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Abstract 

Background: COVID-19 is diagnosed via detection of SARS-CoV-2 RNA using real time reverse-transcriptase polymer-
ase chain reaction (rtRT-PCR). Performance of many SARS-CoV-2 rtRT-PCR assays is not entirely known due to the lack 
of a gold standard. We sought to evaluate the false negative rate (FNR) and sensitivity of our laboratory-developed 
SARS-CoV-2 rtRT-PCR targeting the envelope (E) and RNA-dependent RNA-polymerase (RdRp) genes.

Methods: SARS-CoV-2 rtRT-PCR results at the Public Health Laboratory (Alberta, Canada) from January 21 to April 18, 
2020 were reviewed to identify patients with an initial negative rtRT-PCR followed by a positive result on repeat test-
ing within 14 days (defined as discordant results). Negative samples from these discordant specimens were re-tested 
using three alternate rtRT-PCR assays (targeting the E gene and N1/N2 regions of the nucleocapsid genes) to assess 
for false negative (FN) results.

Results: During the time period specified, 95,919 patients (100,001 samples) were tested for SARS-CoV-2. Of these, 
49 patients were found to have discordant results including 49 positive and 52 negative swabs. Repeat testing of 52 
negative swabs found five FNs (from five separate patients). Assuming 100% specificity of the diagnostic assay, the 
FNR and sensitivity in this group of patients with discordant testing was 9.3% (95% CI 1.5–17.0%) and 90.7% (95% CI 
82.6–98.9%) respectively.

Conclusions: Studies to understand the FNR of routinely used assays are important to confirm adequate clinical 
performance. In this study, most FN results were due to low amounts of SARS-CoV-2 virus concentrations in patients 
with multiple specimens collected during different stages of infection. Post-test clinical evaluation of each patient is 
advised to ensure that rtRT-PCR results are not the only factor in excluding COVID-19.
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Background
Accurate case detection with rapid isolation and con-
tact tracing form critical elements of the public health 
response to COVID-19. With most emerging infections, 
initially available nucleic acid tests (NATs) may lack 
data on the frequency of false negative results which can 
unnecessarily lead to repeated testing.

Studies of false-negative (FN) results from respiratory 
samples for SARS-CoV-2 are variable demonstrating FN 
rates (FNRs) ranging from 1 to 30% [1, 2]. FN results can 
occur for numerous reasons including suboptimal speci-
men collection, testing too early in the disease process, 
low analytic sensitivity, inappropriate specimen type, low 
viral load, or variability in viral shedding [3–9].

Implications of FN results can be significant, potentially 
leading to positive case clusters and negative outcomes 
[10]. Current guidance from the World Health Organiza-
tion (WHO) and others calls for repeat testing (includ-
ing sampling of the lower respiratory tract) in individuals 
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who continue to display symptoms of COVID-19 with 
continued infection prevention measures [9, 11, 12]. The 
optimal interval of repeat testing is not clear with differ-
ent studies suggesting a range from 1 to 6 days following 
the first negative test [13, 14].

The current study was designed to assess the FNR and 
sensitivity for the laboratory-developed test rtRT-PCR 
(LDT) used for frontline SARS-CoV-2 testing in Alberta, 
Canada, by determining the number of FN results in 
patients with repeat specimens submitted.

Methods
Setting, patients, and clinical samples
In the province of Alberta, Canada (population 4.4 mil-
lion people), SARS-CoV-2 testing was conducted exclu-
sively at the provincial Public Health Laboratory for 
symptomatic patients during the first four months of 
the pandemic [15–17]. The first case was confirmed on 
March 5, 2020 [18]. Test results and patient demograph-
ics were extracted from the laboratory information sys-
tem to identify patients between January 21 and April 
18, 2020, with an initial negative SARS-CoV-2 result fol-
lowed by a positive result on repeat testing within 14 days 
(one incubation period) hereon defined as discordant test 
results [11].

Acceptable specimens for SARS-CoV-2 testing 
included nasopharyngeal (NP), oropharyngeal (OP), deep 
nasal turbinate swabs, endotracheal aspirates, and bron-
choalveolar lavages (see Additional file  1: Table  S1). All 
collection kits were internally validated prior to use.

SARS‑CoV‑2 RNA detection
Nucleic acid extraction was performed on one of several 
platforms (see Additional file 1: Table S1). A LDT rtRT-
PCR targeting the envelope (E) and RNA-dependent 
RNA-polymerase (RdRp) genes was used to detect SARS-
CoV-2 RNA [19]. Samples with cycle threshold (Ct) val-
ues > 35 cycles were repeated in duplicate and considered 
positive if ≥ 2 of three results had an amplification curve. 
Invalid was used to refer to samples with PCR run errors 
such as instrument or internal control failure. The assay 
parameters and comparison to other assays used across 
Canada has been published [19, 20].

The negative samples from sets of discordant speci-
mens were re-tested by rtRT-PCR for SARS-CoV-2 to 
evaluate for FNs. This was carried out by extracting 
nucleic acid from the original sample followed by testing 
using assays targeting three different genes: the E gene 
(using only the E gene target from the LDT in a singleplex 
format) and the N1/N2 portions of the nucleocapsid gene 
(see Additional file  1: Table  S1) [21]. Evaluation of the 
CDC N1/N2 assay compared to the LDT demonstrated 

94% positive agreement (95% CI 87.7–100%) and 100% 
negative agreement (see Additional file 2: Table S2).

The discordant samples were retrieved from storage at 
− 70  °C and underwent one freeze–thaw cycle. Samples 
that had tested positive were assumed to be true positives 
(based on the validation study of the LDT assay demon-
strating analytic specificity of 100%) [19]. A negative sam-
ple was considered to be a FN if repeat testing yielded a 
positive result for ≥ 2 of three gene targets (E gene, N1, 
and/or N2).

Evaluation of discordant swab quality
All swab sets identified as discordant were tested for the 
presence of human ribonuclease P (RNAse P) using an 
RT-PCR assay (see Additional file 1: Table S1) [21].

Statistical analysis
Statistical comparison of parametric variables was done 
using independent t-tests and non-parametric variables 
using the Wilcoxon matched-pairs signed rank test. Data 
analyses were conducted in Stata 14.2 software (Stata-
corp LP, 2015, College Station, USA).

Results
Between January 21 and April 18, 2020, 100,001 COVID-
19 tests (95,919 patients) were completed with 1954 (2%) 
individual cases confirmed (see Additional file 3: Figure 
S1). Including repeat tests, the overall positivity rate was 
2.2%.

Forty-nine (0.05%) were found to have discordant 
results (total 101 swabs including 46 patients with two 
swabs and 3 patients with three swabs). The median 
age of these patients was 72  years (range 25–97) with 
69.4% being female and 26.5% requiring hospitalization 
(Table 1).

All 101 discordant swabs were available for further 
evaluation (herein identified as swab 1, swab 2, and swab 
3) (Table 2). Original testing results of these 49 patients 
showed: swab 1 for all 49 patients was negative; swab 2 
for 46/49 patients was positive, and swab 3 was positive 
for 3/3 patients. Repeat testing of swab 1 for each of the 
49 patients using a combination of three alternate assays 
revealed five FN results (Table 2). Of these, 3/5 were NP 
swabs in UTM and 2/5 were Aptima® swabs used for 
deep nasal sampling. Ct values for repeat testing of swab 
1 specimens among the three different assays ranged 
from 32.7 to 38.8 cycles (median 35.5). Five swab 1 speci-
mens re-tested positive on the E gene assay and the CDC 
N2 assay; two swab 1 specimens re-tested positive by all 
three alternate assays. The mean times of collection (in 
days) between swab 1 and swab 2 for the FN and non-
FN discrepant specimens were 6.1 (p = 0.06) and 3.3 
(p = 0.20), respectively.
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No significant differences in the Ct values for human 
RNAse P were noted between swabs 1, 2, and 3 (see 
Additional file 4: Figure S2; all p-values > 0.05).

From the five FN specimens, 4/5 had swab 1 col-
lected on or the day after date of symptom onset (DSO) 
(Table  3). The maximum duration between DSO and 
swab 1 was 9 days and swab 2 was eleven days. Swab 2 for 
all five patients was collected post-DSO (4–11 days). All 
patients with FN results had community-acquired SARS-
CoV-2 infection; three were healthcare workers and three 
had exposure to a confirmed COVID-19 case.

Based on the additional testing conducted, 5/101 nega-
tive swabs were considered FNs with 49/101 presumed to 
be true positives (TPs). Therefore, FNR (FN/[FN + TP]) 
in this subset of patients with discordant swabs is 9.3% 
(95% CI 1.5–17.0%). By extension, the sensitivity (1-FNR) 
of testing in this subset of discordant swabs is 90.7% (95% 
CI 82.6–98.9%).

Discussion
The major strength of this study lies in the large sample 
size (100,001 SARS-CoV-2 rtRT-PCR tests from 95,919 
patients) from which discordant results were identified. 
Discordant results were found for 0.05% of all patients 
tested. Based on re-testing of 49 patients with discord-
ant results, the FNR and sensitivity of our LDT in this 
subgroup of patients was approximately 9.3% and 90.7%, 
respectively.

The FNR calculated from our data analysis is compa-
rable to other reports. Data from earlier in the pandemic 
reported FNRs of up to 30% [6] with a systematic review 
on the topic reporting ranges from 2 to 29% [2]. A large 
study from New York evaluating the clinical performance 
of SARS-CoV-2 molecular testing found that on average 
up to 17% of positives were missed by the first test [22], 
while another American study reported a FNR of 3.5% 
in patients with discordant swab results within a 7-day 
period [1]. Two other studies have estimated sensitivities 
ranging from 89 to 94.6% [22, 23].

In our study, specimen quality was not considered 
a contributing factor given human DNA content did 
not differ significantly across all the swabs. A similar 
approach using RNase P as a surrogate for quality of 

Table 1 Demographic characteristics of  49 patients 
with discordant swab results for COVID-19

Variable %

Age (years)

 Median 72

 Range 25–97

Sex

 Male 15 30.6

 Female 34 69.4

Exposure to a known case

 Yes 38 77.6

Acquisition

 Health care 9 18.4

 Community 38 77.6

 Unknown 2 4.0

Healthcare worker 7 14.3

Hospitalization 13 26.5

Travel history 4 8.2

Table 2 Evaluation of 49 patients (101 swabs) with discordant COVID-19 testing and confirmatory testing results

Ct cycle threshold (cycles), E envelope, LDT laboratory developed test, ND not done, NP nasopharyngeal, RdRp RNA dependent RNA polymerase, UTM universal 
transport media
a Testing done using E gene/RdRp gene LDT SARS-CoV-2 rtRT-PCR
b Repeat testing conducted only on negative swabs to evaluate for false-negative results
c Only 3 of 49 patients had a third swab done

Swab 1 (n = 49 swabs) Swab 2 (n = 49 swabs) Swab 3 (n = 3 swabs)c

NP swab in UTM (%) 29 (59.2) 32 (65.3) 2 (66.7)

Deep nasal turbinate swab (%) 20 (40.8) 9 (18.4) 1 (33.3)

Oropharyngeal swab (%) 0 8 (16.3) 0

Original swab test  resulta

(E gene Ct median; range)
(RdRp gene Ct median; range)

49 negative 46 positive
3 negative
(19.5; 13.0–35.5)
(22.4; 16.2–37.8)

3 positive
0 negative
(13.9; 12.5–24.7)
(16.5; 14.8–28.0)

Positive result on E gene  assayb

(Ct range)
5/49
(34.1–37.9)

0/3 ND

Positive result on CDC N1  assayb

(Ct range)
2/49
(32.7–35.9)

0/3 ND

Positive result on CDC N2  assayb

(Ct range)
5/49
(33.2–38.8)

0/3 ND
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swab collection has been used in several other studies 
[3, 23, 24].

The five FNs were likely caused by changes in viral 
load and shedding over time. Based on Ct values, all 
FNs were found to have low levels of viral RNA. Four 
of five FN samples had early collections related to the 
DSO (from 5 days prior to symptom onset to 2 days 
post-symptom onset). The other FN sample was col-
lected 9 days post-symptom onset with the swab found 
to be positive for this patient with routine testing hav-
ing been collected 2 days later, which could be related 
to variable shedding after the acute phase of infection 
[8]. Variable shedding dynamics have also been noted 
by authors of a pooled analysis of 1330 samples with 
FNR estimated as 20% at three days post DSO, 38% on 
the DSO, and 67% on the day prior to DSO [4].

Three of five FN swabs were collected using an NP 
flocked swab in UTM and the other two were collected 
using the Aptima® swab and transport medium. While 
this may indicate that these swab types and media did 
not influence the FNR, more data is needed to sup-
port this. However, one study indicated that Aptima® 
products are as good or better than routine flocked NP/
UTM swabs for detecting SARS-CoV-2, attributed in 
part to the preservatives in the Aptima® transport solu-
tion preventing RNA degradation [25].

The principal limitations of this study are its ret-
rospective nature and that FN samples were biased 
towards patients undergoing repeat swab collection, 
likely due to high suspicion of COVID-19. Ideally, a 
cohort of negative patients would be tested using mul-
tiple NAT tests and re-tested prospectively, but this 
poses logistical challenges and would require a large 
number of patients to be screened. Another limitation 
is the assumption that all positives by the local LDT 
were true positives. However, the analytical specific-
ity of the LDT is reported as 100% [19] and it dem-
onstrated a high negative percent agreement with the 
CDC N1/N2 assay. Most other SARS-CoV-2 rtRT-PCR 
assays have shown high clinical specificities, making 
this a reasonable assumption [26, 27].

Conclusions
This work adds to the literature by demonstrating that 
the FNR of SARS-CoV-2 molecular assays is low [1, 
27, 28] and subject to viral load dynamics over time. 
However, the interpretation of COVID-19 test results 
should be conducted in the overall context of each 
patient’s clinical presentation [9, 29], with repeat test-
ing advised should post-test probability upon follow-up 
clinical evaluation remain high.
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