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Quantifying the detection rate of the widely used quantitative RT-PCR (RT-qPCR) test for severe acute
respiratory syndrome coronavirus 2 and its dependence on patient demographic characteristics and
disease progression is key in designing epidemiologic strategies. Analyzing 843,917 test results of
521,696 patients, a “positive period” was defined for each patient between diagnosis of coronavirus
disease 2019 and the last positive test result. The fraction of positive test results within this period was
then used to estimate detection rate. Regression analyses were used to determine associations of
detection with time of sampling after diagnosis, patient demographic characteristics, and viral RNA
copy number based on RT-qPCR cycle threshold values of the next positive test result. The overall
detection rate in tests performed within 14 days after diagnosis was 83.1%. This rate was higher at days
0 to 5 after diagnosis (89.3%). Furthermore, detection rate was strongly associated with age and sex.
Finally, the detection rate with the Allplex 2019-nCoV RT-qPCR kit was associated, at the single-patient
level, with viral RNA copy number (P < 10�9). These results show that the reliability of the test result is
reduced in later days as well as for women and younger patients, in whom the viral loads are typically
lower. (J Mol Diagn 2022, 24: 112e119; https://doi.org/10.1016/j.jmoldx.2021.10.010)
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The ongoing coronavirus disease 2019 (COVID-19)
pandemic has already infected tens of millions of in-
dividuals worldwide. A major tool in combating the
pandemic is testing for viral carriage, which is used for both
diagnostic and epidemiologic purposes. The most
commonly used viral detection tests are based on quantita-
tive RT-PCR (RT-qPCR) of viral genes. This nucleic acid
test is of high specificity (ie, very low false-positive
rate).1e4 In contrast, the false-negative rate of these tests
has often been reported as high.5e9 High false-negative rates
may impede local and global efforts to slow down disease
spread, as patients incorrectly diagnosed as noncarriers
might pose an obstacle for efforts such as contact
tracing.10e12 Systematically quantifying the rate of detec-
tion and its dependencies on disease progression and patient
demographic characteristics is therefore critical for disease
spread modeling and public health policy-making.
Pathology and American Society for Investiga
Various approaches have been taken to estimate the false-
negative rate of COVID-19 RT-qPCR tests. Measuring the
rate of false-negative results in a population of patients with
highly specific pathologies (eg, chest CT imaging) has
initially alerted physicians and epidemiologists of the high
false-negative rate, estimated at approximately
30%.3e6,8,13e16 A meta-analysis of multiple such studies
found that the reported rates were highly variable, with a
mean false-negative rate of 11%.17 However, and as noted
previously,17,18 these meta-analysis studies were necessarily
based on a combination of variable studies of nonuniform
tive Pathology. Published by Elsevier Inc. All rights reserved.
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origins and methodologies, using different kits with inherently
different limits of detection and typically involving small
groups of patients. Another approach compared initial RT-
qPCR test results versus post hoc convalescent serologic test
results, finding a false-negative rate of 14%.19 A more recent
systematic approach was based on “longitudinal testing” in
which the accuracy of each test is determined based on later
tests of the same patient: a negative test result that is soon
followed by a positive one is deemed false negative.20,21

Application of this approach in a hospital setting resulted in
an estimation of a false-negative rate of 17.8%.18

Beyond the average false-negative rate, meta-analysis
studies showed a strong association of false-negative results
with time since exposure22 or time since onset of symp-
toms.23 These associations suggest that negative test results
obtained during a “positive period” reflect waning infections
and viral loads declining toward the test limit of detection.
Therefore, such negative results do not necessarily indicate
a false-negative result, especially as later positive results
may be of high cycle threshold (CT) values and may result
from fragmented RNA and not from infectious viral parti-
cles.24 Moreover, at the patient-specific level, because the
viral load is associated with time since onset of symptoms,
sex, and age,25e33 it has been proposed that detection rates
might also depend on demographic characteristics; however,
current studies lacked statistical power for quantifying such
dependencies.18,34e39

Here, using a large data set of quantitative patient-level
test series performed with a single type of measurement
equipment with a characterized limit of detection [Hur et al,16

and the Allplex 2019-vCoV Assay, version 2.2 (see manu-
facturer’s instructions; Seegene, Inc., Seoul, South Korea)],
with linked demographic characteristics and electronic health
records (843,917 tests for 521,969 patients), a longitudinal
testingebased approach was applied to quantify the detection
rate of COVID-19 test results at the community level and its
associations with age, sex, and time since diagnosis. Finally,
we tested whether this rate is associated with viral RNA copy
number at the single-patient level.

Materials and Methods

Ethical Approval

The study protocol was approved by the ethics committee of
Maccabi Healthcare Services, Tel-Aviv, Israel (institutional
review board number: 0066-20-MHS).

Data Collection

Anonymized clinical records of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) RT-qPCR test re-
sults (test reports) were retrieved by Maccabi Healthcare
Services (MHS) for the period between February 8, 2020,
and September 24, 2020. Records of COVID-19 or COVID-
19erelated diagnoses by physicians (diagnosis reports)
The Journal of Molecular Diagnostics - jmdjournal.org
were retrieved for these patients. When available, CT values
of the PCR test were retrieved for each test (ie, RT-qPCR
measurements). Randomly generated identifiers were used
to link between test results and diagnosis codes.

Test Results
MHS aggregates all test results for all its members,
regardless of whether the test itself was performed by the
MHS laboratory. Test results data included, for each test, the
following: random patient number, sample number, sample
execution date, and test result. Test results were either
“positive” (7.4%), “negative” (92%), or “borderline-posi-
tive” (0.6%, which were considered as positive in the
analysis). Patients for whom two tests with different results
were recorded on the same day were excluded from the
analysis [274 patients (0.05%)].

Diagnosis Reports
Diagnoses are routinely recorded in the MHS database. For
all patients with at least one positive test result, any
symptom-based COVID-19 diagnoses recorded before their
first test were retrieved. Diagnosis report data included
random patient number, diagnosis date, and diagnosis code
(International Classification of Diseases, Ninth Revision,
and internal MHS codes).

RT-qPCR Measurements
For each test, the following data were included: sample num-
ber, PCR machine number, test well number, test date, and CT

values for four channels (FAM, Cal Red 610, Quasar 670, and
HEX, corresponding to the measurements of E gene, RdRp
gene,N gene, and the internal control, respectively). CT values
were calculated similarly for all genes using Seegene pro-
prietary software for the Allplex 2019-nCoV assay (Seegene)
after collection of oro-nasopharyngeal swab specimens.

Assigning Patient Diagnosis Date

For each patient, the earliest date of COVID-19 symptoms
and/or epidemiologically based referral was considered as
“date of diagnosis.” When both symptom-based diagnosis
and epidemiologic-based referrals were available, they were
usually recorded on the same day. For simplicity, a small
number of patients for whom both a diagnosis and a referral
were available but were more than 1 day apart were
excluded (5.2% of diagnosed patients).

Calculating the Detection Rate

For any patient with at least one positive test result, a
“positive period” was defined as the period between their
date of diagnosis and their last positive test result. Negative
test reports during this period were regarded as undetect-
able, whereas positive test reports during this period were
regarded as detectable. Detection rate was calculated as:
Detectable/(Detectable þ UnDetectable).
113
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Table 1 Study Population Characteristics

Characteristic
Study population
(N Z 7858)

Age, years
Mean � SD 36.75 � 20.18

Distribution, no. (%)
<40 years 4391 (55.88)
�40 years 3467 (44.12)

Sex, no. (%)
Male 4156 (52.89)
Female 3702 (47.11)

Test result, no. (%)
Positive 14,559 (45.46)
Negative 17,466 (54.54)

Median positive period
length (IQR), days

5 (1 to 16)

Median time to recovery (IQR), days 18 (13 to 24)
Median test series length (IQR), days 22 (16 to 30)

IQR, interquartile range.
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Logistic Regression

Logistic regression of an undetectable result versus a
detectable result was performed by using the Python stats-
models library. The probability of a detectable result was
fitted to the test result (detectable, 1; undetectable, 0) for all
tests within the positive period.

Linear Regression

Linear regression of CT values for each fluorescence chan-
nel was performed by using the Python statsmodels library.

Calculating Odds Ratios from Logistic Regression

Odds ratios (ORs) were calculated from the coefficients of
the aforementioned logistic regression. For the binary vari-
able sex (male, 1; female, 0), OR was defined as:
ORsex Z exp(Csex). For the continuous variables age and
day, ORs were defined as: exp(Cage � ageolder e Cage �
ageyounger) younger versus older, exp(Cday � dayearly e Cday

� daylate) early versus late, where Csex, Cday Cage are the
coefficients for the sex, day, and age variables, respectively.

Differences in Detection Rate between Age Groups

Test results were divided into two groups of similar size
according to patient age (<40 years and �40 years).
Detection rate was calculated separately for each group.
Statistical significance for differences in detection rate be-
tween groups was tested by using a two-sided Fisher’s exact
test (SciPy in Python).

Results

Building a Large Longitudinal COVID-19 Test Data Set

Among all approximately 2 million MHS patients, 843,917
recorded tests were identified for 521,696 patients. Within
this set, 51,499 patients had at least one positive result.
Because quarantine discharge policy was based on test re-
sults, patients were often repeatedly tested, resulting in a
series of test results for each patient. The analysis focused
on 7858 patients with well-defined test series, satisfying the
following conditions: i) had a defined diagnosis date with
COVID-19 symptoms; ii) had at least one positive sample
within 14 days after the diagnosis date; and iii) had a test
series that ended with a negative result (Table 1). The ma-
jority of these test series ended with two or more negative
results, in agreement with the discharge policy (68% of
patients) (Supplemental Table S1).

Identifying Undetectable and Detectable Test Results

Undetectable and detectable test results were defined based
on their context within a patient series of test results. For
each patient, the series of test results after diagnosis were
114
considered (Figure 1, A and B). The median day since
diagnosis until the first negative result, indicating recovery,
was 18 (interquartile range, 13-24 days) (Table 1). For few
patients, a negative result came only after >50 days (2.5%
of patients). For each patient, the period from diagnosis date
to the last positive sample was then considered as a period in
which the patient was carrying viral RNA fragments, even if
not yet at detectable loads (ie, the positive period). Taking
an epidemiologic stand, only negative results outside of the
positive period were regarded as negative, whereas negative
test results within this patient-specific positive time period
were regarded as undetectable results. Similarly, positive
test results within this period were regarded as detectable
(Figure 1A). To avoid bias for detectable results, the last
positive result, used for defining the end of the positive
period, was not counted toward detectable results. The rate
of negative results increased over time, and at 20 days after
diagnosis, the number of negative test results first surpassed
the number of positive or undetectable results (Figure 1, B
and C). Relative to time of the first negative test result,
undetected test results were extremely rare during the two
preceding days but were otherwise relatively equally
distributed, indicating that undetectable test results were not
restricted to the short time period of the end of carriage
(Supplemental Figure S1). Focusing on days 0 to 14 after
diagnosis, representing the typical duration of the disease,
1047 test results defined as undetectable and 5143 test re-
sults defined as detectable were identified, indicating an
overall detection rate of 83.1%.

Age, Sex, and Time after Diagnosis Are Associated with
Detection Rate

To identify personalized features associated with detection
rate, multivariate logistic regression for the odds of an
jmdjournal.org - The Journal of Molecular Diagnostics
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Figure 1 Longitudinal quantitative RT-PCR severe acute respiratory syndrome coronavirus 2 test results for patients diagnosed with coronavirus disease
2019. A: Test results for three representative patients (P1, P2, and P3). The day of diagnosis and the last positive test result (purple) demarcate the “positive
period” (light blue shading). Negative test results within this individually determined period were regarded as “undetectable” (orange). Similarly, positive test
results within the positive period were regarded as detectable (blue). All test series end with a sequence of one or more negative results (red). B: Longitudinal
severe acute respiratory syndrome coronavirus 2 test results for the study population (Table 1). [For clarity, 191 patients for whom the first negative sample
(red) was obtained >50 days after the day of diagnosis were omitted.] Patients are sorted according to the dates, relative to diagnosis, of their first negative
result, then by the relative date of the last positive result. C: Frequency of test results per day relative to diagnosis.

Corona RT-qPCR Detection Rates Analysis
undetectable versus detectable result was performed (as
discussed in Logistic Regression and Calculating Odds
Ratios from Logistic Regression). Patient age, sex, and
number of days since diagnosis were all associated with an
undetectable result (Supplemental Table S2). Patient age
was strongly anticorrelated with an undetectable result, with
an OR of 1.36 (95% CI, 1.34 to 1.39) for patients 10 years
younger. The number of days from diagnosis was positively
correlated with an undetectable result, with an OR of 1.98
(95% CI, 1.78 to 2.20) for samples taken at day 14
compared with samples taken at day 0. Lastly, patient sex
was also strongly associated with undetectable results, with
a female to male OR of 1.73 (95% CI, 1.58 to 1.9).
The Journal of Molecular Diagnostics - jmdjournal.org
Following the observed association between time after
diagnosis and detectable result, the detection rate during
disease progression was characterized. Calculating detection
rate per day after diagnosis (as discussed in Calculating the
Detection Rate), that detection rate during the first few days
was found to be fairly constant and high (89.3%, days 0 to
5) and to then gradually decrease over days 6 to 14
(Figure 2A).

The earlier days after diagnosis (days 0 to 5), in which
the detection rate was relatively high, and in which a
precise diagnosis is most critical for epidemiologic needs
and contact tracing were further studied. Multivariate
logistic regression analysis of test results for these days
115
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Figure 2 Detection rate changes along time after day of diagnosis and differs between age groups. Detection rate per day after diagnosis was calculated
for 6190 tests. A: Daily detection rate for days between day of diagnosis (day 0) to 14 days after diagnosis. B: Difference in detection rate between two age
groups (<40 years and �40 years [dark and light gray, respectively]) calculated separately for early and late days after diagnosis. Fisher’s exact test (as
discussed in Differences in Detection Rate between Age Groups) was used. Error bars indicate SD. **P < 0.01, ***P < 0.001.

Levine-Tiefenbrun et al
alone identified an association of undetectable results
during these days with sex and age. The risk of unde-
tectable result was again associated with age (OR of 1.56
for patients 10 years younger; 95% CI, 1.51 to 1.61), and
sex (female to male OR of 2.02; 95% CI, 1.70 to 2.40)
(Supplemental Table S3). Dividing the patients into two
age groups of similar size (those aged <40 years and �40
years) (Table 1), the detection rate during this initial
period was found to be significantly lower for the
younger age group (P Z 0.0004, Fisher’s exact test;
OR, 0.72; 95% CI, 0.59 to 0.88) (Figure 2B). Similarly,
the detection rate during the later period (days 6 to 14)
also significantly increased with age (P Z 0.003, Fisher’s
exact test).
Figure 3 Differential change in cycle threshold (CT) value of the N gene
along time after day of diagnosis for different age groups. In the first 4
days after diagnosis, CT values of the N gene are lower for older patients
(age �40 years, light gray) than for younger patients (age <40 years, dark
gray). Error bars indicate SEM.
Age, Sex, and Time after Diagnosis Are Associated with
Viral RNA Copy Number Similarly to Detection Rate

Based on previous reports of viral load differences be-
tween male subjects and female subjects, among age
groups and along disease progression,4,25e28,30,40e46 we
hypothesized that differences in detection rate across
demographic factors and disease progression may stem
from changes in viral load, which would be reflected in
the measured CT values. To test this hypothesis, associ-
ations of CT values of the three viral genes (N, E, and
RdRp) and the internal control gene were studied with
patient age and sex and with number of days after
diagnosis (Figure 3 and Supplemental Figure S2).
Indeed, a linear regression model revealed positive cor-
relation of the CT of viral genes with the number of days
after diagnosis, and negative correlation with age and sex
(male; as discussed in Linear Regression) (Supplemental
116
Table S4). An opposite association was found with the
internal control gene, in agreement with within-tube
competition for reagents between the multiplexed re-
actions (Supplemental Figure S2C).47 The viral RNA
copy number association with demographic characteris-
tics and time therefore mirrored the associations of the
detection rate with these same parameters.
Viral RNA Copy Number and Detection Rate Are
Associated at the Individual Patient Level

Finally, an association of detection rate with viral RNA
copy number at the individual patient level was tested.
Because CT values are, by definition, not available for un-
detectable results, the CT values of the next positive result
were used as a proxy (provided that such a sample existed
within the 14 days after diagnosis). Comparing the distri-
bution of CT values of positive test results after undetectable
jmdjournal.org - The Journal of Molecular Diagnostics
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Figure 4 Difference between cycle threshold (CT)
values of the N gene of positive results after unde-
tectable and detectable test. Positive test results that
followed an undetectable test result have a higher Ct
value than positive test results after undetectable test
results. Error bars indicate SEM. *P < 10

�10

.

Corona RT-qPCR Detection Rates Analysis
results versus the CT values of positive test results after
detectable results, it was found that undetectable results
were indeed associated with reduced viral RNA copy
number for all three viral genes (Mann-Whitney U test; P-
values of 1.65 � 10�9, 1.03 � 10�9, and 8.99 � 10�10 for
N, E, and RdRp genes, respectively) (Figure 4 and
Supplemental Figure S3). Importantly, these CT values,
despite being higher, were on average well below the limit
of detection and within the observed CT distribution of each
gene (Figure 4, inset, and Supplemental Figure S4).
Discussion

The current analysis of a large data set of electronic health
records of patients with COVID-19 showed that although,
on average, the detection rate is about 83%, this rate varies
strongly with age, sex, and time after diagnosis. At the first
few days after diagnosis, the detection rate is only 90% on
average and even higher for men and older patients.
Combining these data with CT values of RT-qPCR tests
provides evidence that detection rates possibly stem from
low viral loads at the single-patient level.

The study has several limitations. First, all positive test
results are treated as true positives. Although errors may
occur, the rate of false-positive results is very low1e4 and is
not expected to significantly affect results. Future studies
can further improve the reliability of confirmation of posi-
tive cases by combining PCR test results with serology test
results. Second, negative results at the end of test series are
treated as “true negative” and not an undetectable result,
whereas it is possible that if further tests were performed,
additional positive tests might have been detected. Again,
this is not expected to significantly affect results as most
series in this study end with two consecutive negative re-
sults. Moreover, this bias will mostly affect the calculated
detection rate at later days after diagnosis. Third, because
viral loads after infection may first increase and only later
decrease,4,26,41,46 it is possible that detection rates follow a
similar pattern: first increasing and only later decreasing.
Analyzing the cohort, only the later phase of the decreasing
The Journal of Molecular Diagnostics - jmdjournal.org
detection rate could be identified. However, it is possible
that with different cohorts or inclusion criteria, the earlier
phase of decreasing viral load and increasing detection rate
can also be observed. Fourth, despite all samples with CT

values being treated in the same central facility, which in-
creases the uniformity of the data set, multiple other factors
such as the type of swab and swab transport conditions (eg,
time, temperature), as well as operator-dependent factors
regarding sample collection and handling, can affect test
sensitivity. These factors are not recorded and are therefore
not included in our analysis. Fifth, because the beginning of
the positive period is based on the date of diagnosis, it does
not directly represent the onset of disease. However, it is the
best available proxy for it. Finally, this study was limited to
unvaccinated symptomatic patients; therefore, these results
may not represent the detection rate for asymptomatic or
vaccinated patients for whom viral load may be lower.48,49

Despite these limitations, these results provide impor-
tant epidemiologic input as to the patient-specific sensi-
tivity of tests, with important implications for
epidemiologic policy-making, contact tracing, and disease
prevention and control. The results underscore that the
risk of an undetectable infection at the very early days
after diagnosis might be lower than previously thought,
reinforcing the usefulness of these tests for epidemiologic
decisions.
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