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s u m m a r y

Objectives: The clinical impact of rapid sample-to-answer “syndromic” multiplex polymerase chain reaction 
(PCR) testing for respiratory viruses is not clearly established. We performed a systematic literature review 
and meta-analysis to evaluate this impact for patients with possible acute respiratory tract infection in the 
hospital setting.
Methods: We searched EMBASE, MEDLINE, and Cochrane databases from 2012 to present and conference 
proceedings from 2021 for studies comparing clinical impact outcomes between multiplex PCR testing and 
standard testing.
Results: Twenty-seven studies with 17,321 patient encounters were included in this review. Rapid multiplex 
PCR testing was associated with a reduction of − 24.22 h (95% CI −28.70 to −19.74 h) in the time to results. 
Hospital length of stay was decreased by −0.82 days (95% CI −1.52 to −0.11 days). Among influenza positive 
patients, antivirals were more likely to be given (RR 1.25, 95% CI 1.06–1.48) and appropriate infection 
control facility use was more common with rapid multiplex PCR testing (RR 1.55, 95% CI 1.16–2.07).
Conclusions: Our systematic review and meta-analysis demonstrates a reduction in time to results and 
length of stay for patients overall along with improvements in appropriate antiviral and infection control 
management among influenza-positive patients. This evidence supports the routine use of rapid sample-to- 
answer multiplex PCR testing for respiratory viruses in the hospital setting.

© 2023 The Author(s). Published by Elsevier Ltd on behalf of The British Infection Association. This is an 
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction

Respiratory tract infections (RTIs) place a significant burden on 
the healthcare system and are the third most common cause of 
mortality and morbidity, globally.1 Respiratory viruses are the pre
dominant causative agents responsible for most acute respiratory 

infections.2 Rapid and accurate diagnosis of the underlying pathogen 
is critical for optimizing effective patient management decisions, 
such as the need for antibiotic or antiviral prescriptions and im
plementation of infection-control measures to prevent further 
transmission.3,4

Routine laboratory-based pathogen tests such as viral culture, 
immunofluorescence assays, and single-target reverse-transcription 
polymerase chain reaction (RT-PCR) techniques, do not generally 
provide results rapidly enough to have an impact on clinical deci
sions. Rapid antigen detection tests (RADTs) also have been shown to 
have poor sensitivity in detecting respiratory viruses in adults.5,6

Conventional testing may be laborious, comprising multiple com
plex steps; require special instruments that may challenge the ca
pacity of clinical laboratories; and involve delays due to transit of 

Journal of Infection 86 (2023) 462–475 

https://doi.org/10.1016/j.jinf.2023.03.005 
0163-4453/© 2023 The Author(s). Published by Elsevier Ltd on behalf of The British Infection Association. This is an open access article under the CC BY license (http:// 
creativecommons.org/licenses/by/4.0/).  

]]]] 
]]]]]] 

⁎ Corresponding author at: School of Clinical and Experimental Sciences, Faculty of 
Medicine, University of Southampton, Southampton, UK. 

E-mail addresses: T.W.Clark@soton.ac.uk (T.W. Clark),  
Kristina.Lindsley@iqvia.com (K. Lindsley),  
Tara.Wigmosta@biomerieux.com (T.B. Wigmosta), Anil.Bhagat@iqvia.com (A. Bhagat), 
Rachael.Hemmert@biomerieux.com (R.B. Hemmert), Jenny.Uyei@iqvia.com (J. Uyei),  
Tristan.Timbrook@biomerieux.com (T.T. Timbrook). 

http://www.sciencedirect.com/science/journal/01634453
www.elsevier.com/locate/jinf
https://doi.org/10.1016/j.jinf.2023.03.005
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jinf.2023.03.005
https://doi.org/10.1016/j.jinf.2023.03.005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jinf.2023.03.005&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jinf.2023.03.005&domain=pdf
mailto:T.W.Clark@soton.ac.uk
mailto:Kristina.Lindsley@iqvia.com
mailto:Tara.Wigmosta@biomerieux.com
mailto:Anil.Bhagat@iqvia.com
mailto:Rachael.Hemmert@biomerieux.com
mailto:Jenny.Uyei@iqvia.com
mailto:Tristan.Timbrook@biomerieux.com


specimens, batch testing, and time in reporting or authorizing re
sults.7 Consequences of delays in accurate diagnosis may lead to 
longer hospital stays and worse health care outcomes.8 

In contrast, rapid multiplex molecular testing platforms allow 
accurate detection of a wide range of viral pathogens simulta
neously. Multiplex testing platforms also may be “sample-to-an
swer” in design, such that the extraction, amplification, and analysis 
of specimens are fully integrated within closed processes (e.g., in
dividual cartridges). Rapid multiplex PCR testing with sample-to- 
answer systems provides an opportunity for the accurate detection 
of multiple respiratory targets with similar presenting symptoms 
(i.e., syndromic), in under one hour.9–11 The potential benefits of 
rapid multiplex panels include earlier discharge and directed use of 
antimicrobials and isolation facilities.12 However, recent guidelines 
lack recommendations or give limited support to the use of rapid 
multiplex molecular respiratory testing, noting either more research 
is needed or indicating use only in limited patient populations.13–15 

The objective of this study was to conduct a systematic review 
and meta-analysis assessing the clinical impact of using rapid 
sample-to-answer multiplex PCR for patients with possible acute RTI 
in the hospital setting (emergency department (ED) or inpatient) 
compared with standard of care/routine testing. 

Methods 

This systematic review was conducted according to guidelines 
set forth in the Cochrane Handbook16 and reported in accordance 
with the Preferred Reporting Items for Systematic Reviews and 
Meta-Analysis (PRISMA 2020) statement.17 A detailed protocol was 
developed and registered prospectively with PROSPERO (registration 
number CRD42021287852). The PRISMA checklist is provided in the  
Supplementary materials. 

Inclusion and exclusion criteria 

Inclusion and exclusion criteria were pre-specified in the pro
tocol using the PICOTS (population, interventions, comparators, 
outcomes, timing, and setting) framework.18 Briefly, we included 
studies that enrolled adults ≥18 years of age with suspected acute 
respiratory tract infection and compared rapid sample-to-answer 
multiplex PCR tests versus standard-of-care diagnostic tests. Eligible 
rapid sample-to-answer multiplex PCR tests were defined as having 
10 or more targets and included FilmArray (BioFire), ePlex and 
eSensor (GenMark), Verigene RV+ (Nanosphere/Luminex), and QIA
stat-Dx (QIA GEN). Standard of care was defined broadly as any other 
test or intervention that was not considered a sample-to-answer 
multiplex PCR. Clinical impact outcomes included time to results, 
antibiotic use, neuraminidase inhibitor (NAI) use, length of stay 
(LOS), infection control facility use, mortality, investigations, ancil
lary testing, patient satisfaction, and provider satisfaction. There was 
no restriction for timing in regard to when the tests were adminis
tered or the duration of follow-up. Eligible studies had to be con
ducted in the hospital setting (emergency department (ED), 
inpatient, or both). 

Additionally, only comparative studies were included: rando
mized clinical trials (RCTs), quasi-randomized controlled clinical 
trials (CCTs), and comparative observational studies. Non-compara
tive studies and case reports with less than five patients were ex
cluded. Studies that compared two sample-to-answer multiplex PCR 
tests head-to-head or reported test performance results only (e.g., 
sensitivity, specificity) also were excluded. 

Search strategy and screening process 

A comprehensive search to identify relevant studies that assessed 
the clinical impact of multiplex PCR tests compared with standard 

diagnostic tests was performed in EMBASE, MEDLINE, and the 
Cochrane Central Register of Controlled Trials databases using the 
OvidSP® platform. The databases were searched from 2012, when 
most commercially available rapid tests became available, to the 
date of the search (October 13, 2021). The complete search strategy 
is provided in Supplement Table S1. 

In addition to searching bibliographic databases, we searched the 
websites of the following conferences held in 2021 for publications 
of eligible studies: American Society for Microbiology Microbe (ASM 
Microbe); European Congress of Clinical Microbiology and Infectious 
Diseases (ECCMID); European Respiratory Society (ERS) 
International Congress; Infectious Diseases Society of America 
(IDWeek); and American College of Emergency Physicians (ACEP). 
Furthermore, we performed forward citation searches of included 
studies and screened the bibliographies of recently published re
views to look for additional studies which may not have been 
identified from the database searches. 

All unique records identified through the systematic review were 
evaluated by a two-step process based on pre-defined inclusion and 
exclusion criteria. In Step 1, two reviewers working independently 
reviewed each record and records assessed by both reviewers as not 
relevant were excluded; records assessed by both reviewers as de
finitely or possibly relevant were retained for full-text review. In 
Step 2, two reviewers working independently assessed each full-text 
publication to determine eligibility and reasons for exclusion were 
documented. Any disagreement about inclusion/exclusion at either 
step was resolved by a third reviewer. Multiple reports from the 
same study were linked according to methods described in the 
Cochrane Handbook such that data extraction and analysis were 
study-based.16 Specific criteria for linking studies included com
paring trial identification numbers, author names, location and 
setting, details about the intervention, number of patients and 
baseline data, and the date and duration of the study. The overall 
process of review is summarized with a Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses (PRISMA) flow dia
gram (Fig. 1). 

Data collection and quality assessment 

Data from relevant studies were extracted by two independent 
reviewers. Any discrepancies were checked against the source 
document by a third reviewer. The data extraction template was 
developed and piloted to capture information on study design and 
methods, patient selection criteria and characteristics, intervention 
and comparator test descriptions, and outcomes and results from the 
included studies. Publications reporting results for the same study 
were grouped per study. 

Outcomes were extracted for intervention and comparator test 
groups, and for both overall and pre-planned influenza subgroup 
populations. Ten clinical impact outcomes were included in this 
review: Time to results, defined as the mean time (in hours) from 
taking the sample to the time that the results were available to ready 
for the clinical team; Length of stay, defined as the mean days in 
hospital and mean hours in ED; Appropriate influenza antiviral 
(neuraminidase inhibitor, NAI) use, defined as the mean duration of 
use (in days) and the proportion of treated with NAIs for influenza 
positive patients; Infection control facility use, defined as the pro
portion with appropriate room placement to single room and/or 
shared cohort ward for influenza positive patients; Antibiotic use, 
defined as the mean duration of use (in days) and the proportion of 
patients treated with antibiotics; Mortality, defined as overall, in
patient, and 30-day; Change in investigations, defined as the number 
or proportion with a reduction or addition of tests or procedures 
used as part of the diagnostic workup; Change in ancillary testing, 
defined as the number or proportion with a reduction or addition in 
any testing performed after diagnosis; Patient satisfaction, defined 
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as reported by included study; Provider satisfaction, defined as re
ported by included study. In addition, based on reviewer feedback, 
we included cost-related outcomes. 

Risk of bias was assessed using accepted tools per study type; 
Cochrane’s Risk of Bias Tool (RoB2)19 was used for RCTs and CCTs, 
and Newcastle Ottawa scale (NOS)20 for observational studies. 

Statistical analysis 

Following a feasibility assessment to evaluate the comparability 
of included studies, we performed frequentist meta-analysis using 
the metafor package in R 3.6.1.22 The random effects model was 
prespecified as the primary model for all analyses and the fixed ef
fect model was secondary. Results for all analyses were presented as 
a risk ratio (RR) with 95% CI for binary outcomes and as a mean 
difference (MD) with 95% CI for continuous outcomes. Absolute risks 
(ARs) were calculated using the following formula: AR = the number 
of events in the intervention or comparator groups, divided by the 
number of people in that group per 100 persons.23 Results were 
reported overall and by study design, interventional (RCTs/CCTs) or 
observational. 

Mean and standard deviation (SD) values were calculated for 
studies reporting outcomes as median and interquartile range or 
minimum-maximum range.24 For studies with missing variance data 
(e.g., SD, SE), values were imputed as per the statistical formula in 
Cochrane Handbook.25 Statistical heterogeneity was evaluated using 
Cochran’s Q statistic and the I2 statistic based on inverse-weighting; 
a p-value of less than 0.1 for the test for heterogeneity indicated 
presence of heterogeneity.16 Small study effects, which may be due 
to reporting bias, were examined using funnel plots and the Egger’s 
test for asymmetry for meta-analyses with 10 or more studies.21 The 
consistency of results and confidence intervals were used to ascer
tain the certainty of evidence for each outcome. 

Subgroup analyses were planned for the following prespecified 
subgroups of interest: (1) influenza-positive vs. influenza-negative 
populations, (2) pneumonia vs. non-pneumonia populations, and (3) 
point-of-care vs. non-point-of-care testing. Sensitivity analyses were 

planned to exclude studies which were reported only as conference 
abstracts or studies for which variance estimates were imputed.16 

Sensitivity analyses were conducted using continuity correction for 
outcomes with zero events. 

Results 

Results of the search 

A total of 4518 publications were identified through database 
searches. After de-duplication, 3085 unique records were retained 
for title and abstract review. Of which, 273 records were potentially 
relevant for full-text screening. After full-text review, 24 eligible 
studies (from 35 records) were included for data extraction. 
Additionally, from supplemental searches of conference proceedings, 
citations of included studies, and bibliography screening, 3 addi
tional eligible studies were identified. Overall, 38 publications re
porting 27 unique studies26–52 with 17,321 patient encounters were 
included in this review [Fig. 1]. 

Characteristics of included studies 

Of the 27 studies meeting the inclusion criteria, 8 studies were 
RCTs,26–33 2 were CCTs,34,35 and 17 were observational cohort stu
dies.36–52 Most studies (n = 24) evaluated the BioFire® Respiratory 
Pathogen (RP) Panels (this included any of the following: BioFire® 
FilmArray® RP 1.6 Panel, BioFire® FilmArray® RP 1.7 Panel, BioFire® 
FilmArray® RP 2.0 Panel, BioFire® FilmArray® RP 2.0 plus Panel, 
BioFire® RP 2.1 Panel, and BioFire® RP 2.1 plus Panel) with or without 
other tests.26–34,36,38–51 Others evaluated the QIAstat-Dx Respiratory 
SARS-CoV-2 Panel,35 GenMark respiratory viral panel (RVP),37 and 
ePlex RPP52 [one study each]. The comparator groups included la
boratory-based PCR tests (n = 15), conventional laboratory tests un
specified (n = 6), and routine diagnostic tests unspecified (n = 2). Two 
studies used Luminex xTAG RVP, and one study each used indirect 
immunofluorescence assay and direct fluorescent antibody staining 

Fig. 1. Flow diagram of the search for studies on clinical impact of sample-to-answer multiplex PCR.  
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followed by culture as the comparator group. Characteristics of in
cluded studies are detailed in Table 1. 

The majority of the studies included in our review were con
ducted in United States (12 studies), followed by Europe (8 studies), 
Asia (3 studies), Argentina (2 studies), and Australia and Canada with 
one study each. The sample size of studies varied from 45 patients33 

to 2523 patients.49 Eleven studies assessed the clinical impact of 
multiplex PCR tests in an inpatient hospital setting, 9 studies in an 
emergency department (ED), and 7 studies evaluated outcomes in 
both inpatient and ED settings. Baseline characteristics, including 
age and gender, were comparable across studies and test groups 
[Supplement Fig. S1 and Fig. S2]. 

Quality assessment of included studies 

Using the Cochrane RoB2 tool to assess 10 included trials, we 
judged 5 to be at low risk of bias [Supplement Figure S3].26–29,32 

Three trials had some concerns of bias as no information was re
ported about the randomization process and allocation conceal
ment.30,31,33 Two CCTs were assessed at high risk of bias for using 
quasi-random allocation methods.34,35 

Using the NOS to assess 17 observational studies, the majority of 
observational studies published as full-length journal articles (7 of 8) 
were considered to be of moderate quality (score of 5–6 stars) 
[Supplement Figure S4].39,40,44,46,50–52 The majority of studies pub
lished only as conference abstracts (8 of 9) were considered low 
quality (score ≤3 stars) due to lack of information. 

Time to result 

Time to result was reported in 15 studies, demonstrating a sig
nificant reduction in the mean time to results with rapid sample-to- 
answer multiplex PCR tests compared with routine testing (MD 
−24.22 h, 95% CI −28.70 to −19.74 h, I2 98.7%) [Fig. 2]. Although there 
was considerable statistical heterogeneity (I2 > 75%), the direction of 
effect was the same for all studies. Subgroup analysis by study de
sign also demonstrated significantly lower time to results for rapid 
sample-to-answer multiplex PCR tests compared with routine 
testing (MD −25.98 h, 95% CI −30.01 to −21.96 h, I2 97.3% for 8 RCTs/ 
CCTs and MD −22.04 h, 95% CI −32.76 to −11.32 h, I2 99.3% for 7 ob
servational studies). The funnel plot did not suggest small study 
effects due to potential reporting bias (Egger’s test p-value = 0.0533) 
[Supplement Fig. S5]. 

Length of stay 

Length of hospital stay was reported from 14 studies (7 RCTs/ 
CCTs and 7 observational studies). Length of hospital stay was sig
nificantly shorter among patients tested with rapid sample-to-an
swer multiplex PCR tests compared with routine testing (MD −0.82 
days, 95% CI −1.52 to −0.11 days, I2 91.9%). Similar trends were ob
served within study design subgroups; however, the difference was 
not statistically significant (MD −0.44 days, 95% CI −1.08 to 0.21 days 
for RCTs/CCTs) and (MD −1.14 days, 95% CI −2.38 to 0.11 days for 
observational studies) [Fig. 3]. The funnel plot did not suggest small 
study effects due to potential reporting bias (Egger’s test p-value = 
0.6052) [Supplement Fig. S6]. 

Data on length of ED stay were available from only three ob
servational studies. No significant difference in mean LOS between 
rapid sample-to-answer multiplex PCR test versus routine testing 
groups was observed (MD −3.14 h, 95% CI −14.59 to 8.3 h, I2 24.3%) 
[Supplement Fig. S7]. 

Appropriate NAI use and appropriate infection prevention control (IPC) 

Appropriate NAI use, expressed as the proportion of influenza- 
positive patients treated with NAIs, was reported from 7 studies (3 
RCTs/CCTs and 4 observational studies). Influenza-positive patients 
were 1.25 times more likely to be appropriately treated with NAIs 
when tested with rapid sample-to-answer multiplex PCR tests 
compared with routine testing (RR 1.25, 95% CI 1.06–1.48, I2 67.7%) 
(Fig. 4A). The absolute risk of appropriate NAI use was 71 versus 61 
per 100 influenza-positive patients with multiplex PCR versus rou
tine testing, respectively. Among interventional studies, a statisti
cally significant beneficial effect of multiplex PCR tests over routine 
tests in reducing the NAI prescriptions was demonstrated across 
three studies (RR 1.53, 95% CI 1.35–1.73, I2 0%). The absolute risk was 
95 versus 63 per 100 influenza-positive patients. 

Appropriate infection prevention and control (IPC) among influ
enza-positive patients was reported from 3 interventional studies. 
Influenza-positive patients were 1.55 times more likely to undergo 
appropriate IPC when tested with rapid sample-to-answer multiplex 
PCR tests compared with routine testing (RR 1.55, 95% CI 1.16–2.07, I2 

70.4%) (Fig. 4B). The absolute risk of appropriate IPC was 58 versus 
42 per 100 influenza-positive patients with multiplex PCR versus 
routine testing, respectively. One study assessed IPC measures for 
patients with suspected COVID-19 and found that 73% (313 of 428) of 
patients in the multiplex PCR test group versus 57% (242 of 421) of 
patients in the routine testing group were transferred to the correct 
clinical area based on infection status (difference 15.7%, 95% CI 
9.1–22.0, p  <  0.0001).35 No study reported IPC measures for RSV or 
any other non-influenza virus. 

Antibiotic use, proportion and duration 

Antibiotic use, expressed as the proportion of patients treated 
with antibiotics, was reported from 12 studies (7 RCTs/CCTs and 5 
observational studies). No significant difference in antibiotic use was 
observed for multiplex PCR testing versus routine testing (RR 0.92, 
95% CI 0.78–1.09, I2 97.4%) (Fig. 5A). The absolute risk of antibiotic 
use was 68 vs. 76 per 100 individuals in the multiplex PCR group 
versus the routine testing group, respectively. The funnel plot did 
not suggest small study effects due to potential reporting bias (Eg
ger’s test p-value = 0.4127) [Supplement Fig. S8]. 

No significant difference was demonstrated when the results 
were analyzed separately for RCTs/CCTs in different settings: in
patient (RR 0.98, 95% CI 0.95–1.01), ED (RR 1.71, 95% CI 0.81–3.63), 
and mixed (RR 1.06, 95% CI 0.93–1.20) settings. However, observa
tional studies showed a significant reduction of antibiotic use with 
rapid multiplex PCR tests compared with routine testing in inpatient 
(RR 0.40, 95% CI 0.34–0.46) and ED (RR 0.85, 95% CI 0.75–0.96) 
settings (Fig. 5A). 

Duration of antibiotic use was reported from 9 studies, demon
strating no significant difference between rapid sample-to-answer 
multiplex PCR testing and routine testing overall (MD −0.41, 95% CI 
−1.11 to 0.29 days, I2 92.2%). Significantly shorter duration of anti
biotic use was observed in the multiplex PCR test group compared 
with the routine testing group in the mixed (inpatient and emer
gency department) setting, as reported from two studies (MD −0.44, 
95% CI −0.75 to −0.13 days, I2 0%) (Fig. 5B). 

Mortality 

Inpatient mortality was reported from four interventional studies 
and two observational studies. No significant differences were ob
served in the multiplex PCR test group compared with the routine 
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testing group overall (RR 0.82, 95% CI 0.57–1.18, I2 25.8%) or within 
interventional (RR 1.02, 95% CI 0.74–1.41, I2 0.8%) or observational 
(RR 0.68, 95% CI 0.46–1.02, I2 0%) study design subgroups (Fig. 6). The 
absolute risk was 6 versus 9 per 100 individuals. 

Results of 30-day mortality also showed no significant difference 
and crossed the line of no effect (RR 0.89, 95% CI 0.70–1.14, I2 6.2%) 
[Supplement Fig. S9]. The absolute risk was 6 versus 8 per 100 in
dividuals. 

Other outcomes 

Other planned clinical impact outcomes, including change in 
planned investigations, change in ancillary testing, patient satisfac
tion, and provider satisfaction, were not reported by the included 
studies. In addition, the planned sub-group analyses on patients 
with and without pneumonia and in patients tested at the point of 
care or in the laboratory was not performed due to insufficient data 
from the reviewed studies. Cost-related outcomes were reported by 
nine studies: four studies reported overall cost savings due to 
shorter length of stay in the multiplex PCR test group compared with 
the routine testing group;32,34,41,52 four studies reported lower 
medication costs with antivirals or antibiotics in the multiplex PCR 
test group compared with the routine testing group;30,31,43,49 and 
one study reported a favorable results for the multiplex PCR test 
group compared with the routine testing group in terms of the 
“euro–hour”, which incorporates labor costs, costs for reagents and 
run controls, depreciation and maintenance of equipment, external 
quality control as well as a 20% overhead.44Secondary and sensitivity 
analysis. 

Secondary analyses using fixed effect models yielded similar, yet 
more precise, confidence intervals compared with primary analyses 
using the random effects model (Supplement Figs. S10-S18). Sensi
tivity analyses were planned to exclude studies which were reported 
only as conference abstracts or studies for which variance estimates 
were imputed; however, due to the limited of studies with these 
characteristics included in meta-analysis, these analyses were not 
performed. 

Discussion 

Based on 27 included studies with 17,321 patient encounters, this 
systematic review and meta-analysis showed that the use of rapid, 
sample-to-answer multiplex PCR testing for respiratory viruses was 
associated with clinically meaningful improvements in patient care. 
A large reduction in time to results was observed across studies 
when compared with routine testing in the hospital set
ting.27–32,34,35,40,43,44,46–48,52 The typical time to results with rapid 
sample-to-answer multiplex PCR was within two hours from when 
the tests were requested, compared with one full day with routine 
laboratory-based tests. The importance of faster time to results in 
improving clinical outcomes, which includes shorter length of stay, 
reduced antibiotic use, and use of infection control facilities has been 
demonstrated in previous studies.53 

In addition to improvement in time to results, rapid sample-to- 
answer multiplex PCR was associated with a reduction in hospital 
LOS. The reduction in LOS was approximately one day with sample- 
to-answer multiplex PCR compared with routine testing. Shorter LOS 
could equate to reduced chances of acquiring nosocomial infection, 

Fig. 2. Forest plot of time to results (in hours) with rapid sample-to-answer multiplex PCR versus routine testing. *denotes CCTs, Abbreviations: RCT, randomized clinical trial; 
CCT, quasi-randomized controlled clinical trial; CI, confidence interval. 
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improved patient satisfaction, and an estimated minimum cost 
saving of approximately US$2873 per day.29 

The appropriate use of NAI antivirals and infection control fa
cilities among influenza-positive patients increased with rapid 
sample-to-answer multiplex PCR compared with routine testing. 
Rapid sample-to-answer multiplex PCR tests were also associated 
with an increased detection rate of influenza-positive patients in 
addition to the improvements in antiviral use, suggesting that more 
influenza-positive patients are identified then correctly prescribed 
appropriate antivirals. Although we did not evaluate time to treat
ment with NAIs among patients with influenza, the time to results 
for the multiplex PCR groups was within a few hours of admission. 
These findings on the impact of multiplex PCR testing are important 
as early administration (< 6 h from admission) of neuraminidase 
inhibitors for treatment of influenza among hospitalized adults has 
been associated with both decreased length of stay and mor
tality.54,55 Additionally, rapid sample-to-answer multiplex PCR tests 
were associated with appropriate assignment of isolation facilities 
for influenza-positive patients. Based on studies identified in this 
systematic review, the appropriate use of infection control measures 
holds noteworthy importance for hospitals in preventing nosocomial 
transmission of respiratory infection and maintaining the patient 
flow through these facilities during periods of intense respiratory 
virus circulation.28 In a Canadian study of respiratory syncytial virus 
infections in a pediatric population, the cost of nosocomial trans
mission was estimated at $993 per admission.56 Rapid sample-to- 
answer multiplex PCRs have also been shown in other studies to 
reduce time to isolation for positive cases and time to de-isolation 
for isolated cases subsequently testing negative.27 A randomized 

trial noted that laboratory-based PCR tests were associated with 
longer time to results, which led to a delay of 1.5 days in isolation 
facility use for influenza-positive patients (compared with a few 
hours in sample-to-answer multiplex PCR test).28 Only a few studies 
reported quantifiable data for infection control measures among 
influenza-positive patients and there was variation in the definitions 
used, resulting in only three studies being eligible for inclusion in 
the meta-analysis. Standardization of outcome definitions for in
fection control measures would be useful for future research. The 
three studies reported that appropriate use of side room isolation for 
confirmed influenza cases was more common in the rapid sample- 
to-answer PCR group than in the control group. A study by Vos et al. 
reported that implementation of the rapid molecular tests led to a 
reduction in number of hospitalized patients requiring in-hospital 
isolation facilities (56.4% vs 41.7%).51 

The impact of rapid sample-to-answer multiplex PCR tests on 
antibiotic use was uncertain; however, results from one study sug
gested a possible modest reduction in both the proportion of pa
tients treated with antibiotics and the overall duration of antibiotic 
use.50 The diagnosis of a virus does not rule out the presence of 
concomitant bacterial infection and so physicians often prescribe 
antibiotics to hospitalized patients even when a respiratory virus has 
been identified. In a study of point-of-care testing for respiratory 
viruses, shorter turnaround time (less than 1.6 h) was associated 
with higher rates of early discontinuation of antibiotics and length of 
stay compared with longer turnaround time (1.6 h or more).53 With 
increased awareness of antibacterial stewardship, faster time to re
sult and point-of-care devices with improved technology, and po
tential combination interventions with biomarkers, multiplex PCR 

Fig. 3. Forest plot of hospital length of stay (in days) with rapid sample-to-answer multiplex PCR versus routine testing. *denotes CCTs, Abbreviations: RCT, randomized clinical 
trial; CCT, quasi-randomized controlled clinical trial; CI, confidence interval. 
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test may more consistently facilitate reductions in antibiotic pre
scriptions and increased discontinuations. There was little evidence 
to suggest any impact of rapid sample-to-answer multiplex PCR 
testing on ED LOS (only three studies reported data) or the rate of 
hospital admission from ED. In a US-based database study, shorter 
time to result was associated with shorter ED stays, with a reduction 
of 0.5 min per 1 min decrease in time to result.57 Thus, future faster 
time to result and point-of-care devices may be of benefit here as 
well. The effect of rapid sample-to-answer multiplex PCR tests on 
mortality outcomes also was inconclusive. The relatively small 
number of events resulted in imprecise effect estimates; although it 
is noteworthy that most studies reported fewer inpatient deaths in 
the rapid sample-to-answer multiplex PCR test group compared 
with the routine testing. 

This systematic review has several notable limitations. Firstly, 
there was substantial statistical heterogeneity detected across 
multiple analyses. However, because the direction of effect was 
consistent across studies, we assessed that it would be unlikely to 

affect the overall interpretation of results. Heterogeneity across 
studies was in line with a previous systematic review by Vos et al. 
which also included studies with considerably heterogeneous design 
and quality.58 Secondly, the review included studies that were re
ported in conference abstracts and provided limited data. However, 
outcomes reported only qualitatively were in agreement with 
quantitative outcome data included in meta-analysis and would not 
likely change the interpretation of the analyses. Third, NAI use and 
infection control outcomes were infrequently reported across stu
dies and when reported, their definitions varied across studies. 
Therefore, a comparison was difficult to ascertain for these outcomes 
and the analyses include only a small proportion of studies identified 
in the systematic review. Finally, there was uncertainty among some 
of the included studies as to whether the multiplex PCR testing was 
conducted at the point of care or was sent to a central laboratory. 
The large RCTs conducting multiplex PCR testing at the point-of-care 
may have introduced heterogeneity in outcomes as this would 
generally to lead to an even faster time to result. 

Fig. 4. (A) Forest plot of appropriate NAI use (proportion of influenza-positive patients) with rapid sample-to-answer multiplex PCR versus routine testing. (B) Forest plot of 
appropriate infection prevention control (proportion of influenza-positive patients) with rapid sample-to-answer multiplex PCR versus routine testing. *denotes CCTs, 
Abbreviations: RCT, randomized clinical trial; CCT, quasi-randomized controlled clinical trial; CI, confidence interval. 
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Fig. 5. (A) Forest plot of proportion of patients treated with antibiotics with rapid sample-to-answer multiplex PCR versus routine testing. (B) Forest plot of duration of antibiotic 
use (in days) with rapid sample-to-answer multiplex PCR versus routine testing. *denotes CCTs, Abbreviations: RCT, randomized clinical trial; CCT, quasi-randomized controlled 
clinical trial; CI, confidence interval. 
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Conclusions 

This study shows that the use of rapid sample-to-answer mul
tiplex PCR for detection of respiratory viruses in adults with acute 
respiratory illness was associated with a large reduction in time to 
results and a reduction in length of hospital stay compared with 
routine laboratory-based PCR testing. In addition, among influenza- 
positive patients, the appropriate use of NAIs and infection control 
facilities was increased with rapid sample-to-answer multiplex PCR 
testing compared with routine testing. This evidence supports the 
routine use of rapid sample-to-answer multiplex PCR testing in 
hospital settings for patients with possible acute respiratory tract 
infections. Consideration should be given to supporting the routine 
use of rapid multiplex PCR tests for patients with suspected re
spiratory infections in international guidelines. 

Authorship contributions 

TWC – Assisted with the design of the study, participated in the 
interpretation of data, drafted and co-wrote the manuscript, KL - 
Assisted with the design of the study, participated in the acquisition 
of data, analysis, and interpretation of data, drafted and co-wrote the 
manuscript, TBW - Assisted with the design of the study, participated 
in the interpretation of data, drafted, and co-wrote the manuscript, 
AB - Assisted with the design of the study, participated in the ac
quisition of data, analysis, and interpretation of data, drafted, and co- 
wrote the manuscript, RBH - Assisted with the design of the study, 
participated in the interpretation of data, drafted, and co-wrote the 
manuscript, JU - Assisted with the design of the study, participated in 
the acquisition of data, analysis, and interpretation of data, reviewed 
and edited the manuscript, TTT – Assisted with the design of the 

study, participated in the interpretation of data, drafted and co- 
wrote the manuscript, All authors approved the final version of the 
manuscript. 

Funding 

BioMerieux sponsored and funded this study and manufacturers 
a rapid multiplex PCR test for respiratory tract infections; however, 
the SLR included eligible tests by type and not by any specific 
manufacturer. 

Declaration of Competing Interest 

TWC has received speaker fees, honoraria, consultancy fees, 
travel reimbursement, and equipment and consumables free of 
charge for the purposes of research outside of this submitted study, 
from BioFire diagnostics and BioMerieux. He has received speaker 
fees and discounted equipment and consumables from QIAGEN. He 
has received consultancy fees from, Shionogi, Synairgen research, 
Roche and Janssen. He has been a member of advisory boards for 
Roche, Janssen, Cepheid, Shionogi, Sanofi and Seqirus. He is a 
member of an independent data monitoring committees for a trial 
sponsored by Roche. He has acted as the UK chief investigator for a 
trial sponsored by Janssen. TBW, RBH, and TTT are employees of 
bioMerieux, the sponsor of this study. KL, AB, and JU are employees 
of IQVIA, which received funding from bioMerieux to conduct this 
study. 

Acknowledgments 

None. 

Fig. 6. Forest plot of in-patient mortality (proportion of patients) with rapid sample-to-answer multiplex PCR versus routine testing. *denotes CCTs, Abbreviations: RCT, ran
domized clinical trial; CCT, quasi-randomized controlled clinical trial; CI, confidence interval. 

T.W. Clark, K. Lindsley, T.B. Wigmosta et al. Journal of Infection 86 (2023) 462–475 

473 



Data sharing 

Following publication of major outputs all anonymized data will 
be made available on request to the corresponding author for ap
propriate, ethically approved research. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in 
the online version at doi:10.1016/j.jinf.2023.03.005. 

References 

1. Zumla A, Al-Tawfiq JA, Enne VI, et al. Rapid point of care diagnostic tests for viral 
and bacterial respiratory tract infections – needs, advances, and future prospects. 
Lancet Infect Dis 2014;14(11):1123–35. 

2. Jain S, Self WH, Wunderink RG, et al. Community-acquired pneumonia requiring 
hospitalization among U.S. adults. N Engl J Med 2015;373(5):415–27. 

3. Barenfanger J, Drake C, Leon N, Mueller T, Troutt T. Clinical and financial benefits of 
rapid detection of respiratory viruses: an outcomes study. J Clin Microbiol 
2000;38(8):2824–8. 

4. Caliendo AM. Multiplex PCR and emerging technologies for the detection of re
spiratory pathogens. Clin Infect Dis 2011;52(Suppl 4):S326–30. Suppl 4. 

5. Chartrand C, Tremblay N, Renaud C, Papenburg J. Diagnostic accuracy of rapid 
antigen detection tests for respiratory syncytial virus infection: systematic review 
and meta-analysis. J Clin Microbiol 2015;53(12):3738–49. 

6. Merckx J, Wali R, Schiller I, et al. Diagnostic accuracy of novel and traditional rapid 
tests for influenza infection compared with reverse transcriptase polymerase chain 
reaction: a systematic review and meta-analysis. Ann Intern Med 
2017;167(6):394–409. 

7. Yang S, Rothman RE. PCR-based diagnostics for infectious diseases: uses, limitations, 
and future applications in acute-care settings. Lancet Infect Dis 2004;4(6):337–48. 

8. Lee N, Walsh EE, Sander I, et al. Delayed diagnosis of respiratory syncytial virus 
infections in hospitalized adults: individual patient data, record review analysis and 
physician survey in the United States. J Infect Dis 2019;220(6):969–79. 

9. Pierce VM, Elkan M, Leet M, McGowan KL, Hodinka RL. Comparison of the Idaho 
technology filmarray system to real-time PCR for detection of respiratory pathogens 
in children. J Clin Microbiol 2012;50(2):364–71. 

10. Popowitch EB, O'Neill SS, Miller MB. Comparison of the biofire filmarray RP, 
Genmark eSensor RVP, Luminex xTAG RVPv1, and Luminex xTAG RVP fast multiplex 
assays for detection of respiratory viruses. J Clin Microbiol 2013;51(5):1528–33. 

11. Poritz MA, Blaschke AJ, Byington CL, et al. FilmArray, an automated nested multiplex 
PCR system for multi-pathogen detection: development and application to respiratory 
tract infection. PLOS One 2011;6(10). e26047-e26047. 

12. American Society for Microbiology. ASM Guideline: Clinical Utility of Multiplex 
Tests for Respiratory and GI Pathogens. 2019 (Accessed May 5, 2022 at 〈https:// 
asm.org/Guideline/Clinical-Utility-of-Multiplex-Tests-for-Respirator)〉. 

13. Metlay JP, Waterer GW, Long AC, et al. Diagnosis and treatment of adults with 
community-acquired pneumonia. An official clinical practice guideline of the 
American thoracic society and infectious diseases Society of America. Am J Respir Crit 
Care Med 2019;200(7):e45–67. 

14. Evans SE, Jennerich AL, Azar MM, et al. Nucleic acid-based testing for noninfluenza 
viral pathogens in adults with suspected community-acquired pneumonia. An official 
American thoracic society clinical practice guideline. Am J Respir Crit Care Med 
2021;203(9):1070–87. 

15. Lim WS, Baudouin SV, George RC, et al. BTS guidelines for the management of 
community acquired pneumonia in adults: update 2009. Thorax 2009;64(Suppl 3). 
iii1-55. 

16. Higgins J.P.T., Thomas J., Chandler J., et al (editors). Cochrane Handbook for 
Systematic Reviews of Interventions version 6.3 (updated February 2022). 2022; 
〈www.training.cochrane.org/handbook〉, 2022 Cochrane group. 

17. Page MJ, Bossuyt PM, Boutron I, et al. The PRISMA 2020 statement: an updated 
guideline for reporting systematic reviews. BMJ (Clinical research ed) 2021;372:n71. 

18. Butler M, Epstein RA, Totten A, et al. AHRQ series on complex intervention sys
tematic reviews-paper 3: adapting frameworks to develop protocols. J Clin Epidemiol 
2017;90:19–27. 

19. Sterne JAC, Savovic J, Page MJ, et al. RoB 2: a revised tool for assessing risk of bias in 
randomised trials. BMJ 2019;366(l4898). 

20. Wells G.S.B., O'Connell D., Robertson J., et al. The Newcastle-Ottawa Scale (NOS) 
for assessing the quality of nonrandomised studies in meta-analyses. 〈http:// 
wwwohrica/programs/clinical_epidemiology/oxfordasp〉 Accessed January 12, 
2021. 

21. Egger M, Davey Smith G, Schneider M, Minder C. Bias in meta-analysis detected by 
a simple, graphical test. BMJ 1997;315(7109):629–34. 

22. Viechtbauer. W. Conducting meta-analyses in R with the metafor package. J Stat 
Softw 2010;36(3):1–48. https://doi.org/10.18637/jss.v036.i03 

23. National Organization for Rare Diseases. Arginase-1 Deficiency. 〈https:// 
rarediseases.org/rare-diseases/arginase-deficiency/〉. 

24. Wan X, Wang W, Liu J, Tong T. Estimating the sample mean and standard deviation 
from the sample size, median, range and/or interquartile range. BMC Med Res 
Methodol 2014;14(1):135. 

25. Cochrane Handbook for Systematic Reviews of Interventions. 2022; 〈https:// 
handbook-5–1.cochrane.org/chapter_7/7_7_3_3_obtaining_standard_deviations_ 
from_standard_errors.htm〉. 

26. Branche AR, Walsh EE, Vargas R, et al. Serum procalcitonin measurement and viral 
testing to guide antibiotic use for respiratory infections in hospitalized adults: a 
randomized controlled trial. J Infect Dis 2015;212(11):1692–700. 

27. Brendish NJ, Malachira AK, Armstrong L, et al. Routine molecular point-of-care 
testing for respiratory viruses in adults presenting to hospital with acute respiratory 
illness (ResPOC): a pragmatic, open-label, randomised controlled trial. Lancet Respir 
Med 2017;5(5):401–11. 

28. Clark TW, Beard KR, Brendish NJ, et al. Clinical impact of a routine, molecular, point- 
of-care, test-and-treat strategy for influenza in adults admitted to hospital (FluPOC): 
a multicentre, open-label, randomised controlled trial. Lancet Respir Med 
2021;9(4):419–29. 

29. Echavarría M, Marcone DN, Querci M, et al. Clinical impact of rapid molecular 
detection of respiratory pathogens in patients with acute respiratory infection. J Clin 
Virol 2018;108:90–5. 

30. Gelfer G, Leggett J, Myers J, Wang L, Gilbert DN. The clinical impact of the detection 
of potential etiologic pathogens of community-acquired pneumonia. Diagn Microbiol 
Infect Dis 2015;83(4):400–6. 

31. Gilbert D, Gelfer G, Wang L, et al. The potential of molecular diagnostics and serum 
procalcitonin levels to change the antibiotic management of community-acquired 
pneumonia. Diagn Microbiol Infect Dis 2016;86(1):102–7. 

32. Shengchen D, Gu X, Fan G, et al. Evaluation of a molecular point-of-care testing for 
viral and atypical pathogens on intravenous antibiotic duration in hospitalized adults 
with lower respiratory tract infection: a randomized clinical trial. Clin Microbiol 
Infect 2019;25(11):1415–21. 

33. Wong T., Stefanovic A., Locher K., et al. BioFire filmarray decreases infection 
control isolation times by 4 days in ICU, BMT and Respiratory Wards. Paper 
presented at: Open forum infectious diseases, 2017. 

34. Andrews D, Chetty Y, Cooper BS, et al. Multiplex PCR point of care testing versus 
routine, laboratory-based testing in the treatment of adults with respiratory tract 
infections: a quasi-randomised study assessing impact on length of stay and anti
microbial use. BMC Infect Dis 2017;17(1):1–11. 

35. Brendish NJ, Poole S, Naidu VV, et al. Clinical impact of molecular point-of-care 
testing for suspected COVID-19 in hospital (COV-19POC): a prospective, interven
tional, non-randomised, controlled study. Lancet Respir Med 2020;8(12):1192–200. 

36. Bergese SFB, Allende NG, Elisiri ME, et al. Impact of a multiplex molecular re
spiratory panel on antibiotic prescription and clinical management of im
munocompromised adults with acute respiratory tract infections: a retrospective 
before-after study. ESCMID eLearning 2021;329659:3993. 

37. Ciccone E., Kinlaw A., Chundi V., et al., 748. The Impact of a Positive Respiratory 
Viral Panel Among Hospitalized Adult Patients with Negative Rapid Influenza 
Testing at an Academic Tertiary Care Facility: A-matched Cohort Study. Paper 
presented at, Open Forum Infectious Diseases, 2018. 

38. Esber Z, Jacobson S, Bryant KA, Sadowsky J, Albaddawi E, Khan RA. Use of multiplex 
Pcr diagnostic kit to identify viral respiratory tract infection (rti) pathogens in hos
pitalized patients led to reduced antibiotic usage and mechanical ventilator days. B61 
Bacterial Respiratory Infections. American Thoracic Society; 2017. 

39. Lee C-C, Chang JC-Y, Mao X-W, et al. Combining procalcitonin and rapid multiplex 
respiratory virus testing for antibiotic stewardship in older adult patients with severe 
acute respiratory infection. J Am Med Dir Assoc 2020;21(1):62–7. 

40. Madigan VM, Sinickas VG, Giltrap D, et al. Health service impact of testing for re
spiratory pathogens using cartridge-based multiplex array versus molecular batch 
testing. Pathology 2018;50(7):758–63. 

41. Mansour M, Khaldarova Z, Rendo A, Singh I, Hamula C. Comparative cost analysis 
between PCR testing and DFA testing for diagnosing respiratory virus infections. Am J 
Clin Pathol 2015;144(suppl_2). A209-A209. 

42. Mehta M., Slain D., Keller L., Lasala P.R. The Impact of Biofire Filmarray Respiratory 
Panel on Antibiotic Usage in the Emergency Department at an Academic Medical 
Center. Paper presented at: Open Forum Infectious Diseases2017. 

43. Pettit NN, Matushek S, Charnot-Katsikas A, et al. Comparison of turnaround time 
and time to oseltamivir discontinuation between two respiratory viral panel testing 
methodologies. J Med Microbiol 2015;64(Pt 3):312. 

44. Poelman R, der Meer Jv, der Spek Cv, et al. Improved diagnostic policy for re
spiratory tract infections essential for patient management in the emergency de
partment. Future Microbiol 2020;15(8):623–32. 

45. Qian Y, Ai J, Wu J, et al. Rapid detection of respiratory organisms with FilmArray 
respiratory panel and its impact on clinical decisions in Shanghai, China, 2016–2018. 
Influenza Other Respir Virus 2020;14(2):142–9. 

46. Rappo U, Schuetz AN, Jenkins SG, et al. Impact of early detection of respiratory 
viruses by multiplex PCR assay on clinical outcomes in adult patients. J Clin Microbiol 
2016;54(8):2096–103. 

47. Roy K, Groom K, Read N, Cucciniello C, Knight M. S99 Point of Care Testing for 
Respiratory Viruses (RPOCT): A Novel Service to Facilitate Appropriate Discharge 
and Infection Control Measures and Improve Antimicrobial Stewardship. BMJ 
Publishing Group Ltd,; 2018. 

48. Roy K, Kandil H, Knight M, Thapa M, Groom K. Respiratory viral point of care testing 
(POCT) allows improved infection control and bed management during an influenza 
outbreak. Eur Respir Soc 2018. 

49. Shadowen R.D., Doshi A., Ndzi R. and Kazimuddin F. 1991. Implementation of 
rapid turnaround PCR bacterial/viral panel testing in community-acquired 
pneumonia decreases LOS, antibiotic cost, antibiotic charges, and antibiotic use. 
Paper presented at: Open Forum Infectious Diseases, 2019. 

T.W. Clark, K. Lindsley, T.B. Wigmosta et al. Journal of Infection 86 (2023) 462–475 

474 



50. Timbrook T, Maxam M, Bosso J. Antibiotic discontinuation rates associated with 
positive respiratory viral panel and low procalcitonin results in proven or suspected 
respiratory infections. Infect Dis Ther 2015;4(3):297–306. 

51. Vos LM, Weehuizen JM, Hoepelman AI, Kaasjager KH, Riezebos-Brilman A, 
Oosterheert JJ. More targeted use of oseltamivir and in-hospital isolation facilities 
after implementation of a multifaceted strategy including a rapid molecular diag
nostic panel for respiratory viruses in immunocompromised adult patients. J Clin Virol 
2019;116:11–7. 

52. Weiss ZF, Cunha CB, Chambers AB, et al. Opportunities revealed for antimicrobial 
stewardship and clinical practice with implementation of a rapid respiratory multi
plex assay. J Clin Microbiol 2019;57(10):e00861–19. 

53. Brendish NJ, Malachira AK, Beard KR, Ewings S, Clark TW. Impact of turnaround 
time on outcome with point-of-care testing for respiratory viruses: a post hoc ana
lysis from a randomised controlled trial. Eur Respir J 2018;52:2. 

54. Brendish NJ, Clark TW. Molecular point-of-care testing for influenza to improve early 
neuraminidase inhibitor treatment and outcomes in hospitalized adults. Clin Infect 
Dis 2019;68(12):2154–5. 

55. Katzen J, Kohn R, Houk JL, Ison MG. Early oseltamivir after hospital admission is 
associated with shortened hospitalization: a 5-year analysis of oseltamivir timing and 
clinical outcomes. Clin Infect Dis 2019;69(1):52–8. 

56. Jacobs P, Lier D, Gooch K, Buesch K, Lorimer M, Mitchell I. A model of the costs of 
community and nosocomial pediatric respiratory syncytial virus infections in 
Canadian hospitals. Can J Infect Dis Med Microbiol 2013;24(1):22–6. 

57. Kaushik N, Khangulov VS, O'Hara M, Arnaout R. Reduction in laboratory turnaround 
time decreases emergency room length of stay. Open Access Emerg Med 2018;10:37–45. 

58. Vos LM, Bruning AHL, Reitsma JB, et al. Rapid molecular tests for influenza, re
spiratory syncytial virus, and other respiratory viruses: a systematic review of di
agnostic accuracy and clinical impact studies. Clin Infect Dis 2019;69(7):1243–53.  

T.W. Clark, K. Lindsley, T.B. Wigmosta et al. Journal of Infection 86 (2023) 462–475 

475 


	Rapid multiplex PCR for respiratory viruses reduces time to result and improves clinical care: Results of a systematic revie...
	Introduction
	Methods
	Inclusion and exclusion criteria
	Search strategy and screening process
	Data collection and quality assessment
	Statistical analysis

	Results
	Results of the search
	Characteristics of included studies
	Quality assessment of included studies
	Time to result
	Length of stay
	Appropriate NAI use and appropriate infection prevention control (IPC)
	Antibiotic use, proportion and duration
	Mortality
	Other outcomes

	Discussion
	Conclusions
	Authorship contributions
	Funding
	Declaration of Competing Interest
	Acknowledgments
	Data sharing
	Appendix A. Supporting information
	References




