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Abstract 

Background: Prospective observational data show that infected persons with the severe acute respiratory syndrome 
coronavirus 2 (SARS‑CoV‑2) remain polymerase chain reaction (PCR) positive for a prolonged duration, and that 
detectable antibodies develop slowly with time. We aimed to analyze how these effects can bias key epidemiological 
metrics used to track and monitor SARS‑CoV‑2 epidemics.

Methods: An age‑structured mathematical model was constructed to simulate progression of SARS‑CoV‑2 epidem‑
ics in populations. PCR testing to diagnose infection and cross‑sectional surveys to measure seroprevalence were 
also simulated. Analyses were conducted on simulated outcomes assuming a natural epidemic time course and an 
epidemic in presence of interventions.

Results: The prolonged PCR positivity biased the epidemiological measures. There was a lag of 10 days between the 
true epidemic peak and the actually-observed peak. Prior to epidemic peak, PCR positivity rate was twofold higher 
than that based only on current active infection, and half of those tested positive by PCR were in the prolonged PCR 
positivity stage after infection clearance. Post epidemic peak, PCR positivity rate poorly predicted true trend in active 
infection. Meanwhile, the prolonged PCR positivity did not appreciably bias estimation of the basic reproduction 
number R0. The time delay in development of detectable antibodies biased measured seroprevalence. The actually-
observed seroprevalence substantially underestimated true prevalence of ever infection, with the underestimation 
being most pronounced around epidemic peak.

Conclusions: Caution is warranted in interpreting PCR and serological testing data, and any drawn inferences need 
to factor the effects of the investigated biases for an accurate assessment of epidemic dynamics.

Keywords: SARS‑CoV‑2, PCR positivity, Antibody detection, Bias, Incidence, Prevalence, Seroprevalence, Epidemic

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
The severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) emerged in late 2019 [1] and resulted in 
a pandemic [2]. As the number of laboratory-confirmed 
cases and coronavirus disease 2019 (COVID-19) related 

deaths continue to rise [2], this virus will persist as a 
global public health concern.

At present, the main diagnostic modality for SARS-
CoV-2 is the polymerase chain reaction (PCR) test, which 
is typically performed on either an upper or lower respir-
atory tract sample. Current understanding of the infec-
tion course suggests a latent phase of few days, followed 
by an infectious phase also of few days before recovery 
[1, 3–6]. Individuals infected with the virus test positive 
by PCR if tested during these first two stages, but also 
can test positive during the recovery stage for 2–4 weeks, 
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reflecting genetic remnants of the virus [7, 8]. The latter 
duration defines the prolonged PCR positivity duration 
following end of infectiousness.

Individuals recovered from this infection also typi-
cally do not develop detectable IgG antibodies immedi-
ately, but 2–4 weeks thereafter [7, 8]. The latter duration 
defines the pre-antibody positivity duration following end 
of infectiousness.

The presence of the prolonged PCR positivity duration 
and the pre-antibody positivity duration can complicate 
the epidemiological inferences drawn from population-
based testing by PCR and serological assays. Using math-
ematical modeling simulations, the aim of the present 
study is to analyze how these durations can bias the key 
epidemiological metrics that are used to track and moni-
tor SARS-CoV-2 epidemics, for the purpose of improv-
ing interpretation of PCR and serological testing data and 
our understanding of local epidemics, but also for better 
management of the adverse implications of the social and 
physical distancing restrictions.

Methods
Mathematical model
An age-structured mathematical model was developed 
to simulate SARS-CoV-2 transmission dynamics in a 
given generic population (Additional file  1: Fig. S1), as 
informed by recent modeling studies [9–13]. The model 
was structured factoring current understanding of SARS-
CoV-2 epidemiology, and stratifies the population into 
compartments according to age group, infection status, 
infection stage, and disease stage. Following a latency 
period, infected individuals progress to either asympto-
matic/mild infection followed by recovery, or they pro-
gress to severe or critical infection. Severe or critical 
infection progresses to severe or critical disease, respec-
tively, prior to recovery, but critical disease cases have an 
additional risk for COVID-19 mortality.

The model further includes three tracking population 
compartments for the prolonged PCR positivity, pre-
antibody positivity, and antibody positivity. Informed by 
empirical evidence [7, 8], it was assumed that infected 
individuals remain in the prolonged PCR positivity stage 
for 3 weeks on average and in the pre-antibody positiv-
ity stage also for 3 weeks on average. Some of the analy-
ses below explored the impact of other values for these 
durations.

Description of the model structure, equations, and 
parameters are in the Additional file 1. All analyses were 
conducted on the MATLAB R2019a platform.

Analysis scenarios
Two types of SARS-CoV-2 epidemics were simu-
lated in this generic population: one assuming a basic 

reproduction number (R0) of 3.0, reflecting the natural 
course of the epidemic in absence of any social or physi-
cal distancing interventions [14, 15], and one assuming 
an R0 of 1.6, reflecting an epidemic in presence of these 
interventions, such as that of Qatar where R0 was esti-
mated at about 1.6 [10].

Random PCR testing was simulated on this population 
through Monte Carlo sampling. Trend in PCR positive 
diagnoses was generated assuming first that individu-
als are PCR positive only during infection latency and 
infectiousness (that is during only active infection), and 
then assuming that individuals are PCR positive dur-
ing infection latency, infectiousness, and the prolonged 
PCR positivity following end of infectiousness. These two 
simulated trends represent thus the true active infection 
presence in the population and the actually-observed 
presence through PCR testing, respectively.

Repeated daily cross-sectional surveys to measure anti-
body prevalence (seroprevalence) were also simulated on 
this population by Monte Carlo sampling a random sam-
ple every day. The trend in seroprevalence was generated 
assuming that individuals develop detectable antibodies 
immediately following onset of infection (that is detect-
able antibodies reflect actual infection once the infec-
tion occurs), and then assuming that individuals develop 
detectable antibodies only after passing through the stage 
of pre-antibody positivity following end of infectious-
ness. Once antibodies develop, it was assumed that they 
would persist for a long duration, beyond the simulation 
timeframe. These two simulated trends represent thus 
the true prevalence of ever infection in the population 
and the actually-observed seroprevalence as measured 
using serological assays, respectively.

Results
Figure 1 shows the simulated daily number of PCR-pos-
itive diagnosed cases in the scenario that PCR positivity 
measures true active infection presence in the population 
compared to the actually-observed scenario in presence 
of the prolonged PCR positivity. There is a lag of 10 days 
between the true peak in infection incidence and the 
actually-observed peak in infection incidence when R0 is 
1.6, and a lag of 5 days when R0 is 3.0. Moreover, the sce-
nario incorporating the prolonged PCR positivity results 
in more cases being diagnosed than the scenario in which 
infected individuals are PCR positive only during active 
infection.

Figure 2 shows the ratio of the proportion of tests that 
are PCR positive (“positivity rate”) in presence of the 
prolonged PCR positivity divided by the proportion of 
tests that are PCR positive assuming no prolonged PCR 
positivity. This ratio is shown assuming a prolonged 
PCR positivity duration of 2, 3, 4, or 6  weeks. Prior to 
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the epidemic peak, the proportion of tests that are PCR 
positive in presence of the prolonged PCR positivity is 
twofold higher than that assuming no prolonged PCR 
positivity. Meanwhile, after the epidemic peak, the ratio 
of the two proportions steadily increases and is higher 
the longer is the prolonged PCR positivity—that is more 
and more of the infections are diagnosed not during 
active infection, but during the prolonged PCR positivity 
stage. These results were generated assuming an R0 of 1.6, 
and the results assuming an R0 of 3.0 show the same pat-
tern (Additional file 1: Fig. S2).

Figure  3 presents the difference in days between the 
epidemic peak as measured in presence of the prolonged 
PCR positivity and the epidemic peak based on true inci-
dence of active infection in the population, assuming a 
prolonged PCR positivity duration of 2, 3, 4, or 6 weeks. 
The delay between the true epidemic peak and the 
observed epidemic peak increased as the duration of pro-
longed PCR positivity increased. This delay ranged from 
7.5 days up to 16.5 days at an R0 of 1.6, and from 4.5 days 
up to 8.0 days at an R0 of 3.0.

Figure  4 and Additional file  1: Fig. S3 illustrate the 
change throughout the epidemic in the proportion of 
those who test positive by PCR and are latently infected, 
infectious, or post-infectious (that is in the prolonged 
PCR positivity stage) for R0 = 1.6 and R0 = 3.0 , respec-
tively. For R0 = 1.6 , prior to the epidemic peak, approx-
imately half of those who test positive by PCR are in 

the prolonged PCR positivity stage (that is already 
recovered from the infection). After the epidemic peak, 
this proportion rises steeply as the epidemic begins to 
decline. A similar pattern is seen for R0 = 3.0 (Addi-
tional file 1: Fig. S3).

Figure S4 of the Additional file 1 shows the estimated 
R0 as derived from the epidemic curve of diagnosed 
cases in presence and in absence of the prolonged PCR 
positivity. Two scenarios are presented, the first for an 
R0 of 1.6, and the second for an R0 of 3.0, and each fac-
toring a prolonged PCR positivity duration of 2, 3, 4, or 
6  weeks. The estimated R0 from the actually-observed 
diagnosed cases is always lower than that estimated 
from the true (active infection) diagnosed cases, but the 
difference is small, particularly so for the case of R0 of 
1.6, and is not much affected by the duration of the pro-
longed PCR positivity.

Figure  5 shows the trend in the true prevalence of 
ever infection in the population versus the actually-
observed seroprevalence factoring the 3  weeks average 
delay in the development of detectable antibodies [7, 8]. 
Two scenarios are presented, the first for an R0 of 1.6 
and the second for an R0 of 3.0. There is a time delay in 
the actually-observed seroprevalence reaching the true 
prevalence of ever infection in the population, and this 
delay varies with time reflecting the epidemic phase 
(particularly closeness to the epidemic peak) and the 
intensity of the epidemic (value of R0).

Fig. 1 Effect of the prolonged PCR positivity on the observed trend of diagnosed cases. Daily number of new diagnosed cases of true active 
infection versus the actually-observed diagnosed cases in presence of the prolonged PCR positivity. The prolonged PCR positivity is assumed to last 
on average for three weeks after end of infectiousness [7, 8]. Two scenarios are presented, one for an R0 of 1.6 (an epidemic in presence of social and 
physical distancing interventions) and an R0 of 3.0 (natural course of the epidemic in absence of any social or physical distancing interventions)
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Discussion
Management of an epidemic depends on availability of 
high quality real-time data in order to make the best 
decisions. Above results show that presence of the pro-
longed PCR positivity, one of the distinctive features 

of the SARS-CoV-2 infection reflecting the presence 
of genetic remnants of the virus in those who cleared 
their infection [7, 8], biases the epidemiological metrics 
and inferences drawn from the trend of PCR-positive 
diagnosed cases. While the prolonged PCR positivity 

Fig. 2 Effect of the prolonged PCR positivity on the observed SARS‑CoV‑2 positivity rate. Ratio of the proportion of tests that are PCR positive 
(“positivity rate”) in presence of the prolonged PCR positivity over the proportion of tests that are PCR positive assuming no prolonged PCR 
positivity. The prolonged PCR positivity is assumed to last on average for 2, 3, 4, and 6 weeks. In this epidemic simulation, R0 has a value of 1.6, that is 
an epidemic time course in presence of social and physical distancing interventions. The simulation for R0 of 3.0, that is for the natural course of the 
epidemic in absence of any social or physical distancing interventions, is found in Figure S2
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allows more infections to be diagnosed (Fig. 1), it biases 
assessment of the epidemic phase. The true phase of the 
epidemic (epidemic peak and also epidemic growth or 
decline) occurs 1–2 weeks before the actually-observed 
phase of the epidemic (Figs. 1 and 3). This implies that 
the trend in PCR-positive diagnosed cases does not 
reflect the current status of the epidemic, but the status 
1–2 weeks earlier. However, the prolonged PCR positiv-
ity does not appreciably bias the derivation of R0 from 
the actually-observed trend in diagnosed cases (Addi-
tional file 1: Fig. S4).

The prolonged PCR positivity also biases the test-
ing positivity rate. The actually-observed positivity rate 
is twofold higher than the true positivity rate of active 
infection during the epidemic growth phase, and several 
folds higher during the epidemic decline phase (Fig.  2). 
As the epidemic declines, the value of the positivity rate 
in conveying the actual epidemic dynamics erodes stead-
ily with time. Moreover, during the epidemic growth 
phase, as much as half of those who test positive by PCR 
are in the prolonged PCR positivity stage having already 
recovered from the infection. During the epidemic 
decline phase, increasingly most of those testing positive 
are found in the prolonged PCR positivity stage and not 
in active infection (Fig. 4). Remarkably, at all times, those 

newly diagnosed with the infection are likely to be found 
in a non-infectious stage.

Above results demonstrate that the documented time 
delay in development of detectable antibodies [7, 8] 
biases measures of seroprevalence that are derived from 
cross-sectional surveys of the population. At all times 
prior to end of the epidemic cycle, actually-observed 
seroprevalence underestimates true prevalence of ever 
infection in the population (Fig.  5). The difference 
between what is actually observed and what is true is 
most pronounced around the epidemic peak. This find-
ing demonstrates that current seroprevalence studies 
can significantly underestimate actual infection expo-
sure in the population at large; an important considera-
tion given that communities are increasingly undertaking 
sero-surveys to understand better virus spread and to 
develop efficient plans for managing the hefty costs of the 
social and physical distancing restrictions on society and 
economy. This finding has been empirically-confirmed 
recently where it has been shown that seroprevalence 
substantially underestimated true ever-infection preva-
lence in a PCR and serological survey [16].

Empirical studies reported that PCR positivity rate 
for SARS-CoV-2 was more than 90% at 3–5  days after 
onset of symptoms, but decreased to less than 60% at 

Fig. 3 Effect of the prolonged PCR positivity on the observed SARS‑CoV‑2 epidemic peak. Time difference between the actually-observed epidemic 
peak in presence of the prolonged PCR positivity and the true epidemic peak based on true incidence of active infection in the population. The 
prolonged PCR positivity is assumed to last on average for 2, 3, 4, and 6 weeks. Two scenarios are presented, one for an R0 of 1.6 (an epidemic 
in presence of social and physical distancing interventions) and an R0 of 3.0 (natural course of the epidemic in absence of any social or physical 
distancing interventions)
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6  days, and to less than 50% at 14  days [17, 18]. Mean-
while, the median duration of antibody detection after 
onset of symptoms was 5 days [interquartile range (IQR): 
3–6] for IgM and IgA and 14 days (IQR: 10–18) for IgG, 
with antibody positivity rate of 85.4%, 92.7%, and 77.9%, 
respectively [18]. The detection efficiency by IgM ELISA 
was higher than that of PCR after 5.5  days from onset 
of symptoms, and the positive detection rate was sig-
nificantly increased (98.6%) when combining results of 
an IgM ELISA assay with those of PCR for each patient 
compared with using only the result of a single PCR test 
(51.9%) [18]. This evidence indicates that using the com-
bined results of PCR and IgM, IgA and IgG antibody 
testing simultaneously can address some of the biases 
documented in the present study and improve the inter-
pretation of epidemic dynamics.

This study has limitations. PCR testing was assumed 
random, but in reality this depends on the actual 

testing policy that is enforced in any setting. For 
instance, administering PCR testing to only those pre-
senting with clinical symptoms will differentially bias 
detection towards those who acquired the infection 
within the last 5–10 days. The above results thus need 
to be complemented with further analysis for each 
specific setting to factor the actually-enforced test-
ing policy. While the prolonged PCR positivity and 
the time delay in development of detectable antibod-
ies are well-established in the literature [7, 8], it is still 
not sufficiently known how these are distributed in 
the population by age and sex, factors that may influ-
ence these effects and their impact on epidemiological 
measures. Epidemiological metrics can also be biased 
by other aspects of PCR and antibody testing, such as 
assay sensitivity and specificity, which are not investi-
gated in the present study.

Fig. 4 Effect of the prolonged PCR positivity on distribution of those latently infected, infectious, and post‑infectious. Proportion of new diagnoses 
who are in latent infection, stage of infectiousness, or stage of prolonged PCR positivity. The prolonged PCR positivity is assumed to last on average 
for three weeks after end of infectiousness [7, 8]. In this epidemic simulation, R0 has a value of 1.6, that is an epidemic time course in presence of 
social and physical distancing interventions. The simulation for R0 of 3.0, that is for the natural course of the epidemic in absence of any social or 
physical distancing interventions, is found in Additional file 1: Fig. S3
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Conclusions
The prolonged PCR positivity observed in SARS-CoV-2 
infected persons and the time delay in development of 
detectable antibodies can bias key epidemiological met-
rics used to track and monitor SARS-CoV-2 epidemics 
leading to implications for managing the social and 
physical distancing restrictions. Caution is warranted 
in interpreting PCR and serological testing data, and 
any drawn inferences need to factor these biases for an 
accurate assessment of epidemic dynamics. These find-
ings also suggest that analysis of PCR and serological 
testing data should not only be based on dichotomous 
outcomes (positive versus negative), but should also 
factor the quantitative measures of PCR and serological 
assays (such as PCR cycle threshold and antibody opti-
cal density values) to improve interpretation of these 
metrics.
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