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Diagnostic performances of common nucleic acid tests for
SARS-CoV-2 in hospitals and clinics: a systematic review and
meta-analysis

Wing Ying Au, Peter Pak Hang Cheung

Summary

Background An optimised standard experimental setup across different hospitals is urgently needed to ensure
consistency in nucleic acid test results for SARS-CoV-2 detection. A standard comparison across different nucleic acid
tests and their optimal experimental setups is not present. We assessed the performance of three common nucleic
acid tests, namely digital PCR (dPCR), quantitative PCR (qPCR), and loop-mediated isothermal amplification (LAMP),
to detect SARS-CoV-2 in clinical settings.

Methods In this systematic review and meta-analysis we compared sensitivity and specificity of qPCR, dPCR, and
LAMP and their performances when different experimental setups (namely specimen type used, use of RNA
extraction, primer—probe sets, and RNA extraction methods) are applied. We searched PubMed, BioRxiv, MedRxiv,
SciFinder, and ScienceDirect for studies and preprints published between Feb 29 and Dec 15, 2020. Included dPCR,
qPCR, and LAMP studies using any type of human specimens should report the number of true-positive, true-
negative, false-positive, and false-negative cases with Emergency Use Authorization (EUA)-approved PCR assays as
the comparator. Studies with a sample size of less than ten, descriptive studies, case studies, reviews, and duplicated
studies were excluded. Pooled sensitivity and specificity were computed from the true and false positive and negative
cases using Reitsma’s bivariate random-effects and bivariate latent class models. Test performance reported in area
under the curve (AUC) of the three nucleic acid tests was further compared by pooling studies with similar
experimental setups (eg, tests that used RNA extracted pharyngeal swabs but with either the open reading frame 1ab
or the N primer). Heterogeneity was assessed and reported in I2and 2.

Findings Our search identified 1277 studies of which we included 66 studies (11 dPCR, 32 qPCR, and 23 LAMP) with
15017 clinical samples in total in our systematic review and 52 studies in our meta-analysis. dPCR had the highest
pooled diagnostic sensitivity (94-1%, 95% CI 88-9-96-6, by Reitsma’s model and 95-8%, 54-9-100-0, by latent class
model), followed by qPCR (92-7%, 88-3-95-6, and 93-4%, 60-9-99-9) and LAMP (83-3%, 76-9-88-2, and 86-2%,
20-7-99-9), using EUA-approved PCR kits as the reference standard. LAMP was the most specific with a pooled
estimate of 96-3% (93 -8-97 - 8) by Reitsma’s model and 94-3% (49-1-100-0) by latent class model, followed by qPCR
(92-9%, 87-2-96-2, and 93-1%, 47-1-100-0) and dPCR (78-5%, 57-4-90-8, and 73-8%, 0-9-100-0). The overall
heterogeneity was 12 0-5% (t2 2-79) for dPCR studies, 0% (4 - 60) for qPCR studies, and 0% (3-96) for LAMP studies.
AUC:s of the three nucleic acid tests were the highest and differed the least between tests (ie, AUC>0-98 for all tests)
when performed with RNA extracted pharyngeal swabs using SARS-CoV-2 open reading frame lab primer.

Interpretation All three nucleic acid tests consistently perform better with pharyngeal swabs using SARS-CoV-2 open
reading frame 1lab primer with RNA extraction. dPCR was shown to be the most sensitive, followed by qPCR and
LAMP. However, their accuracy does not differ significantly. Instead, accuracy depends on specific experimental
conditions, implying that more efforts should be directed to optimising the experimental setups for the nucleic acid
tests. Hence, our results could be a reference for optimising and establishing a standard nucleic acid test protocol that
is applicable in laboratories worldwide.

Funding University Grants Committee and The Chinese University of Hong Kong.

Copyright © 2021 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY-NC-ND
4.0 license.

Introduction

As of Sept 21, 2021, COVID-19 has caused more than
4.6 million deaths." Since there is no clinically approved
interventional therapy currently available to curb this
health crisis, identifying as many infected individuals
as possible (both symptomatic and asymptomatic) and
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isolating them is the most effective way to prevent
disease transmission. To this end, nucleic acid and
antigen tests are diagnostic methods currently used to
screen potential SARS-CoV-2 carriers. Nucleic acid tests
are favoured in clinical tests over antigen tests due to
their higher sensitivity and specificity? Quantitative
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Research in context

Evidence before this study

Quantitative PCR (qPCR), digital PCR (dPCR), and loop-mediated
isothermal amplification (LAMP) are nucleic acid amplification
tests used for the diagnosis of COVID-19 in hospitals and clinics.
gPCR remains the most trusted test type in hospitals. LAMP has
been increasingly used in SARS-CoV-2 detection, especially in
rapid testing environments such as airports and testing centres
worldwide. dPCR has been tested in hospitals in Wuhan, China,
and other countries with reported high diagnostic sensitivity and
accuracy. The three tests have been evaluated individually in
cohort and trial studies using clinical samples. Yet, these studies
are not comparable across different assay types, and their
experimental setups and performances differ greatly. Studies
that compared the three nucleic acid tests but did not account
for the experimental variations result in markedly varying
conclusions on the accuracy of the nucleic acid tests. Therefore, a
comprehensive review that systematically compares all common
nucleic acid tests and accounts for different experimental setups
is of great importance and urgency.

Added value of this study

The choice of which diagnostic test to use and the optimal
conditions to perform the tests to achieve the best diagnostic
accuracy and consistency are crucial to effective disease control
and prevention. A standardised experimental setup across
different hospitals is urgently needed to ensure accuracy and
consistency in nucleic acid test results for COVID-19.

We performed a systematic review and meta-analysis using
bivariate random-effects models on dPCR, qPCR, and LAMP.
The results of our analysis, with the largest number of samples

PCR (qPCR) is the most widely used diagnostic method
in humans.’ However, the loop-mediated isothermal
amplification (LAMP) assay has emerged as a popular
alternative to qPCR in many international airports,
hospitals, and testing centres worldwide.* Digital PCR
(dPCR) is a novel technology developed to facilitate the
diagnosis of COVID-19 that allows absolute quantification
of nucleic acids in hospitals and diagnostic centres.
Although less common than qPCR and LAMP, dPCR is
growing in popularity because of its high sensitivity.’
There are several difficulties in achieving robust and
consistent nucleic acid test results from current
COVID-19 clinical diagnostic methods. Experimental
setups, such as specimen type and primer—probe sets
used, can impact test accuracy, which ranges from 47% to
100% in various PCR studies.”” LAMP also differs in
reported accuracy (61-100%) depending on the viral
content of the sample and reference test used.”"** This
large variation in reported accuracies of PCR and LAMP
is due to the absence of a standardised measure for
evaluating diagnostic test accuracy and the experimental
setups that vary across studies. These challenges have
been reported to hamper diagnostics as a crucial
preventive measure.* A systematic review collating

(n=15017) collected from hospitals and clinics and included in a
study of this type, showed that dPCR is the most sensitive,
followed by gPCR and LAMP. Given its superior sensitivity,
dPCR will add value to physicians in diagnosing and reporting
COVID-19 cases. We also concluded that the accuracy of nucleic
acid-based detection of COVID-19 is similar across different
testing types when we controlled for experimental variations.
We further showed that assay accuracy is more strongly
dependent on the specific experimental setup than on the test
type. Our findings, therefore, provide new evidence—to achieve
the best performance, optimising the experimental setup is
more important than the choice of the test type.

Implications of all the available evidence

As the three nucleic acid tests are similarly accurate under
specified conditions, the choice of the gold standard need not
be restricted to qPCR, as has been used in almost all studies.
LAMP and dPCR could be reliable reference standards for test
evaluation and LAMP has similar accuracy to the PCR methods.
Considering the scarce medical resources available in low-
income and middle-income countries or at a point-of-care
settings, LAMP could be a preferable option for the detection of
SARS-CoV-2 infection due to its simpler instrumentation. In
high-income countries, dPCR should be valued for its exceeding
sensitivity and high reproducibility (as it does not require
calibration and provides absolute quantification). Our study
suggests that the test type can be selected according to the
environmental and socioeconomic requirements, but test
results will remain consistent if the optimal experimental setup
is implemented and standardised.

nucleic acid test results could provide a firm conclusion
to the most sensitive test while taking different
experimental conditions into account.

However, no such literature review has been conducted.
Even though many studies have assessed the accuracy
of the PCR and LAMP methods separately, their
experimental setups differ greatly, leading to test result
variations and disagreement in conclusions on which
nucleic acid test is the most accurate."-1%72021:24-26.282935-39
For example, of the three studies that previously reviewed
diagnostic tests, including chest CT, antigen tests,
isothermal amplification, and qPCR, a small number of
trials and limited subgroups were analysed with large
experimental variations.***

We conducted a systematic review and meta-analysis to
evaluate the accuracy of dPCR, qPCR, and LAMP by
comparing their sensitivities, specificities, diagnostic odd
ratios (ORs), and areas under the curve (AUCs). In our
meta-analysis we aimed to identify the optimal conditions
for these tests in terms of the use of RNA extraction (with
extraction or direct), RNA extraction methods (magnetic
beads, spin column, or automatic), primer sequence
(open reading frame lab [ORF1lab] or nucleocapsid [N]),
and type of human specimen (pharyngeal, saliva, or
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sputum). Our study aims to provide a reference to
optimise assay conditions to formulate a more standar-
dised protocol across different laboratories while main-
taining fairness and confidence in test results for
comparisons.

Methods

Search strategy and selection criteria

For this systematic review and meta-analysis, we searched
PubMed, BioRxiv, MedRxiv, SciFinder, and ScienceDirect,
for studies published between Feb 29 and Dec 15, 2020,
and assessed identified diagnostic (observational) studies
on dPCR, qPCR, and LAMP by their titles or abstracts
under prespecified criteria. Studies should be done in the
context of SARS-CoV-2 and use human specimens. They
should report either the number of true and false positive
and negative cases or sensitivity and specificity (expressed
as percentages or decimal numbers). No language
restrictions were applied. Studies with a sample size of
less than ten, descriptive studies, case studies, and
reviews were excluded due to small study size and
unquantifiable information. Duplicated studies were
removed manually to ensure no overlapping results
between studies for meta-analysis. Only studies in which
the exact true-positive, false-positive, false-negative, and
true-negative cases were provided or could be calculated
from the number of patients with or without SARS-CoV-2
infection were selected for the meta-analysis. Selected
studies in the meta-analysis should use a uniform
reference standard. Keywords used for study repository
searches were {[“SARS-CoV-2"OR“COVID-19”OR“covid”]
AND [(“quantitative PCR”OR “qPCR”)OR(“LAMP” OR
“RT-LAMP”) OR (“digital droplet PCR” OR “dPCR”)]
AND “diagnosis”’}OR{[“SARS-CoV-2” OR “COVID-19”
OR “covid’] AND [(“quantitative PCR” OR “qPCR”)
OR(“LAMP”OR*“RT-LAMP”)OR “digital droplet PCR” OR
“dPCR”)]}. The same keywords were used in all search
tools.

WYA and PPHC screened and selected studies inde-
pendently based on the criteria described above between
Dec 20, 2020 and Jan 9, 2021. WYA extracted and recorded
the data from the selected studies. Conflicts were resolved
by reaching a consensus between WYA and PPHC. This
study followed the Preferred Reporting Items for a
Systematic Review and Meta-analysis of Diagnostic Test
Accuracy.

Data analysis

Data were extracted from the included studies either for
individual samples or summary outcomes for all samples
combined. Variables extracted from the studies were the
number of true positive, false positive, false negative, and
true negative, as well as the target genes, specimen types,
RNA extraction methods, patient types (COVID-19
patients, convalescent individuals, or healthy individuals),
experimental controls, measurement of the concentration
of genetic sequences in the mixture, and choice of the
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toolkit. We obtained true false positive and negative case
numbers from the studies’ supplementary documents if
they were not reported in the main text. In studies that
reported only sensitivity and specificity, case numbers
were calculated from the number of patients with or
without infection. The main outcomes of our study were
pooled sensitivity and specificity. Considering that the
reference standard might induce bias in the main
outcomes, we first considered two types of reference
standard: laboratory-developed tests and Emergency Use
Authorization (EUA)-approved PCR kits. We then
compared the pooled sensitivity and specificity of the two
types of reference standard using Reitsma’s bivariate
random-effects model” versus using Bayesian latent
class bivariate model.” Bayesian latent class bivariate
model is a model that accounts for imperfect references
standard and corrects between-study heterogeneity in
sensitivity and specificity. We used as a gold standard for
the rest of the meta-analysis the type of reference
standard that resulted in more consistent results. Pooled
sensitivity and specificity were calculated from true-
positive, false-positive, false-negative, and true-negative
cases with 0-5 continuity correction for zero events.
Suspected or single gene-positive cases were eliminated
in the calculation to avoid ambiguous results.

We also did primary and secondary subgroup analyses.
In the primary subgroup analysis, we reported sensitivity
and specificity of the test of interest using Reitsma’s
model and the latent class model with studies pooled by
specimen type used, use of RNA extraction, primer—probe
sets, and RNA extraction methods. Additionally, diagnostic
ORs and AUCs were estimated to present sensitivity and
specificity as single measures. Computation of diagnostic
ORs and heterogeneity indices followed the DerSimonian-
Laird method.* AUCs based on sensitivity and false-
positive rate (l-specificity) were computed using the
hierarchical summary receiver operator curves method.”
Differences in AUC between two subgroups (studies
pooled by specimen type used, use of RNA extraction,
primer—probe sets, and RNA extraction methods) were
calculated and considered significant if the corresponding
bootstrap p value (estimated with the dmetatools package
in R) was less than 0-05. Sensitivities, specificities,
diagnostic ORs, and AUCs were reported with 95% Cls.
As the latent class model assumes the absence of a gold
standard, pooled sensitivities and specificities of the test
of interest and of the reference test were estimated
independently. Our study mainly considered pooled
estimates of the tests of interest. For inclusion in the
primary subgroup analyses, subgroups must contain at
least two studies. For any subgroup consisting of studies
fewer than four but more than one, univariate random-
effects models were used to estimate accuracy parameters
due to non-convergence in bivariate models with a small
sample size.

Secondary subgroup analysis pooled only homogeneous
studies (ie, studies using the same specimen type and
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See Onlne for appendix

1277 studies identified through database search
119 PubMed
231 BioRxiv
215 MedRxiv
269 SciFinder
443 ScienceDirect

—PI 31duplicates removed

A 4

1246 non-duplicate studies screened by title,
language, year of publication, and abstract

1064 studies excluded after screening
210 did not use molecular tests
543 investigated viruses other than
SARS-CoV-2
207 used non-human specimens
96 literature reviews

1 adescriptive study

6 case studies

1doneinsilico

A 4

182 articles retrieved

116 studies excluded after full-text screening
23 did not include a reference test
8 did not state the source of samples
9 did not provide test procedures
71did not report sensitivity, specificity, or
case number
5 sample size of less than ten

A 4

66 included in systematic review
11dPCR
32gPCR
23 LAMP

—P| 14 studies excluded during data extraction* |

v

52 studies included in meta-analysis
7dPCR
23 qPCR
22 LAMP

Figure 1: Preferred Reporting Items for Systematic reviews and Meta-
Analyses flow diagram

dPCR=digital PCR. LAMP=loop-mediated isothermal amplification.
qPCR=quantitative PCR. *Reported sensitivity and specificity in percentages but
did not provide true false-positive and true false-negative case numbers, nor the
number of patients with or without infection.

primer—probe set with RNA extraction). Sensitivity,
specificity, diagnostic OR, and AUC for at least
four homogeneous studies were estimated.

Heterogeneity between studies for each test was assessed
by calculating I2and 12 according to the Cochrane Handbook
for Systematic Reviews.” Heterogeneity affecting test
performance of each test was visualised in the galaxy
plots.” Multivariate small study effect test (MSSET) with
p<0-1 indicated a strong small study effect caused by
publication bias.*

We consolidated our conclusions on the analytical
sensitivities of the three nucleic acid tests by compiling a
boxplot that showed the distribution of detection limits
as calculated by synthetic viral RNA. Means, medians,
and IQR of the distribution of detection limits for each
nucleic acid test were calculated. We used R version 4.0.3
(mada, xmeta, rjags, and dmetatool packages) for
computation of accuracy parameters and generation of
plots.

WYA did a quality assessment following prespecified
signalling questions in QUADAS-2 on Review
Manager 5.4.1. Studies with uncertain results were re-
assessed by PPHC.

Role of the funding source

The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report.

Results

We identified 1277 studies on PubMed, BioRxiv, MedRxiv,
SciFinder, and ScienceDirect. 31 duplicate studies were
manually removed and 1064 studies were excluded at
screening stage because they did not meet the inclusion
criteria (figure 1). Of the remaining 182 studies, 116 were
excluded due to insufficient information on test accuracy,
small sample size, or lack of reference methods, sample
source, or test procedures. 66 studies were selected
for inclusion in our systematic review, of which
11 were on dPCR, 32 on qPCR, and 23 on LAMP
(ﬁgure 1).5—11,13—]5,17,20,21,26,28,29,35—39,49—81 A total Of 15 017 Clll’llcal
samples were collected from outpatients, hospitalised
patients, close contacts, and convalescents. A summary
of the study characteristics of the 66 articles is shown in
table 1, with further details in the appendix (pp 2-18).
52 of 66 studies reported true and false positive and
negative numbers (dPCR [n=7], qPCR [n=23], and
LAMP [n=22]) and were included in the meta-analysis.
37 studies (dPCR [n=6], qPCR [n=19], and LAMP [n=12))
using EUA-approved PCR assays as the reference
standard were selected for the computation of pooled
overall and subgroup estimates. Experiments within
studies in the subgroup analyses were considered
individually, yielding 71 experiments (dPCR [n=15],
qPCR [n=25], and LAMP [n=31]). We identified four
subgroups for each nucleic acid test: specimen, primer—
probe set, use of RNA extraction (with or without RNA
extraction), and RNA extraction methods (magnetic
beads, spin column, or automatic). A list of index tests
and reference tests for all individual experiments is
provided in the appendix (pp 39-40).

Of the 52 studies selected for the meta-analysis, we
identified 15 studies that used laboratory-developed tests
and 37 that used EUA-approved PCR assays as the
comparator in the evaluation of dPCR, qPCR, and LAMP
performances. Using the Reitsma’s bivariate random-
effects model that assumed the presence of a perfect gold
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standard, we found that laboratory-developed tests
studies generally yielded higher average AUCs (95 - 8% for
EUA-approved PCR assays and 97-3% for laboratory-
developed tests) and heterogeneity 12 (0% for EUA-
approved PCR assays and 14% for laboratory-developed
tests) for the nucleic acid test studies, suggesting a higher
variance among the laboratory-developed tests studies
and possible overestimation of the accuracy parameters.
With the Bayesian latent class bivariate model, which
accounted for an imperfect gold standard, we found that
studies using EUA-approved PCR assays as reference
gave consistent results. Based on this comparison
between the two models and estimates of heterogeneity,
we decided to use only studies that used EUA-approved
PCR assays to compute pool indices.

With EUA-approved PCR assays as the common
reference standard, the overall sensitivity and specificity
of dPCR, qPCR, and LAMP using Reitsma’s bivariate
random-effects model were consistent with those using
the Bayesian latent class bivariate model. dPCR was
shown to be the most sensitive, and LAMP was the most
specific by both models (table 2). The distribution of
sensitivity and specificity of the individual 71 studies
were presented in three forest plots for each nucleic acid
test (appendix pp 41-43). In general, LAMP was the least
diagnostically sensitive, whereas dPCR was the most.
The overall heterogeneity was relatively low with 12 0-5%
(12 2-79) for dPCR, 0% (4-60) for qPCR, and 0% (3-96)
for LAMP studies. This was visualised by the galaxy plots
where most studies clustered close to the summary
point, suggesting low between-study heterogeneity
(appendix p 44). In addition, MSSET showed some
degree of small study effect for LAMP studies (p=0-0002)
but no effect for dPCR (p=0-14) and qPCR studies
(p=0-21).

We were able to pool results from at least two studies
for each of the four categories: specimen, primer-probe
set, use of RNA extraction, and RNA extraction methods.
Using Reitsma’s bivariate models, we found that both
PCR and LAMP assays using pharyngeal swabs were
more sensitive compared with the same assays using
saliva (table 3). We were able to further stratify the LAMP
studies by the type of pharyngeal swabs, and both yielded
87% sensitivity. Assays without RNA extraction resulted
in lower sensitivity and specificity for qPCR and LAMP.
All RNA samples in the dPCR studies were purified, so
comparisons were not made. Using the latent class
model, all nucleic acid tests using pharyngeal swabs were
more sensitive and specific than the same assays
using saliva (appendix pp 18-20). LAMP assays
with nasopharyngeal and oropharyngeal swabs were
similar in sensitivity (84-88%) and specificity (94-95%;
appendix pp 18-20). In the significance test for each pair
of subgroups (eg, pharyngeal swabs vs saliva), we
observed that the AUC of pharyngeal dPCR differed
significantly from saliva dPCR (p=0-032) and pharyngeal
LAMP differed significantly from saliva LAMP (p=0-017).
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Total numberof Index test
studies (%)

dPCR (%) qPCR (%) LAMP (%)

Overall 66 (100%) 11 (17%) 32 (48%) 23 (37%)
Reference test

EUA-approved PCR 37 (56%) 6 (9%) 19 (29%) 12 (18%)

Laboratory-developed tests 29 (44%) 5(8%) 13 (20%) 11 (17%)
Specimen types

Swabs (nasopharyngeal and 54 (82%) 10 (15%) 27 (41%) 17 (26%)

oropharyngeal)

Saliva 16 (24%) 3(5%) 11 (17%) 2 (3%)

Sputum 11 (17%) 4 (6%) 4 (6%) 3(5%)

Other 7 (11%) 2(3%) 3(5%) 2(3%)
Primer-probe sets

ORF1ab 18 (27%) 6 (9%) 4(6%) 8 (12%)

N 47 (71%) 9 (14%) 23 (35%) 15 (23%)

E 20 (30%) 2(3%) 14 (21%) 4 (6%)

RdRP 15 (23%) 2(3%) 9 (14%) 4(6%)

Other 19 (29%) 0(0%) 4(6%) 15 (23%)
Use of RNA extraction

With RNA extraction 51 (77%) 11 (17%) 22 (33%) 18 (27%)

Without RNA extraction 12 (18%) 0 (0%) 6 (9%) 6 (9%)
RNA extraction method

Magnetic beads 16 (24%) 2 (3%) 10 (15%) 4(6%)

Silica spin column 12 (18%) 3(5%) 5(8%) 4(6%)

Automatic 6 (9%) 2 (3%) 3(5%) 1(2%)

RARP=RNA-dependent RNA polymerase.

Data are n (%); all percentages were calculated by dividing the number of studies in each category by 66 studies.

A given study can straddle two or more study characteristics. A summary of the content of the 66 studies is shown in
the appendix (pp 2-18). dPCR=digital PCR. qPCR=quantitative PCR. LAMP=loop-mediated isothermal amplification.
EUA=Emergency Use Authorization. ORFlab=open reading frame 1ab. N=nucleocapsid. E=envelope.

Table 1: Summary table of study characteristics of the 66 studies

LAMP dPCR qPCR

Sensitivity
Reitsma  83:3% (76-9-88-2)  94-1% (88-9-96-9)  92:7% (88-3-95-6)
Latent  86:2% (207-99:9)  95-8% (54-9-100-0)  93-4% (60-9-99-9)
Specificity

Reitsma  96-3% (93-8-97-8)  78-5% (57-4-90-8)
Latent  94-3% (49-1-100-0)  73-8% (0-9-100-0)

92:9% (87-2-96-2)
93-1% (47-1-100-0)
Data are % (95% Cl). Sensitivities and specificities for each molecular test were
estimated using Reitsma'’s bivariate random-effects model (Reitsma) and

Bayesian latent class bivariate model (latent). LAMP=loop-mediated isothermal
amplification. dPCR=digital PCR. qPCR=quantitative PCR.

Table 2: LAMP, dPCR, and qPCR overall sensitivities and specificities

The AUC of dPCR also differed significantly between
ORFlab and N primers (p=0-045), as did the AUC of
qPCR assays using magnetic beads versus spin column
as the RNA extraction methods (p=0-031;
appendix pp 21-22).

To explore the effect of a specific subgroup on test
performance, included studies were stratified into ORFlab
(15 studies, 2896 samples) and N gene clusters (22 studies,
2666 samples), yielding a total of six clusters for three
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Number of Pooled sensitivity Pooled specificity Pooled diagnostic OR AUC (T
studies (95% Cl) (95% C1) (95% Cl)
(sample size)
LAMP
Overall 31(3453) 83-3% (76-9-88-2) 96-3% (93-8-97-8) 18837 (84-10-421-91) 0963 0% (3-96)
Specimen
Nasopharyngeal swabs 10 (1004) 87:7% (78-3-93-4) 92-4% (85-6-96-2) 107-46 (29-47-391-83) 0-955 19% (3-43)
Oropharyngeal orthroat 11 (1046) 87-6% (77-9-93-4) 91:3% (84-9-95-1) 99-10 (30-17-325-49) 0-952 21% (3-09)
swabs
Saliva 5(773) 86-2% (75:5-92:6)  89-4% (83-0-93-5) 6815 (22:631-20525)  0-939 0-3% (2:72)
Sputum 7(513) 817% (76:3-86:1)  98-6% (96:1-99-5)  397-60 (127-59-1238-96)  0-949 0% (0-0)
RNA extraction
With RNA extraction 17 (2445) 88.0% (82-1-92-2) 95-1% (90-9-97-4) 288-67 (88-63-940-17) 0-961 4-14% (4-72)
Without RNA extraction 14 (1008) 73-6% (62:4-82:5)  97-0% (94-1-98:5) 10650 (37-60-301-69) 0-962 0% (2-13)
Primer-probe set
ORF1ab primer 6 (1008) 86-2% (60-8-96-2) 98:1% (96-4-99-3) 362-39 (33-76-3890-00) 0-984 8% (7:14)
N primer 10 (1136) 84-4% (72-9-91-6)  97-5% (93-9-99:0)  260-98 (11511-591.70)  0-975 0% (0-0)
E primer 2(146)* 81.6% (71:0-89-5)  100% (94-9-100) 30035 (38:53-234137)  0-901 0% (0-0)
RNA extraction method
Magnetic beads 5(408) 813% (537-943)  972% (89-3-99-3) 180-22 (56-55-574-39) 0973 0% (0-0)
Silica spin column 19 (1634) 837% (77-8-88-2)  951% (91-1-97-4) 198-02 (71-74-546-61) 0943 0% (3-4)
dPCR
Overall 15(783) 94-1% (88.9-96-9)  78-5% (57-4-90-8) 77-47 (24-68-243-19) 0-946 0-5% (2-79)
Specimen
Pharyngeal swabs 7 (459) 95-0% (87-5-98:1)  90-1% (603-98-2) 237-354(3935-1431-75)  0-958 7% (3:38)
Saliva 3(152)* 89:7% (75-8-97-1)  77-0% (68:1-84-4) 18.76 (3-46-101-62) 0-865 0% (1-16)
Sputum 2(98)* 100% (93-4-100) 88-6% (75:4-962) 28329 (32:304-248426)  0-979 0% (0-0)
Primer-probe set
ORF1ab primer 11 (544) 973% (93-8-98-8)  80-9% (53-7-93-9) 158584 (39.77-632:42)  0-964 0-8% (2-46)
N primer 15(783) 94-1% (88.9-96-9)  78-5% (57-4-90-8) 77-47 (24-68-243-19) 0-946 0:5% (279)
RNA extraction method
Silica spin column 8(536) 92:3% (83-0-96-7) 81-6% (52-9-94-6) 7652 (15:35-381-44) 0-937 10% (3-6)
Automatic 4(173) 96-5% (86-7-99-2) 91.0% (75-2-97-1) 310-37 (59-85-1609-41) 0-972 0% (0-0)
qPCR
Overall 25 (3667) 92:7% (88:3-956)  92.9% (87-2-96-2)  231.27 (86:77-616-44) 0-967 0% (4-60)
Specimen
Pharyngeal swabs 13 (2250) 96:1% (91-5-98-3) 94.7% (88-1-97-8) 638-96 (215:32-1896-09)  0-982 0% (2:07)
Saliva 10 (1175) 86:3% (78-6-91.6)  90-9% (79:3-96-3) 88.02 (24-89-311-28) 0-921 0% (3-07)
RNA extraction
With RNA extraction 19 (3230) 93-7% (88-4-96-6) 92:4% (85-3-96-3) 262-47 (81.57-844-57) 0-971 0% (5-63)
Without RNA extraction 6 (437) 89-7% (81-9-94-3) 94-3% (79-2-98-6) 15761 (28-96-857-70) 0-940 16% (2:53)
Primer-probe set
ORF1ab primer 5 (1369) 97:3% (87-4-995)  88-8% (857-91-2) 52747 (4433-6276:02)  0-892 0% (6-16)
N primer 12(899) 92:9% (87:0-96-3)  91:3% (79:9-96:5) 192-23 (83-16-444-36) 0-961 4% (0-53)
E primer 11 (2442) 923% (83-3-96:6)  94-1% (85:5-97-7) 20813 (40-84-1060-61)  0-971 8% (6-3)
RNA extraction method
Magnetic beads 7 (1170) 92-9% (86-8-96-3) 97-0% (88-4-99-3) 462-91 (83-03-2580-88) 0-968 25% (376)
Silica spin column 10 (1805) 93-4% (82:9-97-6)  84-0% (69-4-92-4) 96-50 (21-89-425-37) 0-948 6% (4-52)
Automatic 2(224) 96-7% (88:5-99-6)  91-5% (86-1-95-3) 350-48 (42:61-2882:13)  0-961 0% (0-0)

Dataare n (N); sensitivity, specificity, or OR (95% Cl); AUG; or I* (t*). Summary of subgroup analyses for LAMP, dPCR, and qPCR assays based on the number of true false-positive
and false-negative cases reported in the 71 experiments. All dPCR assays required RNA extraction. OR=odds ratio. AUC=area under the curve. LAMP=loop-mediated isothermal
amplification. ORF1ab=open reading frame 1 ab. N=nucleocapsid. E=envelope. dPCR=digital PCR. qPCR=quantitative PCR. *A univariate random-effects model was used to

estimate sensitivities and specificities for subgroups with less than four included studies, as bivariate models do not converge when the sample size is small.

Table 3: Pooled sensitivity and specificity using Reitsma’s random-effects model, pooled diagnostic OR, AUC, and heterogeneity for primary subgroup

analysis
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nucleic acid tests. For each cluster, we were able to control
for the experimental setup by restricting the studies to
those using only pharyngeal swabs with RNA extraction.
RNA extraction methods were not specified due to the
limited number of studies. The distribution of dPCR
studies was the least scattered, followed by qPCR and
LAMP, implying that dPCR had the highest accuracy. A
descending order in AUC could be seen across the three
tests using ORFlab primers, although the differences in
the AUCs were negligible (figure 2). We also found
that dPCR, qPCR, and LAMP using ORFlab primers
consistently outperformed those using N primers (figure 2).
All AUCs were above 0-9, meaning the three nucleic acid
tests had excellent test performance. With RNA extraction,
diagnostic ORs for all three nucleic acid tests were
consistently higher when using pharyngeal swabs and
ORFlab primer sets (diagnostics OR 2082-41 [95% CI
353-44-12 269-35] for dPCR, 2053 -37 [680-75-6193 - 62] for
qPCR, 931-31 [94-51-1591-10] for LAMP; appendix p 23).
Primer and probe sequences for each study can be found in
the appendix (pp 24-38).

To consolidate our conclusions on the sensitivities of
the three nucleic acid tests in our meta-analysis, we drew
a boxplot showing the distribution of detection limit
determined by using synthetic viral RNA in the
34 studies (figure 3). LAMP had the widest range of
detection limits followed by dPCR and qPCR. The small
box size of dPCR and qPCR suggests that the reported
detection limits were similar between studies and the
respective low means of 202 - 8 (median 140, IQR 103-291)
and 19524 copies (median 1000, 530-1497) of viral RNA
per mL suggested a higher analytical sensitivity for
dPCR than for qPCR, in agreement with our results on
the overall clinical performance, where dPCR was more
sensitive than qQPCR. LAMP assay showed a wider spread
of detection limits ranging from 80 to 10000 copies per
mL (IQR 400-4000 copies per mlL), indicating a less
stable sensitivity. Overall a good agreement was observed
between the analytical sensitivity (ie, detection limits)
and diagnostic sensitivity (ie, pooled estimates) of the
three nucleic acid tests.

Quality assessment was done on the 66 original studies
according to QUADAS-2. All studies evaluated both the
respective molecular tests’ analytical performance and
clinical application (appendix p 45). However, only
14 (21%) of 66 studies reported details of study design
regarding patient selection and the time interval between
the reference test and index test. Three (5%) studies had
the index test rated as high risk mainly because index tests
were assessed using samples with known results by the
reference tests, which might increase the potential of bias.
32 (48%) studies only stated the source of clinical samples,
and 33 (50%) reported only the technical procedures of the
index test, thus receiving an unclear rating for patient
selection and index test. Since most studies focused on
the experimental details of the PCR and LAMP reactions,
only 16 (24%) studies resulted in low risk in the domain of
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analysis comparing the use of ORF1ab and N primer-probe sets

All studies from the clusters used pharyngeal swabs and RNA extraction and only clusters consisting of more than
three studies are presented. Three clusters were identified for comparing the test performance of dPCR, gPCR, and
LAMP using primers targeting the ORF1ab gene, and three were identified using primers targeting the N gene.
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Figure 3: Boxplot of detection limits evaluated using synthetic viral RNA in
34 studies

The blue points represent the mean values of detection limits for each test.
dPCR=digital PCR. LAMP=loop-mediated isothermal amplification.
qPCR=quantitative PCR.

flow and timing of the index and reference tests.
The overall methodological quality was fair, and the
applicability concerns were deemed acceptable.

Discussion

We performed the first and largest systematic review and
meta-analysis to date to compare dPCR, qPCR, and
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LAMP in the context of SARS-CoV-2 detection. We
evaluated various test conditions including primer sets,
RNA extraction methods, and types of human specimen,
using EUA-approved PCR assays as the reference
standard. Overall, dPCR had the highest diagnostic
sensitivity but had lower specificity than qPCR and
LAMP. This low specificity might result from the
threshold effect, in which reduction in specificity was the
trade-off for its exceedingly high sensitivity.*

In our primary subgroup analysis, we showed that
nucleic acid assays using pharyngeal swabs outperformed
saliva assays for dPCR, qPCR, and LAMP with both
Reitsma and latent class bivariate models. This finding
was consistent with those of studies done in
February—April, 2021 (subsequent to the end date of our
literature search), which compared saliva specimens
with pharyngeal swabs for qPCR and LAMP. Sensitivity
of 80-86% and specificity of 98-99% were reported by
these saliva studies, which were close to our pooled
indices (Reitsma model).** Our results also agreed with
US Centers for Disease Control and Prevention and
WHO’s recommendations to use pharyngeal swabs over
saliva. Overall, tests using pharyngeal swabs should
remain the gold standard for diagnosing COVID-19 and
a reference standard for rapid tests for detection of
SARS-CoV-2 infection in mass screening of the
population. Moreover, qQPCR and LAMP assays applied to
samples without RNA extraction consistently performed
poorly in sensitivity and specificity. This finding suggests
that without RNA extraction, there is a high probability
of failure to identify a patient infected with SARS-CoV-2
compared with tests that include an RNA extraction step.
Hence, methods without RNA extraction should only be
considered when the importance of time-saving
and clinical resources outweigh the need for high test
performance.

When testing differences in AUCs between subgroups,
we found that the type of specimen was the key factor in
determining AUC in dPCR and LAMP, whereas the
choice of RNA extraction method strongly influenced
qPCR performance. These observations suggest that
specimen types and RNA extraction methods should be
the main focus in optimising these assays. When we
restricted our analysis to studies using only pharyngeal
swabs with RNA extraction, the three nucleic acid tests
using ORFlab primers consistently outperformed the
tests using N primers. This result is possibly due to less
antigenic mutation in the ORFlab than that in the
N region.” Importantly, we observed that when
controlling the experimental setup of each test by
specifying the primer—probe set, RNA extraction, and
specimen type, the accuracy estimated in AUC did not
differ across different nucleic acid tests. However,
significant variations in accuracy were observed when
the experimental setup was changed. This implies
that optimisation efforts should be directed towards
designing a robust and consistent experimental setup as

the accuracy of SARS-CoV-2 nucleic acid tests is more
strongly dependent on the experimental setup than on
the type of test used. This conclusion also suggests that
LAMP and dPCR could be reliable alternatives to the
current qPCR gold standard, as the three nucleic acid
tests have similar accuracies when the experimental
conditions are similar. Of note, the inclusion of LAMP
as a reference standard with similar accuracy to the PCR
methods would be advantageous to clinical systems in
low-income and middle-income countries or at point-of-
care settings where medical resources are scarce. In
high-income countries, where dPCR is more readily
available, this method has the advantage of providing the
absolute number of viral copies in a sample and thus
can be used to calibrate other detection methods due to
its high sensitivity and reproducibility. Therefore,
different test types might be chosen according to
environmental and socioeconomic requirements, but
test results should remain consistent, provided that
the optimal experimental setup is implemented and
standardised.

In our analysis of the analytical sensitivity of the nucleic
acid tests, the low detection limit of dPCR was consistent
with its high pooled sensitivity derived from clinical
samples. LAMP studies showed the most variations in the
distribution of detection limits, possibly due to inherent
differences in detection methods such as colorimetry and
turbidity. Although our subgroup analyses were unable to
compare the performance of LAMP assays by their
detection methods due to the small number of studies per
method, future research on LAMP detection methods will
be useful in the optimisation of the assay.

Our study has some limitations. Besides the experi-
mental factors used in our study, other factors, such as
patient demographics, which were not reported in all
diagnostic studies, might affect the test outcome. We also
did not evaluate other PCR or isothermal amplification
techniques and recombinase polymerase amplification.
Moreover, the bias introduced during patient selection, test
implementation, and publication might have influenced
the experimental outcome and data accessibility, and
hence also the results of our analysis.

With rising COVID-19 cases and deaths globally, it is
pressing to investigate the utility of current diagnostic
tests and the optimal conditions for these tests to achieve
the best accuracy and consistency. By synthesising
summary estimates for dPCR, qPCR, and LAMP
performance, we concluded that all three nucleic acid
tests consistently perform better with pharyngeal swabs
than saliva samples and with ORFlab than N primer—
probe sets. RNA extraction is a crucial step to safeguard
test accuracy in all three tests. dPCR has shown to be
the most sensitive, followed by qPCR and LAMP.
However, their accuracies do not differ significantly;
instead, accuracy depends on specific experimental
conditions, implying that more efforts should be directed
to optimising the experimental setups for the nucleic
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acid tests. Our results could be a reference for such
optimisation and for the establishment of a standard
nucleic acid test protocol that is applicable across
laboratories worldwide.
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