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Introduction

Advanced techniques in the field of diagnostic microbiology have made amazing
progress over the past 25 years due largely to a technological revolution in the
molecular aspects of microbiology [1, 2]. In particular, rapid molecular methods for
nucleic acid amplification and characterization combined with automation in the
clinical microbiology laboratory as well as user-friendly software and robust labora-
tory informatics systems have significantly broadened the diagnostic capabilities of
modern clinical microbiology laboratories. Molecular methods such as nucleic acid
amplification tests (NAATS) rapidly are being developed and introduced in the clini-
cal laboratory setting [3, 4]. Indeed, every section of the clinical microbiology labo-
ratory, including bacteriology, mycology, mycobacteriology, parasitology, and
virology, has benefited from these advanced techniques. Because of the rapid devel-
opment and adaptation of these molecular techniques, the interpretation and rele-
vance of the results produced by such molecular methods continues to lag behind.
The purpose of this chapter is to review, update, and discuss the interpretation and
relevance of results produced by these advanced molecular techniques.
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The Use of Molecular Assays for Diagnosing Bloodstream
Infections

Bloodstream infections have long been recognized as among the most severe mani-
festations of bacterial disease and were first described in 1940 by Keefer in his
sentinel paper The Clinical Significance of Bacteremia [5]. The importance of the
rapid diagnosis of bloodstream infections is not argued and serves to illustrate many
of the issues involved in the interpretation and relevance of advanced techniques in
diagnostic microbiology.

By 1940 when Keefer pointed out the clinical relevance of bacteremia, blood
cultures were well established for the evaluation of febrile patients [6]. Since then,
the techniques and pitfalls for blood cultures as well as the clinical implications of
positive blood cultures have been well documented [7—10]. Not surprisingly, molec-
ular and other non-culture-based methods for the rapid diagnosis of bloodstream
infections continue to be widely evaluated [11-20]. These studies along with earlier
blood culture studies have illustrated some important points regarding the limitations
of molecular assays for diagnosing bloodstream infections, which are summarized
in the following sections.

Interpretation of DNAemia

The detection of circulating microbial DNA (i.e., DNAemia) is, per se, a new diag-
nostic parameter that may or may not represent the presence of viable microorgan-
isms in blood [12, 21]. For example, interpretation of DNAemia with
coagulase-negative staphylococci is problematic due to a false-positive rate that
ranges from 60% to 80% [10, 22]. In contrast, interpretation of DNAemia with
Ehrlichia species is not a problem due to a true-positive rate of 100% [23].
Interpretation of DNAemia has also been a problem in some studies where DNAemia
is detected by PCR but not by blood cultures [21]. A number of these “false-positive”
PCR results have been considered clinically significant, based on either retrospec-
tive chart review or subsequent isolation of the pathogen from other relevant clinical
specimens [12, 24-29]. Clearly, the continued clinical investigation of microbial
DNAemia during sepsis and other critical illnesses is needed and will provide a bet-
ter understanding of the biology of the microbial circulating DNA that underpins
such molecular diagnostic techniques [12, 21, 30].

Molecular Detection of Resistance Determinants

Another important issue for molecular diagnostic techniques is the need for molecular
detection of resistance determinants [12, 21]. Antimicrobial susceptibility testing is
recognized as important for confirming susceptibility to chosen empirical
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antimicrobial agents as well as for detecting resistance in individual microbial
isolates [31]. Current methods for antimicrobial susceptibility testing continue to be
based for the most part on the detection of microbial growth or lack of growth in the
presence of the antimicrobial agent being tested [32, 33]. The direct detection of
resistance genes by molecular methods such as PCR or molecular probes to date has
limitations due to the fact that relatively few resistance genes are firmly associated
with phenotypic resistance [31-33]. For example, resistance genes associated with
phenotypic resistance that can be found in Gram-positive cocci include mecA, vanA,
and vanB. In contrast, the lack of consensus sequences among acetyltransferases
and adenyltransferase genes from Gram-negative bacilli makes the molecular detec-
tion of aminoglycoside resistance difficult. Although molecular methods for antimi-
crobial susceptibility testing are improving, phenotypic methods for determining
the level of susceptibility of bacterial isolates to antimicrobial agents continue to
remain clinically relevant.

Volume of Blood Tested

The volume of blood cultured is known to be an important variable in blood cul-
tures because the number of microorganisms in blood may be small [34-36].
Typically in adults, there are fewer than 10 CFU/ml, and there may be less than
1 CFU/ml. In septic neonates, there is a sizeable subset with less than 4 CFU/ml
[36]. Clearly the volume of blood tested by molecular methods will also be impor-
tant [11, 16]. Moreover, the Poisson distribution of these microorganisms is such
that they are not evenly distributed [37, 38]. This increases the likelihood that
sampling a small volume of blood will miss a microorganism that is causing sep-
sis. Volume-related issues may explain the lower sensitivity seen with a molecular
method (66.7%) than seen with conventional blood cultures in a study of neonatal
sepsis [28]. The Poisson distribution may explain the moderate concordance
between blood cultures and a molecular method reported in a study of postsurgical
sepsis in adults [24].

Contamination of Blood Samples

The sample of blood collected to assess bacteremia and/or fungemia, whether this
analysis is done by blood culture or by a molecular method, can be contaminated
with microorganisms from the skin during venipuncture, from transient bactere-
mias, and/or from indwelling vascular devices if the blood is obtained from such a
device [8]. False-positive blood cultures due to contamination have been recognized
as a troublesome issue for decades, and such contamination will be no less important
for molecular methods [11, 13].
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The Use of Molecular Assays for Diagnosing Tuberculosis

Tuberculosis continues to be one of the most important public health issues in the
world [39—41]. Tuberculosis results in approximately 1.7 million deaths each year,
and the number of new cases worldwide is estimated at more than ten million; this
is higher than at any other time in history [40]. Yet control of this treatable infection
has been handicapped until recently by the lack of new diagnostic tests for the
detection of Mycobacterium tuberculosis as well as by drug resistance [40, 42]. The
development of molecular assays for the detection of M. tuberculosis as well as
simultaneous detection of resistance to isoniazid and/or rifampin promises to greatly
assist TB control efforts although there are important limitations of these molecular
methods that must be understood when interpreting the results and considering the
relevance of such molecular techniques [42-44]. Indeed, none of these molecular
methods eliminates the need for mycobacterial cultures, and all require a laboratory
infrastructure that can accommodate molecular testing. Specific limitations of these
molecular methods in both interpretation and relevance will be summarized in the
following sections.

Limited Sensitivities

There currently are a number of different molecular assays for detecting the pres-
ence of M. tuberculosis in sputum. These include PCR, transcription-mediated
amplification, loop-mediated isothermal amplification [45], simultaneous amplifi-
cation testing [45], and Xpert MTB/RIF [45—47]. In comparison to mycobacterial
culture, these molecular assays possess sensitivities approaching or exceeding 90%
[45]. In general, these molecular methods work better with smear-positive than with
smear-negative sputum specimens; none are more sensitive than mycobacterial
cultures. The sensitivity for patients with smear-negative sputum can be increased
by the use of bronchial aspirates [48] or bronchial lavage fluid [49] but is still not as
sensitive as mycobacterial cultures.

Assessment of Therapeutic Efficacy

NAATSs detect microbial organism-specific nucleic acids; therefore, a positive
NAAT result can result from both live and dead microorganisms, which is particu-
larly true for mycobacteria that have thick, waxed cell walls. The best example of
this is the detection of M. tuberculosis DNA in sputum where the dead microbial
pathogen DNA can remain un-degraded due to the fatty acid-rich cell walls [50, 51].
Unlike the results of a function-based testing method, such as mycobacterial cul-
tures, in the clinical setting, a positive PCR result after antituberculosis therapy does
not necessarily mean treatment failure. The application of mRNA-targeted NAATs
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has been demonstrated for monitoring of tuberculosis therapy. Anti-TB therapy
regimen selection is largely empiric. Treatment may not be modified until weeks or
months later as results of antimicrobial susceptibility tests become available.
Because the half-life of bacterial mRNA is extremely short compared to rRNA or
genomic DNA, molecular assays that target mycobacterial mRNA better reflect
mycobacterial viability. The ability of mRNA-based assays to distinguish viable
from nonviable organisms has demonstrated that such assays are useful in monitor-
ing the efficacy of anti-TB therapy [50, 51].

Molecular Detection of Resistance Determinants

There currently are a number of different molecular assays for detecting gene muta-
tions associated with resistance to a particular antituberculosis drug [46, 52, 53].
There are always gaps between basic research and clinical application as some of
the drug resistance mechanisms remain unknown, while new resistance-related
mutations are emerging. In addition, all molecular assays basically include a DNA
amplification step and are categorized by the manner in which the amplified DNA
is detected except for sequencing, which has some distinct advantages over the
other methods. None of these methods, including sequencing, are able to detect all
resistant strains although sequencing comes the closest to doing so. The major limi-
tation of these molecular methods, except sequencing, is that they detect only known
mutations in a defined site or region, as their design is dependent upon known muta-
tions. The advantage of sequencing for molecular detection of mutations of drug
resistance can be seen by a report from the Centers for Disease Control and
Prevention [43]. This study used DNA sequencing to detect resistance to the first-
line antituberculosis drugs isoniazid, rifampin, pyrazinamide, and ethambutol and
to the second-line drugs amikacin, capreomycin, kanamycin, ciprofloxacin, and
ofloxacin. The molecular data were compared to phenotypic data. Sensitivity and
specificity values for the first-line and second-line drug loci were, in general, excellent
and supported the use of DNA sequencing to detect drug resistance in the M. fubercu-
losis complex.

Misidentification

Although uncommon, misidentification has been reported with molecular assays for
tuberculosis [54, 55]. In one of these reported cases [54], a patient presented with
inguinal lymphadenopathy as well as erythema nodosum-like lesions on his legs
and forearms. A biopsy of an enlarged inguinal lymph node demonstrated caseating
granulomata and numerous acid-fast bacilli on Ziehl-Neelsen staining; a portion of
this node was sent for mycobacterial culture and molecular analysis. In addition, a
skin biopsy of a forearm nodule was done; this revealed acid-fast bacilli that were
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morphologically typical of Mycobacterium leprae. A diagnosis of leprosy was made
based on the clinical presentation and the skin biopsy results. However, the lymph
node sent for mycobacterial culture and molecular analysis was positive by the Gen-
Probe Amplified Mycobacterium Tuberculosis Direct (MTD) test. Although leprosy
was still considered to be a correct diagnosis due to the clinical presentation and the
skin biopsy findings, the possibility of this patient also having tuberculosis could
not be ruled out until the culture results were known. Therefore, the patient was
treated for both leprosy and tuberculosis until cultures at 7 weeks as well as addi-
tional PCR testing of lymph node material for M. tuberculosis were reported to be
negative. A root cause analysis was done in order to investigate this misidentifica-
tion. M. leprae culture material was obtained from the National Hansen’s Disease
Programs at Louisiana State University; these mycobacterial organisms were tested
with the Gen-Probe MTD test and were positive at a concentration of 5 x 103 organ-
isms per ml but were indeterminate at a concentration of 5 x 10* organisms per ml.
The investigators concluded that a high concentration of M. leprae in a clinical
specimen could lead to a false-positive result with the Gen-Probe MTD test [54]. M.
leprae has also been misidentified as M. intracellulare by the COBAS AMPLICOR
M. intracellulare test [55].

The Use of Molecular Assays for Diagnosing Respiratory
Tract Infections

There is no doubt that respiratory tract infections other than those caused by M.
tuberculosis also are of considerable clinical importance. Lower respiratory tract
infections continue to be a leading cause of death due to infectious diseases in the
United States as well as worldwide [56]. Hospital-acquired pneumonia is consid-
ered to be one of the most difficult treatment challenges in infectious diseases in
part because results of culture and antimicrobial susceptibility testing can take 48 h
or longer [57]. Viral respiratory tract infections caused by pathogens such as the
severe acute respiratory syndrome coronavirus (SARS-CoV) and novel A/HIN1
and A/H7N9 influenza virus can cause epidemic viral pneumonia in which some
patients have respiratory failure with a significant risk of mortality [58]. Respiratory
tract infections are also important in the ambulatory setting because of the docu-
mented overuse of antimicrobial agents in this patient population [59].

Despite the obvious clinical importance of respiratory tract infections, the diag-
nosis of lower respiratory tract infections has always been problematic due, in large
part, to issues related to the optimal collection and evaluation of respiratory speci-
mens. Post-mortem studies in the late 1890s and early 1900s then established the
role of other microorganisms such as Streptococcus pneumoniae, Haemophilus
influenzae, Staphylococcus aureus, and Klebsiella pneumoniae in nontuberculous
infections of the respiratory tract [60—-62]. In 1902, the use of the Gram’s stain was
described [63]. The microscopic examination of sputum was followed by the intro-
duction of sputum cultures for the diagnosis of bacterial pneumonia [64—66].
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Of note in these early reports describing sputum cultures was the recognition that
collection of the sputum was important. For example, Hastings and Niles in a 1911
publication point out that, “Exudates formed in portions of the respiratory tract that
are normally sterile may be collected and treated in a way that will prevent contami-
nation [65].” These investigators further define a “clean sputum, i.e., one containing
only two or three types of bacteria and free from buccal squamous cells, and a dirty
sputum, i.e., one containing a varied bacterial and fungoid flora and buccal squa-
mous cells, are readily recognized on microscopic examination.” They also state
that, “A dirty sputum is not suitable for bacterial examination and should be dis-
carded for a second or third clean specimen from the same patient.” Leutscher
opines in his paper that, “The patient should be instructed to expectorate into the
bottle or dish only what he is certain comes from his ‘boots,” and also be made to
understand that very little is wanted, but that that little must be choice [66].” These
astute observations remain relevant more than a century later.

Clearly, the pitfalls of collecting expectorated sputum specimens suitable for
microscopic examination and cultures were recognized early in the twentieth cen-
tury. In the 1960s, these pitfalls were again being articulated and addressed [67-72].
In particular, contamination by microorganisms present in the upper respiratory
tract (i.e., nasal-oral-pharyngeal regions) was considered to be a major issue with
expectorated sputum [73, 74]. Because of these pitfalls, a number of alternative
methods have been used to obtain better sputum specimens. Bronchoscopy, although
introduced early in the twentieth century and used on occasion for aspirating pus
from larger airways [75], was not widely used for obtaining sputum for microscopy
and culture until the 1970s when fiber-optic bronchoscopy became available [76].
Fiber-optic bronchoscopy also resulted in the use of bronchoalveolar lavage for
diagnosing acute bacteria pneumonias [77]. Other methods adopted for obtaining
uncontaminated sputum included transtracheal aspiration [68], percutaneous needle
biopsy [69], and open-lung biopsy [67].

Despite these continued attempts to obtain appropriate sputum specimens that
are more clinically relevant, the usefulness of sputum cultures has continued to be
questioned in numerous reports [78—84]. Indeed, the Infectious Diseases Society of
America/American Thoracic Society consensus guidelines on the management of
community-acquired pneumonia in adults continue to recommend that pretreatment
Gram stain and culture should be performed only if a good quality sputum sample
can be obtained and quality performance measures for collection, transport, and
processing of this sputum sample can be assured [85, 86]. It must be remembered
that sputum collection is the “weakest link” in the “chain” of evidence that provides
the etiologic diagnosis of pneumonia.

Assuming that sputum collection is done correctly, the next issue is making sure
that any microbial pathogen present in the sputum can be identified. It is not surpris-
ing that molecular assays for the detection and characterization of microorganisms
have rapidly emerged in the clinical microbiology laboratory as an important adjunct
to traditional culture methods [87—89]. It was quickly realized that molecular assays
such as NAATs offered significant advantages over conventional methods for the
detection of Mycoplasma pneumoniae [90, 91], Legionella species [92, 93], and
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Chlamydia species [94]; moreover, these three respiratory pathogens did not require
concomitant susceptibility testing results from clinical isolates. Similarly, the advan-
tage of NAATS for the laboratory diagnosis of pertussis was recognized very early
[95, 96]; PCR testing is now considered by the CDC to be an important tool for
diagnosis of pertussis especially in the setting of the current resurgence of pertussis
disease as it can provide timely results with improved sensitivity over culture [97].

The inherent problems associated with the detection and identification of respira-
tory viruses by culture and/or serologic methods also resulted in the early applica-
tion of molecular assays for rapid detection and characterization of respiratory
viruses [98]. Both user-developed and commercial molecular methods have quickly
evolved and now allow rapid identification of multiple common viral pathogens
causing respiratory tract infections [99-101]. In addition to identification of viral
respiratory pathogens, it was appreciated that rapid molecular assays would also
offer significant advantages for diagnosing recognized bacterial pulmonary patho-
gens causing community-acquired pneumonia [56, 91, 102]. Indeed, initial studies
in which rapid molecular assays were combined with conventional diagnostic meth-
ods have demonstrated that this approach considerably increased the etiological
diagnosis of lower respiratory tract infections [103, 104]. This was especially true
for patients with adequate collection of sputum [103]. Of interest was the observa-
tion that NAATS increased both the diagnostic and treatment costs [104]. Finally,
the diagnosis of hospital-acquired pneumonia is another potential area where the
use of rapid molecular assays for respiratory pathogens may prove useful [66].
Clinical trials are beginning to provide evidence that molecular assays for pneumo-
nia as well as bloodstream infections and sterile site infections are useful for provid-
ing rapid diagnosis of infections in the critically ill [105, 106].

Sputum/Specimen Collection

Clearly the same limitations of conventional sputum culture methods for diagnosing
respiratory tract infections are also limitations for molecular methods. In particular,
the collection of sputum continues to be the most important aspect for the diagnosis
of lower respiratory tract infections even when molecular assays are used [57].
These new molecular methods will not guarantee that the microbiology laboratory
will receive the optimal sputum sample to analyze.

Complexity of Pulmonary Microbiome

Another important aspect of molecular assays for the diagnosis of respiratory infec-
tions is that these methods have begun to reveal the complexities of the pulmonary
microbiome. Indeed, recent applications of molecular assays have revealed a more
diverse microbiota than previously recognized in the airways of patients with
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chronic pulmonary disease [107-109]. For example, comprehensive profiling of the
airway bacterial communities was accomplished using a culture-independent micro-
array, the 16S rRNA PhyloChip, of a cohort of COPD patients requiring ventilatory
support and antimicrobial therapy for exacerbation-related respiratory failure [110].
PhyloChip analysis demonstrated the presence of over 1200 bacterial taxa repre-
senting 140 distinct families, including many that were not previously detected in
airway diseases. A core community of 75 bacterial taxa was noted in all patients;
many of these microorganisms were known pathogens in airway diseases.

Colonization Versus Infection

Given the fact that the pulmonary microbiome is more complex that previously
appreciated, the obvious question then becomes which microorganisms are coloniz-
ing and which are causing infection. One might also ask if there is any real difference
between colonization and infection in the airways. Molecular identification of bacte-
ria in the lower airways of preterm infants has revealed that early bacterial coloniza-
tion of the airways with diverse species occurs within the first 3 days of life of
intubated preterm infants [111]. Such neonatal airway colonization with Gram-
negative bacilli is associated with a cytokine response as well as with severe broncho-
pulmonary dysplasia [112, 113]. The etiologic role of neonatal colonization in
children with non-cystic fibrosis bronchiectasis is unclear at this time [114, 115], but
molecular methods are providing further insight into the pathogenesis of bronchopul-
monary dysplasia in these infants [116]. Similarly, the etiologic role of bacterial colo-
nization in the pathogenesis of chronic obstructive pulmonary disease is currently
being elucidated with the assistance of molecular methods [107-110, 117, 118].

Simultaneous Detection of Multiple Pathogens

The extreme sensitivity of molecular methods such as NAATs may result in simul-
taneous detection of multiple pathogens from sputum specimens. Detection of mul-
tiple pathogens in sputum by molecular methods has already been reported in
community-acquired pneumonia where mixed infections were frequently seen:
these most commonly were Streptococcus pneumoniae together with a respiratory
virus [104]. These findings are not unexpected; a number of studies have reported
an association between viral respiratory tract infections and invasive pneumococcal
disease [119, 120]. Molecular diagnostic methods employed in other studies of
respiratory tract infections have confirmed the etiologic role of viral respiratory
tract infections and bacterial pneumonia [121-125]. For respiratory samples, cycle-
threshold-value-based semiquantitative interpretation of qPCR results has been sug-
gested. Etiological relevance is assumed if cycle-threshold values are low, suggesting
high pathogen loads [126].
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Accuracy of Assay Development

An important issue for NAATS is whether the amplification products truly represent
the target microorganism [103]. Molecular methods that employ DNA sequencing
are often considered completely accurate with 100% sensitivity and specificity.
This, unfortunately, is not the case. There are a variety of technical factors such as
the influence of contaminating DNA from other sources on the sequencing tem-
plate, the selection of the primers used for the amplification, the quality of the base-
calling software, and the method used for compiling the “consensus sequence” from
multiple forward and reverse reactions [102, 127, 128]. Inappropriately chosen gene
targets and regions will result in false positives and negatives. The insertion sequence
element IS481, found in several hundred copies in the B. pertussis genome, is fre-
quently used as a target for B. pertussis detection and has a much greater analytical
sensitivity than assays with single-copy target sequences, such as that of the pertus-
sis toxin promoter [129, 130]. However, false-positive results have been reported
due to the smaller copy numbers of IS481 existing in non-pertussis Bordetella spe-
cies [131, 132]. The accuracy of assay development is often not appreciated by the
non-molecular microbiologist or the clinician.

The Use of Molecular Assays for Diagnosing Enteric
Infections

Most acute diarrheal illnesses are self-limited or viral [133]. For afebrile patients who
present with watery non-bloody diarrhea of less than 24 h duration, microbiologic
investigation is usually unnecessary [133, 134]. In contrast, patients with a diarrheal
illness lasting for more than 1 day, especially when the illness is accompanied by
fever, bloody stools, recent antimicrobial use, hospitalization, or systemic illness,
should have a microbiologic evaluation of their diarrheal stool [133—136]. The micro-
biologic stool evaluation for such enteric infections has for many decades relied upon
the analysis of bacterial cultures and/or microscopy to detect ova and parasites [136,
137]. For nosocomial diarrhea or patients with a history of recent use of antimicrobial
agents prior to the onset of diarrhea, the microbiologic stool evaluation should focus
on the diagnosis of toxigenic Clostridium difficile [138]. For persistent diarrhea in
patients with a history of international travel, the microbiologic stool evaluation may
require special selective and differential agar such as thiosulfate citrate bile salts
sucrose (TCBS) agar for Vibrio species [139]. Finally, the noroviruses are the most
common cause of non-bacterial enteritis worldwide: the laboratory diagnosis of noro-
viruses depends on the detection of virus particles by EM, detection of viral antigens
by EIA, or detection of viral RNA by real-time PCR [140, 141].

Given the complexity of conventional methods for the microbiologic evaluation
of a stool specimen from a patient with a diarrheal illness, it is not surprising that
determining the microbiologic etiology of an enteric infection had been an elusive
goal prior to the advent of molecular methods [142, 143]. Enteric infections due to
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the broad range of potential pathogens such as viruses, bacteria, protozoa, and
helminths are well suited for multiplex molecular assays. Indeed, multiplex molecu-
lar assays for most of these enteric pathogens have been described [143, 144].
Gastrointestinal pathogen panel tests generally correctly identified pathogens iden-
tified by conventional testing; however, these tests also generate considerable addi-
tional positive results of uncertain clinical importance [145]. Two commercial
syndromic multiplex tests including Luminex XTAG gastrointestinal pathogen panel
and BioFire FilmArray gastrointestinal test have received FDA clearance for in vitro
diagnostic use in the United States [146—150]. Although multiplex PCR tests have
shown superior sensitivity to conventional methods for detection of most pathogens,
it will be important for both clinicians and microbiologists to appreciate the limita-
tions of these molecular assays.

Lack of a Gold Standard for Diarrheal Etiology

The absence of a gold standard for the microbiologic cause of symptomatic enteric
infections means that the clinical significance of a detected pathogen may not
always be clear [142]. Although conventional wisdom suggests that there should be
one main pathogen causing a symptomatic enteric infection in a patient, the detec-
tion of multiple pathogens in some patients will challenge this thinking [142]. The
question of stool colonization by a potential pathogen versus a pathogen that is truly
causing gastroenteritis can be difficult [151]. This is apt to be particularly true for
parasitic enteric infections. Moreover, the detection of RNA or DNA in a stool spec-
imen does not necessarily mean a viable pathogen or that the pathogen is truly caus-
ing gastroenteritis.

Complexity of the Human Gut Microbiome

Molecular assays including high-throughput sequencing techniques have begun to
identify the vast communities of bacteria that inhabit the skin and gut in humans
[152]. Despite these methods, the human gut remains relatively unexplored [152—
154]. This complexity will continue to be a factor in the use of NAATsS for diagnos-
ing enteric infections if for no other reason than the influence of contaminating
DNA from these gut microbes on the sequencing template.

Issues with Nucleic Acid Extraction

The molecular diagnosis of an enteric infection will usually begin with extraction of
nucleic acid from the specimen. Because this specimen is generally a diarrheal stool
sample, the extraction step becomes a critical step in this molecular diagnostic
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process. This is because stool is a complex mixture with multiple and diverse nucleic
acids and amplification inhibitors. Investigators have noted that detection of a given
target will reduced several logs when the target is placed in a stool mixture [142,
155]. This may result in enteric pathogens present in low numbers being missed.
This is the reason that some investigators have used mass spectrometry as an iden-
tification method following isolation of potential enteric bacterial pathogens from
stool [155, 156]. In addition, extraction of DNA from ova and parasites may be
more difficult that extracting DNA from bacteria [157]. Concentration of ova and
parasites that may be present in low numbers may be required [158], as it is and has
been for microscopic evaluation for parasites [159].

Requirement for Multiplex PCR

Over 50 pathogens currently are recognized a potential causes of enteric infections
[142-144]. This means that a multiplex PCR such as the Luminex bead method or
the FilmArray real-time PCR assay must be used [146, 147, 149, 150]. Even a mul-
tiplex approach will likely require the use of a diagnostic algorithm or the use of
several multiplex assays. The use of multiplex assays will create several technical
problems that include difficulty with discrimination of multiple targets in a single
reaction and reduced sensitivity. Multiplex assays also will cause some problems
with interpretation due to detection of multiple pathogens. For example, one study
that reexamined stool samples using PCR found that the detection rate increased for
both viral and bacterial pathogens, but the detection rate for multiple pathogens also
increased [142-144]. Similar to respiratory specimens, etiological relevance is
assumed if cycle-threshold values of qPCR results are low which correlate to high
pathogen loads [126].

Requirement for Quantitative PCR

Molecular assays due to their high sensitivity may detect low levels of enteric patho-
gens with unclear clinical significance. For example, Giardia species are known to
occur in stool at high rates in persons without diarrhea [160]. A recent study revealed
that high level of norovirus fecal load was correlated with norovirus genogroup II
infections and associated with development of severe clinical symptom at the time
of diagnosis [161]. Therefore, the use of quantitative PCR methods may be needed
in order to provide information that will be useful for interpreting the clinical sig-
nificance; the assumption being that a higher burden is more likely to be associated
with disease [142, 143]. Ultimately, this relationship of higher burden and symp-
toms of disease will need to be verified for many enteric pathogens for which this
relationship has not yet been determined.
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Detection of Resistant Determinants

Antimicrobial resistance is increasing for many bacterial pathogens and is likely to
happen with enteric pathogens such as Shigella, Salmonella, and Campylobacter
[162-164]. Detection of resistance determinants may be necessary in the future and
is likely to be difficult from stool samples due to the diversity of microorganisms
present in stool [142, 163].

The Use of Molecular Assays for Diagnosing Central Nervous
System Infections

Central nervous system (CNS) infections can be life threatening if not diagnosed
and treated early. The initial clinical presentation of most CNS infections is non-
specific, which makes the determination of an etiologic diagnosis challenging. The
laboratory evaluation of suspected meningitis/encephalitis (ME) is often compli-
cated because the differential diagnosis is broad, and the clinical signs and symp-
toms do not suggest a specific microorganism. Clinicians often approach the
laboratory evaluation of a CNS infection based on host factors, duration of symp-
toms, and potential environmental exposure; but cerebrospinal fluid (CSF) indices
in combination with a broad range of microbiologic tests are usually required to
identify a potential pathogen or to rule out infection [165, 166].

The conventional approach to CNS infection most frequently used in clinical
microbiology laboratories includes direct microscopic examination, culture tech-
niques, and antigen/antibody detection assays. These methods, although frequently
utilized, have several important limitations. These limitations will be reviewed
using the example of enteroviruses, which is among the most common causes of
meningitis [167]. Direct microscopic examination of cerebrospinal fluid (CSF) is
not useful for enterovirus. The sensitivity of enterovirus culture is only 65-75% and
requires 4—8 days [168]. Moreover, some enteroviral serotypes such as Coxsackievirus
A strains grow poorly or are non-cultivable [169]. Enteroviruses lack a common
antigen among various serotypes, which makes detection of an antigen or antibody
impossible. Similar issues are seen with the diagnosis of HSV infections of the CNS
by conventional methods—the sensitivity of CSF cultures is extremely poor.
Although the presence of HSV IgG antibodies in CSF can be used to diagnose CNS
infections, such antibody production is delayed until day 10 or 12 of the infection
making this method less useful for early diagnosis [170].

Nucleic acid in vitro amplification-based molecular methods are increasingly
being applied for routine microbial detection. These methods are proving to be a
significant improvement over conventional techniques and have the advantages of
both rapid turnaround and higher sensitivity and specificity [165, 166]. For example,
one study reported that 16S ribosomal ribonucleic acid (rRNA) PCR-based assays
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were able to accurately detect the causative organism in 65% of banked CSF samples
in comparison to 35% with the use of microscopy and culture [171]. In another
report, the diagnostic yield from molecular methods was improved and was able to
optimize antimicrobial therapy for patients with infectious meningitis when conven-
tional methods provided a negative result [172]. Currently, molecular methods per-
formed on CSF samples are considered to be the “platinum” standard, in contrast of
the culture gold standard, for the diagnosis of CNS infections caused by viruses
which are difficult to detect and identify [ 173—175]. US Food and Drug Administration
(FDA)-approved PCR assays have been available for enteroviruses (Xpert EV;
Cepheid, Sunnyvale, CA) and herpes simplex viruses (Simplexa HSV 1&2 Direct;
Focus Diagnostics, Cypress, CA) for many years now with excellent results [166].

The relative simplicity and high-throughput detection of multiplex molecular
assays make these an attractive option for screening and detection of a panel of
microbial targets [176]. Several multiplex PCR assays targeting the most common
causes of meningitis have been used to identify bacterial pathogens in CSF [165,
166]. The FilmArray meningitis/encephalitis (ME) panel (BioFire Diagnostics
LLC, Salt Lake City, UT) is currently the only FDA-approved multiplex assay for
CNS infections and detects six bacterial (E. coli K1, H. influenzae, L. monocyto-
genes, N. meningitidis, S. agalactiae, and S. pneumoniae), seven viral (cytomegalo-
virus, enterovirus, HSV-1, HSV-2, human herpesvirus 6 (HHV-6), human
parechovirus, and VZV), and one fungal (C. neoformans/gattii) target in CSF [177,
178]. The integrated FilmArray system has a turnaround time of about an hour, with
only 2 min of hands-on time [178—180]. The clinical usefulness of this device has
been described in several recent reports [180—183].

Next generation sequencing-based (NGS) approach offers great potential for use in
CNS infections. Both CSF specimens and brain biopsies can be used to further explore
the use of NGS technology for pathogen detection and discovery [165, 166]. As dem-
onstrated in a highly challenging clinical situation, metagenomics was successfully
used to make a timely diagnosis of neuroleptospirosis in a 14-year-old boy with severe
combined immunodeficiency who presented with recurrent bouts of fever, headache,
and coma [184]. Similarly, high-throughput RNA sequencing performed on brain
biopsy from an 18-month-old boy with encephalopathy identified a new astrovirus as
the pathogen [185]. Although molecular methods will undoubtedly be widely used for
diagnosing and monitoring CNS infections, it will be important for both clinicians and
microbiologists to appreciate the limitations of molecular assays such as the multiplex
PCR amplification-based syndromic panels. Results generated by these methods need
to be carefully interpreted in light of the patient’s clinical findings.

Limited Sensitivities and Subjective Cutoffs

Real-time PCR-based monoplex assays do provide an excellent qualification proce-
dure with a wide range of concentrations covered; however, such assays are not
ideal for qualitative measurements as there are no objective criteria for determining
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the cutoff point. This can be problematic when the microbial load in the tested
specimen is extremely low. For example, HSV and Chlamydia pneumoniae detec-
tion in CSF specimens by real-time PCR is not as objective and sensitive in com-
parison to end detection PCR procedures [186, 187]. A negative FilmArray ME
panel result does not exclude infection due to organisms that are not included in the
panel, and false-negative results for targeted pathogens that are present in low quan-
tities are still possible. Empirical antibiotics and/or acyclovir should still be admin-
istered when the clinical suspicion for bacterial infection or HSV encephalitis is
high despite a negative meningitis/encephalitis panel.

False Positives

Although multiplex PCR-based assays such as the FilmArray ME panel offer
promising syndromic platforms for rapid diagnosis of CNS infections, many false-
positive or unconfirmed ME panel results have been noted [178, 188]. The com-
prehensive list of targets included in the ME panel ensures that an actionable
diagnosis is not likely to be missed, but the false-positive results are problematic.
Streptococcus pneumoniae was the most frequent false-positive detection made by
the ME panel [178]; clinically irrelevant positive detections of H. influenzae also
have been revealed in our institution (Tang, unpublished data). False-positive CSF
test results can potentially result in significant harm if they lead to unnecessary,
potentially toxic antimicrobial therapy or unwarranted invasive procedures.
Several of the false-positive ME panel results in this published study theoretically
could have had untoward sequelae if therapy or invasive procedures have been
implemented [178]. These observations highlight the importance of laboratory
operating procedures designed to minimize carryover contamination, even when
using a “closed” system such as the FilmArray. Operators should wear a mask
when loading the FilmArray pouches and/or ideally use a biological safety cabinet
or dead air box. Each laboratory must establish expected positivity rates for the
individual targets contained in the ME panel in order to monitor for contamination
[177]. Finally, interpreting the clinical significance of reactivated or latent
Herpesviridae can be difficult. Providers must consider these results carefully in
the clinical context.

Misidentified Pathogens

An example of syndromic nucleic acid amplification test panels is the FilmArray
system, which simultaneously detects a broad range of pathogens and has improved
the diagnosis of many infectious diseases by reducing turnaround times and simpli-
fying laboratory workflow. The rapid results obtained are useful for guiding antimi-
crobial therapy and improving infection prevention practices. However, when the
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system detects multiple microorganisms, it may be difficult to determine which
microorganism caused the clinical infection. This can be particularly important if
the real pathogen is missed (most likely due to the low test sensitivity) while a dif-
ferent microorganism is detected. For example, Gomez et al. have described a case
of tuberculous meningitis misdiagnosed as herpes simplex virus-1 encephalitis
using the FilmArray ME panel [188].

Cost-Effectiveness

As syndromic diagnostic panels (“one stone for two birds”) become popular and
widely used in clinical practice, laboratorians will be faced with guiding the rational
use of these expensive technologies in the current absence of studies evaluating
cost-effectiveness. FDA approval does not necessarily mean that the ME panel is
going to be the right approach for all patients with CNS infections. Several factors
should be considered before implementing the ME panel [177]. First, which patients
should be tested? The pathogens targeted by the ME panel are most appropriate for
immunocompromised patients with CNS infections, a setting where members of the
Herpesviridae as well as Cryptococcus species are commonly seen and cause sig-
nificant disease. In pediatric and adult patients with acute meningitis and a high
clinical suspicion for a bacterial infection, the ME panel could reduce the time to
diagnosis and may be particularly useful in situations where patients have received
empiric antimicrobial therapy prior to a diagnostic lumbar puncture. Short of these
selected situations, targeted molecular testing with prioritization by most likely
pathogens should be the first consideration. Laboratory screening criteria that are
based in part on CSF nucleated cell counts might be a way to minimize unnecessary
testing for immunocompetent adults [177, 189-191]. It can be argued that perform-
ing targeted molecular testing based on clinical suspicion is likely to be more cost-
effective for immunocompetent patients, especially when such testing can be done
in-house. In summary, the ME panel appears to be an additional test that will not
necessarily replace current approaches [177].

The Use of Molecular Assays for Diagnosing Tissue Infections

The use of molecular assays for diagnosing tissue infections is another area that is
rapidly evolving. For example, molecular assays have proven quite successful in the
diagnosis of infectious endocarditis [192-202]. Indeed, a number of fastidious micro-
organisms causing endocarditis have been identified using molecular assays; these
include Tropheryma whippelii [192], Bartonella quintana [194, 199, 200], Bartonella
henselae [199, 200], and Coxiella burnetii [200]. This success has resulted in molec-
ular assays being included in the best practices and guidelines for identification of
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difficult-to-culture pathogens in infective endocarditis [202, 203]. Molecular assays
of tissue have been useful for diagnosing necrotizing fasciitis caused by group A
streptococci when cultures were negative or not available [204, 205].

Finally, molecular assays for fungal pathogens also have been widely studied and
have the potential to be useful in the diagnosis of fungal tissue infections [206].
Fungal pathogensidentified fromtissue by molecularassays include Paracoccidioides
brasiliensis [207], Histoplasma capsulatum [208], Coccidioides immitis [209],
Blastomyces dermatitidis [209, 2101, Aspergillus fumigatus [211, 212], Absidia
corymbifera [211], and Rhisopus arrhizus [211, 212]. NAATs have been used to
detect a variety of DNA and RNA viral pathogens in formalin-fixed, paraffin-
embedded (FFPE) tissue specimens [213-216]. The use of molecular assays for
diagnosing tissue infections will only increase over time [216]; therefore, the limita-
tions of these molecular assays should be appreciated.

Fresh/Frozen Tissue Versus Formalin-Fixed, Paraffin-
Embedded Tissue

Fresh/frozen tissue is best for molecular testing and should be available if molecular
testing is considered at the time of biopsy [216-218]. In contrast, FFPE tissue is
usually available as often is the only tissue available when molecular testing is con-
sidered as an afterthought [206]. Accordingly, one of the most important limitations
in the use of molecular assays for diagnosing tissue infections is considering these
assays at the time of biopsy so that fresh tissue can be used or frozen for use later.
The difference in sensitivity for PCR testing can be seen by a study in which fresh
nonembedded tissues were found to have sensitivities for PCR detection of fungi of
97% versus only 68% for FFPE tissue [217]. The reason for this decreased sensitiv-
ity is that nucleic acids obtained from FFPE tissue are frequently damaged (i.e.,
cross-linked) and may contain PCR inhibitors [219, 220]. If FFPE tissue must be
used, a housekeeping human gene must be amplified as a control [206, 213, 220].

Wide Diversity of Potential Microbial Pathogens

The wide diversity of potential microbial pathogens that could potentially be
detected in tissue is readily apparent. These pathogens could be viral, bacterial,
fungal, or parasitic. This diversity will greatly influence the DNA targets and the
PCR primers used as well as whether monoplex or multiplex PCR methods will be
used. For example, species-specific identification of a wide range of clinically rel-
evant fungal pathogens using Luminex technology required up to three different
probes for each fungal pathogen using the internal transcribed spacer (ITS2) region,
which is highly variable among genomes of individual fungal species [221].



728 C. W. Stratton and Y.-W. Tang
Choice of DNA Target, PCR Primers, and Amplification Method

The choice of the DNA target is important [222]. In general, molecular assays that
target multi-copy genes provide the greatest sensitivity. Amplification methods
should provide objective endpoint assessments for the PDR test used. PCR primers
are important. For example, there is insufficient variation in the internal transcribed
spacer (ITS1) region to differentiate certain species of fungal pathogens [223];
therefore, analysis of other regions such as ITS2 should be considered. False-
positive results have been described with certain primer for H. capsulatum [208].
False-negative results have been found for C. immitis from FFPE tissue (73% sensi-
tivity) versus fresh tissue (93% sensitivity) suggesting a primer problem, degrada-
tion, or inhibitors [209, 224]. Finally, it is estimated that approximately 10-20% of
the sequences in GenBank are misidentified [225]. Currently there are relatively few
commercial kits available for molecular testing using tissue specimens. If laboratory-
developed PCR assays for tissues are used, they must be evaluated, verified, and
validated by the laboratory before the results can be used for clinical diagnosis and
patient care [223, 226].

Issues with Nucleic Acid Extraction

DNA extraction from FFPE tissues is difficult and requires special protocols [225].
The amount of DNA extracted is usually quite small; reported methods show an
amplification success rate between 60% and 80%. Commercial DNA extraction kits
have been evaluated [225]; one method (TaKaRa) was noted to extract DNA for 69
of the 74 FFPE tissue samples from which a housekeeping gene could be amplified.
Moreover, this method was cost-effective and had a non-laborious protocol.
Successful extraction of RNA from FFPE specimens depends on the prompt origi-
nal tissue processing and a well-developed extraction protocol [215, 220, 227].

Low Number of Pathogens and/or Random Distribution
in Tissue

When the number of pathogens is scant in tissues, the amount of DNA obtained may
be insufficient to perform a PCR assay. Moreover, these pathogens are often ran-
domly distributed in the tissue [37]. When FFPE tissue is used, a punch biopsy can
be used to take a sample from an area noted to have inflammation and/or microor-
ganisms by a stained slide from the same tissue block. The stained slide can be
marked and then used to direct the location for the punch biopsy sample from the
tissue block. The use of fresh or frozen tissue is more problematic as the selection
of tissue will be random and may not contain microorganisms.
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Simultaneous Detection of Multiple Pathogens

As would be expected, molecular assays already have been noted to detect mixed
infections. This may present difficulty in interpretation of the results. In particular,
microbial diversity in endocarditis has been noted with cultivation-independent
molecular techniques [226]. Multiple pathogens detected by molecular assays have
also been reported in fungal infections [206, 227].

Concluding Remarks

Outcomes from infectious diseases often depend on early and appropriate antimi-
crobial therapy [228]. Appropriate antimicrobial therapy is directly related to the
length of time required for identification of the microbial pathogen [105, 106, 229].
Until recently, clinical microbiology laboratories have been handicapped by con-
ventional, slow multistep culture-based techniques that require prolonged incuba-
tion times for many pathogens and are not able to isolate others. Clinicians unable
by clinical judgment or diagnostic results to quickly and accurately identify a patho-
gen causing infection must adopt a conservative approach involving empiric therapy
with broad-spectrum antimicrobial agents [230]. Fortunately, this cumbersome
approach has rapidly changed over the last two decades because of the increasing
utilization of molecular diagnostic techniques [105, 106, 231]. Indeed, molecular
assays such as NAATSs have initiated a revolution in the field of diagnostic microbi-
ology due to their high sensitivity, specificity, rapid test turnaround time, as well as
potential high throughput and automation. In particular, emerging commercial
molecular tests for the diagnosis of bloodstream infections promise to further
improve patient outcomes in septic patients [19]. The adaption of molecular syn-
dromic methods for microbiology diagnostics to the point-of-care laboratory also
promises to improve patient outcomes [232]. Molecular assays have been heralded
as the “diagnostic tool for the millennium” [1, 3, 4]. However, molecular assays also
bring some uncertainty such as that caused by false-positive results due to contami-
nation from endogenous or exogenous sources of DNA [4, 8, 18, 20, 233]. For
example, one study using a universal 16S rRNA PCR assays detected eubacterial
DNA in blood samples from healthy subjects [234]. NAATSs also may give false-
negative results due to two principle reasons: (1) the relatively small sample required
for PCR reactions and (2) technical problems associated with PCR processing
[235]. Moreover, the results of molecular assays may be difficult to interpret and
apply in the clinical setting. As NAATSs are increasingly used in routine clinical
microbiology laboratories, interpretation is expected to be more difficult as new
tests are developed and more complicated multiplex assays emerge. For example,
clinical relevance of positive NAATSs in paraffin block specimens and multiple
microbial organisms found in any specimen will need careful interpretation. As the
usefulness of these molecular assays is determined by usage over time,
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communication between the clinician and the microbiology laboratory is always
suggested and will be increasingly important whenever an interpretation is needed.
Finally, both the clinical microbiologist and the clinician must acquire a working
knowledge of the principles, diagnostic value, and limitations of these molecular
assays [1, 236, 237].
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