, Walford EJ, Jennings LC, et al. Use of the polymerase
chain reaction to detect Legionella DNA in urine and serum sam-
ples from patients with pneumonia. Clin Infect Dis.
1996;23:475-480.



33.

34,

35

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

Ramirez JA, Ahkee S, Tolentino A, et al. Diagnosis of Legionella
pneumophila, Mycoplasma pneumoniae, or Chlamydia pneumoniae
lower respiratory infection using the polymerase chain reaction on
a single throat swab specimen. Diagn Microbiol Infect Dis.
1996;24:7-14.

Diederen BMW, Bruin JP, Den Boer JW, et al. Sensitivity of
Legionella pneumophila DNA detection in serum samples in relation
to disease severity. J Med Microbiol. 2007;56:1255.

. Maze MJ, Slow S, Cumins A-M, et al. Enhanced detection of

Legionnaires’ disease by PCR testing of induced sputum and throat
swabs. Eur Respir J. 2014;43:644-646.

Evans GE, Murdoch DR, Anderson TP, et al. Contamination of
Qiagen DNA extraction kits with Legionella DNA. J Clin Microbiol.
2003;41:3452-3453.

Loens K, Goossens H, leven M. Acute respiratory infection due to
Mpycoplasma pneumoniae: current status of diagnostic methods. Eur
J Clin Microbiol Infect Dis. 2010;29:1055-1069.

Waites KB, Xiao L, Paralanov V, et al. Molecular methods for the
detection of Mycoplasma and Ureaplasma infections in humans. J
Mol Diagn. 2012;14:437-450.

Waller JL, Diaz MH, Petrone BL, et al. Detection and characteriza-
tion of Mycoplasma pneumoniae during an outbreak of respiratory
iliness at a university. J Clin Microbiol. 2014;52:849-853.

Nilsson AC, Bjorkman P, Persson K. Polymerase chain reaction is
superior to serology for the diagnosis of acute Mycoplasma pneu-
moniae infection and reveals a high rate of persistent infection.
BMC Microbiol. 2008;8:93.

Blasi F, Tarsia P, Aliberti S. Chlamydophila pneumoniae. Clin
Microbiol Infect. 2009;15:29-35.

Burillo A, Bouza E. Chlamydophila pneumoniae. Infect Dis Clin North
Am. 2010;24:61-71.

Dowell SF, Peeling RW, Boman J, et al. Standardizing Chlamydia
pneumoniae assays: recommendations from the Centers for
Diseases Control and Prevention (USA) and the Laboratory Centre
for Disease Control (Canada). Clin Infect Dis. 2001;33:492-503.
Tasaka S, Tokuda H. Recent advances in the diagnosis of
Pneumocystis jirovecii pneumonia in HIV-infected adults. Expert
Opin Med Diagn. 2013;7:85-97.

Takahashi T, Goto M, Endo T, et al. Pneumocystis carinii carriage in
immunocompromised patients with and without human immuno-
deficiency virus infection. J Med Microbiol. 2002;51:611-614.

Louis M, Guitard J, Jodar M, et al. Impact of HIV infection status on
interpretation of quantitative PCR for detection of Pneumocystis
jirovecii. J Clin Microbiol. 2015;53:3870-3875.

Pai M, Schito M. Tuberculosis diagnostics in 2015: landscape, prio-
rities, needs, and prospects. J Infect Dis. 2015;211:521-S8.

Noor KM, Shephard L, Bastian I. Molecular diagnostics for
tuberculosis. Pathology. 2015;47:250-256.

World Health Organization. Automated real-time nucleic acid
amplification technology for rapid and simultaneous detection of
tuberculosis and rifampicin resistance: xpert MTB/RIF assay for the
diagnosis of pulmonary and extrapulmonary TB in adults and
children: policy update. Geneva: World Health Organization; 2013.
Loeffelholz M. Towards improved accuracy of Bordetella pertussis
nucleic acid amplification tests. J Clin Microbiol. 2012;50:2186-2190.
Riffelmann M, Wirsing Von Konig CH, Caro V, et al. Nucleic acid
amplification tests for diagnosis of Bordetella infections. J Clin
Microbiol. 2005;43:4925-4929.

Van Der Zee A, Schellekens JFP, Mooi FR. Laboratory diagnosis of
pertussis. Clin Microbiol Rev. 2015;28:1005-1026.

Beynon KA, Young SA, Laing RTR, et al. Bordetella pertussis in adult
pneumonia patients. Emerg Infect Dis. 2005;11:639-641.

Wood N, McIntyre P. Pertussis: review of epidemiology, diagnosis,
management and prevention. Paed Respir Rev. 2008;9:201-212.
Horby P, Macintyre CR, MciIntyre PB, et al. A boarding school out-
break of pertussis in adolescents: value of laboratory diagnostic
methods. Epidemiol Infect. 2005;133:229-236.

Leekha S, Thompson RL, Sampathkumar P. Epidemiology and con-
trol of pertussis outbreaks in a tertiary care center and the resource

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75

76.

EXPERT REVIEW OF MOLECULAR DIAGNOSTICS e 539

consumption associated with these outbreaks. Infect Control Hosp
Epidemiol. 2009;30:467-473.

Werno AM, Murdoch DR. Laboratory diagnosis of invasive pneu-
mococcal disease. Clin Infect Dis. 2008;46:926-932.

Adegbola RA, DeAntonio R, Hill PC, et al. Carriage of Streptococcus
pneumoniae and other respiratory bacterial pathogens in low and
lower-middle income countries: a systematic review and
meta-analysis. PLoS ONE. 2014;9:e103293.

Murdoch DR, Anderson TP, Beynon KA, et al. Evaluation of a PCR
assay for detection of Streptococcus pneumoniae in respiratory and
nonrespiratory samples from adults with community-acquired
pneumonia. J Clin Microbiol. 2003;41:63-66.

Carvalho M, Tondella ML, McCaustland K, et al. Evaluation and
improvement of real-time PCR assays targeting lytA, ply, and psaA
genes for detection of pneumococcal DNA. J Clin Microbiol.
2007;45:2460-2466.

Azzari C, Moriondo M, Indolfi G, et al. Real-time PCR is more
sensitive than multiplex PCR for diagnosis and serotyping in chil-
dren with culture negative pneumococcal invasive disease. PLoS
One. 2010;5:€9282.

Azzari C, Moriondo M, Indolfi G, et al. Molecular detection methods
and serotyping performed directly on clinical samples improve
diagnostic sensitivity and reveal increased incidence of invasive
disease by Streptococcus pneumoniae in lItalian children. J Med
Microbiol. 2008;57:1205-1212.

Esposito S, Marchese A, Tozzi AE, et al. Bacteremic pneumococcal
community-acquired pneumonia in children less than 5 years of
age in lItaly. Pediatr Infect Dis J. 2012;31:705-710.

Marchese A, Esposito S, Coppo E, et al. Detection of Streptococcus
pneumoniae and identification of pneumococcal serotypes by real-
time polymerase chain reaction using blood samples from Italian
children <5 years of age with community-acquired pneumonia.
Microb Drug Resist. 2011;17:419-424.

Azzari C, Cortimiglia M, Moriondo M, et al. Pneumococcal DNA is
not detectable in the blood of healthy carrier children by real-time
PCR targeting the IytA gene. J Med Microbiol. 2011;60:710-714.
Avni T, Mansur N, Leibovici L, et al. PCR using blood for diagnosis
of invasive pneumococcal disease: systematic review and
meta-analysis. J Clin Microbiol. 2010;48:489-496.

The PERCH study group. Detection of Streptococcus pneumoniae by
whole blood lytA PCR and association with pediatric pneumonia.
Pneumonia. 2014;3:63.

Marimon JM, Morales M, Cilla G, et al. Detection of bacteria and
viruses in the pleural effusion of children and adults with
community-acquired pneumonia. Future Microbiol.
2015;10:909-915.

Strachan RE, Cornelius A, Gilbert GL, et al. Pleural fluid nucleic acid

testing enhances pneumococcal surveillance in children.
Respirology. 2012;17:114-119.
Chiu CY. Viral pathogen discovery. Curr Opin Microbiol.

2013;16:468-478.

Lipkin  WI. The changing face of pathogen discovery and
surveillance. Nat Rev Microbiol. 2013;11:133-141.

Thorburn F, Bennett S, Modha S, et al. The use of next generation
sequencing in the diagnosis and typing of respiratory infections. J
Clin Virol. 2015;69:96-100.

Evans JP, Watson MS. Genetic testing and FDA regulation: over-
regulation threatens the emergence of genomic medicine. JAMA.
2015;313:669-670.

Sharfstein J. FDA regulation of laboratory-developed diagnostic
tests: protect the publicc advance the science. JAMA.
2015;313:667-668.

. Dickson RP, Huffnagle GB. The lung microbiome: new principles for

respiratory bacteriology in health and disease. PLoS Pathog.
2015;11:1004923.

A recent review of recent current knowledge about the lung
microbiome.

McCullers JA. The co-pathogenesis of influenza viruses with bac-
teria in the lung. Nat Rev Microbiol. 2014;12:252-262.



540 (&) D.R. MURDOCH

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Brealey JC, Sly PD, Young PR, et al. Viral bacterial co-infection of the
respiratory tract during early childhood. FEMS Microbiology Letters.
2015;362:fnv062 .

Cilléniz C, Civljak R, Nicolini A, et al. Polymicrobial community-acquired
pneumonia: an emerging entity. Respirology. 2016;21:65-75.

Dickson RP. The microbiome and critical iliness. Lancet Respir Med.
2016;4:59-72.

Dickson RP, Erb-Downward JR, Huffnagle GB. Towards an ecology
of the lung: new conceptual models of pulmonary microbiology
and pneumonia pathogenesis. Lancet Respir Med. 2014;2:238-246.
Rogers GB, Wesselingh S. Precision respiratory medicine and the
microbiome. Lancet Respir Med. 2016;4:73-82.

Bassis CM, Erb-Downward JR, Dickson RP, et al. Analysis of the
upper respiratory tract microbiotas as the source of the lung and
gastric microbiotas in healthy individuals. MBio. 2015;6:¢00037.
Dickson RP, Erb-Downward JR, Martinez FJ, et al. The microbiome
and the respiratory tract. Annu Rev Physiol. 2016;78:7.1-7.24.
Kwong JC, McCallum N, Sintchenko V, et al. Whole genome sequencing
in clinical and public health microbiology. Pathology. 2015;47:199-210.
Gadsby NJ, Russell CD, McHugh MP, et al. Comprehensive molecular
testing for respiratory pathogens in community-acquired pneumonia.
Clin Infect Dis. 2016. doi:10.1093/cid/civ1214. [Epub ahead of print].
Stralin K, Herrmann B, Abdeldaim G, et al. Comparison of sputum
and nasopharyngeal aspirate samples and of the PCR gene targets
lytA and Spn9802 for quantitative PCR for rapid detection of pneu-
mococcal pneumonia. J Clin Microbiol. 2014;52:83-89.

Albrich WC, Madhi SA, Adrian PV, et al. Genomic load from sputum
samples and nasopharyngeal swabs for diagnosis of pneumococcal
pneumonia in HIV-infected adults. J Clin Microbiol. 2014;52:4224-4229.
Albrich WC, Madhi SA, Adrian PV, et al. Use of a rapid test of
pneumococcal colonization density to diagnose pneumococcal
pneumonia. Clin Infect Dis. 2012;54:601-609.

89.

90.

91.

92.

93.

94.

95.

96.

97.

The first study to demonstrate the potential application of
nasopharyngeal colonization density, using quantitative PCR,
to diagnose pneumococcal pneumonia in adults.

Albrich WC, Madhi SA, Adrian PV, et al. Pneumococcal colonisation
density: a new marker for disease severity in HIV-infected adults
with pneumonia. BMJ Open. 2014;4:e005953.

Werno AM, Anderson TP, Murdoch DR. Association between pneu-
mococcal load and disease severity in adults with pneumonia. J
Med Microbiol. 2012;61:1129-1135.

Rello J, Lisboa T, Lujan M, et al. Severity of pneumococcal pneumonia
associated with genomic bacterial load. Chest. 2009;136:832-840.
Butler JC, Bosshardt SC, Phelan M, et al. Classical and latent class
analysis evaluation of sputum polymerase chain reaction and urine
antigen testing for diagnosis of pneumococcal pneumonia in
adults. J Infect Dis. 2003;187:1416-1423.

Jokinen J, Scott JA. Estimating the proportion of pneumonia attri-
butable to pneumococcus in Kenyan adults: latent class analysis.
Epidemiology. 2010;21:719-725.

Bojang AL, Mendy FS, Tientcheu LD, et al. Comparison of TB-LAMP,
GeneXpert MTB/RIF and culture for diagnosis of pulmonary tuber-
culosis in The Gambia. J Infect. 2016;72(3):332-337.

Ling DI, Pai M, Schiller I, et al. A Bayesian framework for estimating
the incremental value of a diagnostic test in the absence of a gold
standard. BMC Med Res Methodol. 2014;14:67.

Levine OS, O'Brien KL, Deloria-Knoll M, et al. The pneumonia
etiology research for child health project: A 21st century child-
hood pneumonia etiology study. Clin Infect Dis. 2012;54:593-
S101.

Wu Z, Deloria-Knoll M, Hammitt LL, et al. The pneumonia etiology
research for child health core team. Partially latent class models for
case—control studies of childhood pneumonia aetiology. J Roy Stat
Soc: Series C (Applied Statistics). 2016;65:97-114.


http://dx.doi.org/10.1093/cid/civ1214

	Abstract
	Current pneumonia diagnostics
	Molecular diagnostics for pneumonia
	Respiratory viruses
	Legionella species
	Mycoplasma pneumoniae
	Chlamydophila pneumoniae
	Pneumocystis jirovecii
	Mycobacterium tuberculosis
	Bordetella pertussis

	Current limitations of molecular diagnostics
	New insights into pneumonia pathogenesis
	Future directions
	Expert commentary
	Five-year view

	Financial and competing interests disclosure
	References



