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Abstract
Purpose of Review Major technologic advances in two main areas of molecular infectious disease diagnostics have resulted in
accelerated adoption or ordering, outpacing implementation, and clinical utility studies. Physicians must understand the limita-
tions to and appropriate utilization of these technologies in order to provide cost-effective and well-informed care for their
patients.
Recent Findings Rapid molecular testing and, to a lesser degree, clinical metagenomics are now being routinely used in clinical
practice. While these tests allow for a breadth of interrogation not possible with conventional microbiology, they pose new
challenges for diagnostic and antimicrobial stewardship programs. This review will summarize the most recent literature on these
two categories of technologic advances and discuss the few studies that have looked at utilization and stewardship approaches.
This review also highlights the future directions for both of these technologies.
Summary The appropriate utilization of rapid molecular testing and clinical metagenomics has not been well established. More
studies are needed to assess their prospective impacts on patient management and antimicrobial stewardship efforts as the future
state of infectious disease diagnostics will see continued expansion of these technologic advances.

Keywords Syndromic panels . Multiplex molecular panels . CLIA-waived molecular tests . Clinical metagenomics .

Next-generation sequencing . Diagnostic stewardship

Introduction

While the first direct-specimen molecular testing for infec-
tious diseases was approved by the US FDA 26 years ago
[1], there has been a very recent explosion of molecular tech-
nology in two major directions: (1) direct-specimen rapid am-
plification and detection platforms and (2) next-generation
sequencing. These advanced techniques offer an opportunity
to provide laboratory diagnoses at a speed, sensitivity, and

breadth never before possible with conventional microbiolo-
gy. Given the continued emergence and spread of novel anti-
microbial resistance mechanisms paired with increasingly
complex patient populations, these technologic advances
may become important factors in patient care. However, each
comes with its own set of significant limitations including cost
considerations and potentially negative consequences, such as
over-utilization. As a result, there is also room for novel stew-
ardship strategies around these types of testing.

One of the early applications in this wave of technology is
species and antimicrobial resistance marker identification
from positive blood culture broth. Several rapid, multiplexed
molecular panels received US FDA clearance in the last 5 to
10 years [2]. These platforms provide significantly decreased
turnaround times for limited organism and resistance marker
identification. However, numerous studies, some almost a de-
cade old, have shown that without any intervention, simply
implementing this relatively expensive technology has no
clinical or economic impact [3–5]. What we have learned
from these studies is that in order to see some benefit from
this specific technology, an antimicrobial stewardship
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program (ASP) must be engaged to direct changes in treat-
ment. Only through this approach can the technology lead to
faster time to optimal therapy, shorter hospital stays, and as-
sociated hospital cost savings for very specific scenarios
[3–5]. Although this is not a direct-specimen application, we
can begin to draw parallels with direct-specimen molecular
testing. This review will highlight recent studies developing
and applying emerging molecular infectious disease technol-
ogies and touch on limited published data on clinical utility
and stewardship approaches.

Rapid Molecular Testing

Syndromic Panels

“Syndromic panel” is a term commonly used in clinical microbi-
ology when referring to rapid, multiplexed amplification and de-
tection platforms that receivedUSFDAapproval or clearance for a
set list of targets in a specific sample type [6]. This includes panels
for gastrointestinal, central nervous system and respiratory tract
infection-associated potential pathogens. There are common
themes among all of these panels. First, they are superior in ana-
lytical sensitivity and speed compared to the syndromic ap-
proaches they replaced, that is viral and bacterial cultures.
Second, due to the fact that they emerged andwere adopted quick-
ly as a superior method to culture, adoption has outpaced evidence
of clinical utility for some tests and populations [7]. Ideally, we
would evaluate all of these approaches via randomized controlled
trials comparing patient outcomes between conventional microbi-
ologic testing and testing including a syndromic panel; however,
very limited studies addressing this have been published [8].
Finally, there are also very limited studies on appropriate utiliza-
tion. Given the increased cost over conventional methods and
potential unintended consequences of over-testing, these are areas
in need of exploration [9]. How these points relate to each panel
type will be discussed separately below.

Respiratory Tract Infection Syndromic Panels

For a detailed review of individual respiratory tract rapid
syndromic respiratory panels, readers are referred to the follow-
ing references (6, 8). While individual targets vary, in general,
these panels contain most known, widely circulating respiratory
viruses and a limited set of atypical upper respiratory tract bac-
terial targets. Analytical sensitivity also varies by target for each
panel. A number of studies have attempted to evaluate whether
implementation of these panels results in any impact on patient
care. Several retrospective studies have shown mixed results
when considering impact on antibiotic usage, including duration,
or length of hospitalization when comparing pre- and post-panel
implementation time periods or comparing patients with positive
versus negative panel results [10–14]. One of the only

randomized controlled trials also found no difference in antibiotic
usage, including duration, between adults tested via syndromic
panel at the point-of-care compared to patients receiving conven-
tional testing in a hospital emergency department and inpatient
unit [15]. They attributed this to the fact that antibiotics were
initiated before the syndromic panel was completed. Upon sec-
ondary analysis, only including patients whowere not prescribed
antibiotics prior to receiving the panel result, they found a small
(13%) but statistically significant difference in antibiotic prescrip-
tions. The same study also found that patients in the syndromic
panel arm were discharged a mean of 1 day earlier than those
receiving conventional testing. Another randomized controlled
trial found no difference in length of stay or antibiotic usage,
including duration, comparing adult patients who received
syndromic panel testing with those who received conventional
microbiologic testing [16]. In many of these studies, there ap-
pears to be a significant impact only when patients test positive
for influenza virus. For example, in a retrospective pre-, post-
implementation analysis, Rappo et al. found that an influenza
diagnosis by rapid syndromic panel, compared to conventional
testing, led to less admissions, shorter length of stay and duration
of antibiotics, as well as less imaging [11]. In the same study,
there was no impact when patients were positive for a non-
influenza virus by syndromic panel compared to conventional
testing. This leaves an obvious place for antimicrobial and diag-
nostic stewardship. ASP could provide practice-level guidance
on the proper interpretation of these results; that is, with-hold
antibiotics if a virus is detected when other clinical features or
testing is not consistent with bacterial infection [17]. Trials eval-
uating the success of these types of interventions are needed.

The future of respiratory syndromic panels includes lower
respiratory tract sampling. Two panels have recently been
cleared by the US FDA for sputum, endotracheal aspirate
and bronchoalveolar lavage specimens. One of these panels
includes the same viral targets as their upper respiratory tract
panel, while both have the same 18 bacterial targets and 8 to
10 antibiotic resistance genes [6]. This expansive number of
bacterial targets may lead to tremendous confusion for the
ordering physician if many targets are positive on the same
sample, including antibiotic resistance genes that can be at-
tributed to multiple species. One manufacturer provides semi-
quantitative assessment, via 10-log increments, of most of the
bacterial targets to attempt to aid in interpretation. However, it
is not clear what relative quantities should be considered sig-
nificant. At the time of this writing, there are no published
studies available; thus, we cannot comment on the clinical
performance or appropriate utility of such panels.

Gastrointestinal Tract Infection Syndromic Panels

As with respiratory panels, there are a number of US FDA-
approved rapid syndromic panels for gastroenteritis reviewed
in the following references (6, 8). While these tests have
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improved sensitivity and reduced time to result over bacterial
culture for common agents of community-acquired diarrhea,
they introduce new issues. First, one of the panels contains an
expansive list of potential pathogens, including several low
incidence targets and four E. coli targets, only one of which
is tested for as part of a standard stool culture. In early clinical
studies, Enteropathogenic E. coli (EPEC) was the most fre-
quently identified organism on the panel across all age groups
[18, 19].While this organism is a cause of pediatric diarrhea in
developing countries, the unexpected prevalence in adults and
a population without travel to endemic areas raised concerns
about detection of colonization. EPEC was also more fre-
quently found as part of co-detections than alone. Further
studies have repeated these findings in countries across differ-
ent continents and have also identified the same issues with
enteroaggregative E. coli [20–22]. False-positive detections of
Vibrio cholerae [23] and Entamoeba histolytica [24] have
been reported in patients without relevant exposures. This
highlights the inherent problems with testing patients for po-
tential pathogens without clinical indication, especially in low
prevalence settings. To combat potential negative conse-
quences of broad panel testing, antimicrobial and diagnostic
stewardship partnerships are critical [25]. To this point, Keske
et al. evaluated the inappropriate use of antibiotics, defined as
the use of antibiotics after a pathogenwas detected that did not
require treatment with that drug, during a pre- and post-ASP
intervention at a single hospital in Turkey. The ASP interven-
tion was described as “educational meetings and activities
among prescribers” that took place at the end of the pre-
intervention time period. The authors saw a significant reduc-
tion in inappropriate prescriptions even with this modest in-
tervention [22]. Importantly, analysis was limited to adults
with severe diarrhea and fever or bloody diarrhea. The authors
did not state whether testing was also limited to this popula-
tion as a diagnostic stewardship approach. To evaluate inap-
propriate utilization, Clark et al. performed retrospective chart
review on all adult outpatients from the University of Virginia
health system tested by syndromic GI panel in a 15-month
period. They found that 32% of patients were tested inappro-
priately, that is, not meeting the Infectious Disease Society of
America’s recommendations [26]. Of these 32% of patients
deemed inappropriately tested, only one had a clinically sig-
nificant pathogen detected but this detection was deemed not
to have impacted management.

Perhaps the most concerning impact of implementing a
syndromic GI panel without diagnostic stewardship is the po-
tential over-diagnosis of C. difficile infection (CDI) in colo-
nized individuals and related financial consequences [27]. The
IDSA currently recommends limiting testing to individuals
greater than 2 years of age with diarrhea following antimicro-
bial use and/or healthcare-acquired diarrhea, though individ-
uals with persistent diarrhea lacking an etiology may be con-
sidered for testing [26]. These categories are complicated by

the association of many medications, including antimicro-
bials, with diarrhea, as well as overlapping symptoms between
CDI and viral causes of hospital-acquired diarrhea and in-
creased likelihood of C. difficile colonization in individuals
with antibiotic and healthcare exposures [28]. There is intense
debate around the use of antigen testing versus molecular for
the diagnosis of CDI, which is beyond the scope of this review
[29]. Suffice to say that diagnostic and ASP partnerships are
necessary to reduce syndromic GI panel testing that detects
colonization and subsequent unnecessary treatment. In a pro-
spective study, Truong et al. performed real-time enforcement
of testing criteria to reject specimens for C. difficilemolecular
testing that were from patients without diarrhea or who had
received laxatives. Through this intervention, they were able
to detect significant reductions in tests ordered, use of oral
vancomycin, and rates of hospital onset CDI [30]. While the
test used in this study was not a syndromic panel, the same
conclusions can be drawn to increase the value of GI panel
testing.

Central Nervous System Infection Syndromic Panels

At the time of this writing, there is only one US FDA-
approved multiplex molecular panel for the detection of cen-
tral nervous system infection-associated pathogens in cerebro-
spinal fluid collected through lumbar puncture [31]. However,
it is a matter of when, not if, more will be cleared [32]. We are
now roughly 4 years out from the initial approval of the first
panel with many lessons learned. The clinical trial and several
retrospective studies performed around the time of release
revealed some concerning findings [31, 33]. First, false-
positive results for bacteria found in the respiratory tract and
herpes simplex virus (HSV) were commonly reported [31,
33]. The origin of this false-positivity has been hypothesized
to be contamination from medical laboratory scientists, indi-
viduals collecting samples or other clinical samples processed
in the same location; however, this has not been scientifically
proven. Second, Cryptococcal meningitis should still be diag-
nosed by antigen testing due to superior sensitivity of that
method [33–35]. Third, detection of HHV-6 is common and
of questionable clinical significance [36–38]. Laboratories
should provide an interpretive comment on the report for
HHV-6 detections possibly prompting consultation with infec-
tious diseases, though this leads to additional consult burden
on these clinical teams. Finally, some targets were not ade-
quately represented in the clinical trial due to infrequent clin-
ical presentations, which could have been predicted by statis-
tical estimates. As a result, the sensitivity of detection for
bacterial meningitis is not well documented and there is a
published example of the panel failing to detect Neisseria
meningitidis in a sample that was only positive after a 5-fold
dilution, which is a deviation from the FDA approval [39].
The authors hypothesized that the patient’s CSF’s high white
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blood cell count could have led to interference. More likely,
the organism DNA load was so high that it diluted species-
specific primers and probes. Since the panel also does not
detect all possible causes of bacterial meningitis culture is still
required. Additionally, the panel has been shown to have low-
er analytical sensitivity for HSV than single-target molecular
tests [40, 41]. Thus, negative panel results in the setting of
high clinical suspicion for HSV encephalitis or neonatal dis-
seminated disease should be interpreted with caution.

The speed and ease of testing has led to the rapid adoption
of this platform in many laboratories before clinical perfor-
mance and utility could be fully established. For example,
many labs chose to adopt due to the fact that send out testing
for HSVwas expensive and led to delays [43]. The syndromic
panel allows them to perform testing in house at perhaps the
same cost with the potential benefit of the additional targets.
However, as mentioned above, the lower analytical sensitivity
for HSV raises concern. Some argue that this new ease of
testing has possibly led to overuse [42, 43]. However, retro-
spective analyses have the benefit of knowing the final diag-
nosis while at the time of clinical presentation, it may have
been appropriate to order syndromic panel testing [43].
Studies that have looked at pre- and post-panel implementa-
tion time-points have found conflicting differences in panel
impact in terms of length of stay and time to appropriate an-
timicrobial narrowing, with some showing significant de-
creases [44, 45] and others showing no difference [46].
Since there is no set guidance for how or if testing should be
limited as a stewardship approach, it is currently unclear how
to gain the most benefit from this panel. Some have proposed
a CSF cell count-based cutoff to limit testing [47]. Such cut-
offs are clearly not universal to all populations or infections
[48]. For example, HSVencephalitis can often present with a
normal CSF cell count early in the course of disease [49].

Reimbursement Concerns with Syndromic Panels

The future for syndromic panel testing may require smaller,
modular, or even reflexed panels to achieve maximum finan-
cial and clinical benefit. This is in part due to recent Centers
for Medicare and Medicaid Services’ (CMS) local coverage
determinations (LCD) that deemed some components of these
panels not reasonable or necessary. LCDs limit reimbursement
to five bacterial targets on the syndromic GI panel, unless
C. difficile colitis is suspected and tested as a part of the panel,
and three to five viral targets on the respiratory syndromic
panels (CMS, https://www.cms.gov/medicare-coverage-
database/details/lcd-details.aspx?LCDId=37363&ver=3,
accessed 10/30/2019). To potentially combat this, some
manufacturers have received proprietary laboratory analyses
(PLA) codes (American Medical Association, https://www.
ama-assn.org/system/files/2019-10/cpt-pla-codes-long.pdf,
accessed 10/30/2019), which in theory allow for exemption

from the LCDs. However, at the time of this writing, it is
unclear if all payers will accept these new codes and what
the reimbursement rate will be. Studies addressing the
downstream financial benefits of testing, such as savings
from reduced antibiotic use or decreased length of
hospitalizations, and how these offset the cost of the testing
are needed [50].

Point-of-Care Molecular

Without question, the future of rapid, random-access molecu-
lar testing is moving closer and closer to the bedside or clinic
room. Currently, there are a number of Clinical Laboratory
Improvement Amendments (CLIA)-waived molecular tests
for Influenza virus, some paired with respiratory syncytial
virus, group A Streptococcal pharyngitis and for Chlamydia
trachomatis and Neisseria gonorrhoeae (CT/NG) with excel-
lent analytical sensitivity and specificity [51, 52]. CLIA-
waived means that these tests can be performed outside of a
laboratory and by non-laboratory staff such as nurses. Studies
of these platforms have shown clinical impact for influenza
detection in both the inpatient and ambulatory settings [53,
54]. In a prospective, single-season study of urgent care cen-
ters connected to their health system, Benirschke et al. found a
significant reduction in the use of antibiotics for those who
tested positive for influenza by a POC molecular test com-
pared to those who tested positive by a POC antigen test
[54]. Martinot et al. had similar significant reductions in
length of stay, antibiotic administration, and faster oseltamivir
administration after a positive influenza test in an emergency
department population comparing POC molecular to a slower
laboratory developed molecular influenza test [55]. Group A
Streptococcal (GAS) pharyngitis POCmolecular tests are now
CLIA-waved without the need for confirmatory culture of
negative results. In a prospective primary care study compar-
ing a CLIA-waved POC molecular test to conventional
methods for GAS, Rao et al. found a small but significant
reduction in inappropriate antibiotic use for children present-
ing with symptoms of GAS pharyngitis [56]. For CT/NG, the
majority of these tests are currently sent to central laboratories,
leaving up to a 7-day waiting period from first visit to treat-
ment. During that time, patients may spread infection, and
many patients receiving positive results do not return for treat-
ment. These POC tests allow people to be tested, diagnosed,
and treated for STIs in a single visit [57, 58]. They can also
help to reduce the burden on health workers and systems and
can therefore also reduce expensive laboratory costs.

Bringing molecular testing outside of the clinical laborato-
ry comes with appropriate concern. First, these assays produce
millions to trillions of copies of pathogen nucleic acid. While
they are closed systems, there is always the possibility of
amplicon contamination from a defective product and one
laboratory accrediting agency has recently added new
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requirements to this point [59]. To investigate potential con-
tamination, Donato et al. performed weekly swabs of the sur-
face of an actively used POC molecular GAS test and sur-
rounding environment at two different urgent care clinics
[60]. They were not able to detect any contamination that
amplified via the same test across the 13-week period of the
study. Second, as more molecular assays become CLIA-
waved for POC use, especially those with multiple targets,
the ability to provide diagnostic stewardship becomes increas-
ingly challenging. For example, one of the large syndromic
respiratory panels is now CLIA-waved. More data are needed
on how these panels are used and interpreted in outpatient and
urgent care settings.

Next-Generation Sequencing and Clinical
Metagenomics

The combination of shotgun next-generation sequencing with
metagenomic analyses of the data, directly from a clinical
sample for the diagnosis of an infection is referred to as “clin-
ical metagenomics”. The ability to interrogate the sequencing
data for any potential pathogen has resulted in tremendous
promise for this methodologic approach. The first publication
describing the real-time use of clinical metagenomics came in
2014 [61]. Since that time, several laboratories, including the
laboratory who co-authored that initial case study, have vali-
dated metagenomic analyses of next-generation sequencing
data directly from a variety of clinical sample types. A detailed
description of next-generation sequencing and metagenomics
methods is provided in the following references (62, 63). It is
important to highlight that each laboratory has highly lab- and
sample-type specific methods from sample preparation, li-
brary preparation, sequencing platform and depth, to bioinfor-
matic analysis and interpretation. Any one of these compo-
nents leads to some sort of bias, and there are currently no
uniformly accepted criteria for any step in this process [64].
Thus, physicians who order this testing should understand, at
least at a big-picture level, the associated limitations to ade-
quately interpret results in the clinical context of their patients.

At the time of this writing, only one laboratory has validat-
ed metagenomic analyses of next-generation sequencing data
from CSF.While this group has published several case reports
over the last 5 years [65–68], they have recently published
their prospective clinical study [69]. Some key takeaways
from this larger sample set include the fact that unique detec-
tions by clinical metagenomics were equally likely to repre-
sent a clinically significant pathogen as they were to represent
an incidental finding. For those that were deemed clinically
significant, 6% of the total study population, roughly half
would have influenced treatment as determined by a review
panel consisting of clinical microbiologists and infectious dis-
ease physicians. All of these unique, clinically significant de-
tections were confirmed by targeted PCR or bacterial/fungal

ribosomal PCR followed by Sanger sequencing. This suggests
that the true value of clinical metagenomics is in the unbiased
nature of the method rather than improved sensitivity over
targeted PCRs or ribosomal Sanger sequencing in CSF sam-
ples. The samples that were incidental detections included 10
detections of HIV, 7 of which were from patients known to be
positive for HIV, HHV-7 (n = 3), HHV-6 (n = 2, discussed
above with the syndromic CSF panel), EBV (n = 1), and 1
detection each of HCV and coronavirus. How these would
be interpreted on an individual patient level in real time re-
mains to be established. Equally informative are the infections
not detected by their assay. In the supplemental material, the
authors describe 11 cases diagnosed by serology and 7 cases
diagnosed by an alternative sample type. However, there are
also eight cases in which pathogen titers were considered too
low to meet their cutoff for positivity, 6 of which had detect-
able reads below their clinically validated thresholds. This
suggests that the current iteration of their test should be used
in combination with conventional testing including targeted
PCRs that may be more analytically sensitive for some path-
ogens such as Mycobacterium tuberculosis.

Again, at the time of this writing, only one laboratory has
validated clinical metagenomics from plasma. Their test is
based upon the hypothesis that, like placental or tumor
DNA, pathogen DNA can be found in the bloodstream after
breakdown and release from distal organs as well as from
blood stream infections [70]. They call this “cell free” DNA
based on the terminology used in human clinical genomics.
There have been a few case reports showing utility for the
diagnosis of culture-negative endocarditis and invasive
Mycobacterium chimaera disease [71, 72]. In a single center
clinical study looking at results of this test sent from children
with a variety of indications, Rossoff et al. found a 70% pos-
itivity rate [73]. Sixty percent of these positives were also
positive by conventional testing. For those that were only
detected via clinical metagenomics, half were deemed clini-
cally significant and half were considered insignificant, simi-
lar to the findings in the CSF study described above.

Other sources that have either been validated or are close to
clinical validation for metagenomics include respiratory spec-
imens [64, 74] and prosthetic joint specimens [75–77], respec-
tively. Studies in these sample types also detect a number of
questionable or insignificant positive results, highlighting the
need for careful clinical interpretation. As this methodology
may become mainstream in the future of clinical microbiolo-
gy, appropriate utilization and interpretation will be key to
cost-effectiveness.

Additional Future Directions

As the landscape of infectious diseases evolves, emerging
resistance mechanisms and novel therapeutics for treatment-
retractile diseases will require cutting edge molecular
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diagnostics to evolve simultaneously. The use of metagenomic and/or
transcriptomic data to assess the resistome of a clinical sample requires
furtherexplorationtounderstandwhetherphenotypicantimicrobialsuscep-
tibility testing can ever be replaced, or at least sufficiently augmented, by
such techniques. Tremendously promising work is also being done to
understand how the microbiome influences human health and how that
can be manipulated for treatment purposes for multi-drug-resistant organ-
isms as well as C. difficile. The success of fecal microbiome transplants
maysomeday require companion, real-timemetagenomiccharacterization
of donor stool as well as post-microbiome engraftment analyses [78].
Similarly, phage therapy, with or without CRISPR-Cas9 strategies, to
combat highly antimicrobial resistant bacteria may require metagenomic
analyses to assess efficacy [79, 80].

Finally, advances in the speed of amplification through
techniques like “extreme PCR” will no doubt lead to a next-
generation of rapid diagnostics [81]. Not mentioned in this
review, due to scope, are systems like T2 Biosystems and
Qvella, that test for bloodstream infections directly from a
blood sample without the need for culture [82]. These types
of technologies will no doubt continue to develop to reach the
rapid state. Advances in molecular speed and cost will likely
also result in the availability of direct access CLIA-waived
molecular testing that patients can perform in their homes as
well as a continuously expandingmenu ofmolecular testing to
be performed at the point-of-care, including the outpatient
setting [83]. Hopefully, future iterations or new platforms will
include smaller, modular, or even reflexive panels that lead to
clinically appropriate testing for the right patient populations.
Studies on the clinical utility, impact, and diagnostic and an-
timicrobial stewardship approaches for these types of ad-
vances are very much needed.

Conclusions

As molecular diagnostics continue to push the boundaries of
speed and comprehensive and complex analyses, optimal uti-
lization and impact will require partnership with stakeholders,
particularly antimicrobial and diagnostic stewardship pro-
grams. The current pace of these technologic advances, and
subsequent FDA approval of a subset, has created an unfortu-
nate lag in our ability to appropriately steward their use.While
many groups have published promising data on effective uti-
lization we are far from the optimal state. More data is needed
to drive the future use and expansion of these panels, particu-
larly as they move closer to the point-of-care.
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