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OBJECTIVES: We compared the viral cycle threshold (Ct) values of infected patients to better understand viral kinetics by vac-
cination status during different periods of variant predominance in Gyeonggi Province, Korea.

METHODS: We obtained case-specific data from the coronavirus disease 2019 (COVID-19) surveillance system, Gyeonggi in-
depth epidemiological report system, and Health Insurance Review & Assessment Service from January 2020 to January 2022.
We defined periods of variant predominance and explored Ct values by analyzing viral sequencing test results. Using a general-
ized additive model, we performed a nonlinear regression analysis to determine viral kinetics over time.

RESULTS: Cases in the Delta variant’s period of predominance had higher viral shedding patterns than cases in other periods.
The temporal change of viral shedding did not vary by vaccination status in the Omicron-predominant period, but viral shed-
ding decreased in patients who had completed their third vaccination in the Delta-predominant period. During the Delta-pre-
dominant and Omicron-predominant periods, the time from symptom onset to peak viral shedding based on the E gene was
approximately 2.4 days (95% confidence interval [CI], 2.2 to 2.5) and 2.1 days (95% CI, 2.0 to 2.1), respectively.

CONCLUSIONS: In one-time tests conducted to diagnose COVID-19 in a large population, although no adjustment for individ-
ual characteristics was conducted, it was confirmed that viral shedding differed by the predominant strain and vaccination his-
tory. These results show the value of utilizing hundreds of thousands of test data produced at COVID-19 screening test centers.
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
first identified in Wuhan, China in winter 2019, has caused an on-
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going pandemic. As of January 31,2022, a total of 838,526 confirmed
cases and 6,772 deaths (fatality rate, 0.78%) were recorded in Ko-
rea, despite strict social measures, vaccination campaigns, and
therapeutic interventions [1].

SARS-CoV-2 infection has been confirmed by real-time re-
verse transcription polymerase chain reaction (RT-PCR) assay of
respiratory tract samples, and RT-PCR results are shown as cycle
threshold (Ct) values [2]. The Ct value itself does not indicate the
amount of virus per sample, but by the well-known inverse corre-
lation with viral load, temporal changes in Ct values have been
used to understand the natural history of the virus [3,4] and to
estimate viral shedding [5].

Many studies have shown that, like other respiratory viruses such
as influenza and Middle East respiratory syndrome coronavirus
(MERS-CoV), the Ct value of SARS-CoV-2 rapidly decreases af-
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ter symptom onset, then gradually increases until a person tests
negative [5]. However, the viral trajectories differ among factors
such as mean peak Ct value, mean proliferative stage duration, clear-
ance stage duration, and days from peak, and the Ct value peaks
earlier in SARS-CoV-2 infections than for the 2003 severe acute
respiratory syndrome or MERS-CoV [6]. Furthermore, factors such
as individual characteristics (age, sex, underlying disease, and obe-
sity) [3,7-9], variant types of SARS-CoV-2 [10-18], treatment, and
vaccination history have affected the curve from beginning to end
in periods of SARS-CoV-2 infection [19-22]. Thus, it is not clear
exactly when viral shedding peaks and how much difference there
may be in the viral load at the peak of a SARS-CoV-2 infection.
Viral load during SARS-CoV-2 infection also differs depending
on the viral strain. For the ORF1ab target gene, the concentration
of the Delta variant was 10 times higher than that of the wild type
and 2 times higher than that of the Alpha variant [12]. Viral load
affects levels of transmission and infectivity [5,22], and to reduce
transmission, it is important to isolate the patient before viral shed-
ding peaks, by analyzing the Ct value after symptom onset [6]. Vi-
ral load kinetics provide a basis for determining isolation duration,
subsequent release timing, and any modifications to a standard
isolation period according to the viral variant, the patients vacci-
nation status, and resulting effects upon post-peak viral shedding
[23]. In this study, we compared the Ct values of SARS-CoV-2 for
confirmed patients across two years and evaluated viral shedding

and effect of vaccination history during periods reflecting differ-
ent variants’ local predominance.

MATERIALS AND METHODS

Data collection, criteria for exclusion

We obtained data about patients infected with coronavirus dis-
ease 2019 (COVID-19) through the COVID-19 surveillance sys-
tem operated by the Korea Disease Control and Prevention Agen-
cy (KDCA), Gyeonggi in-depth epidemiological report system,
and Health and Medical Crisis Response System operated by the
Health Insurance & Review Assessment (HIRA) Service, from
January 26, 2020 to January 31, 2022 in Gyeonggi Province, Korea
[24,25]. We collected information on the confirmation date, wheth-
er symptoms were present at the time of diagnosis, and the date of
symptom onset. In addition, we considered RT-PCR results includ-
ing the Ct values of the E, RdRp, and N genes in the nasopharyn-
geal swab, the results of variant sequencing, and patients’ vaccina-
tion histories (e.g., date and type of vaccine).

The total number of patients identified by the COVID-19 sur-
veillance system during the study period was 264,645. First, to ob-
serve temporal changes in viral Ct values since symptom onset,
we excluded 49,617 cases (18.75%) that were asymptomatic or had
an uncertain symptom onset. Then we extracted data suitable for
each study condition among 215,028 cases for which the onset of
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Figure 1. Trends in daily confirmed cases of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection according to the period
of SARS-CoV-2 variant predominance (A) and the proportion of virus type (B) in Gyeonggi Province, Korea from January 2020 to January

2022.
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symptoms was clearly confirmed. The Ct value was classified as
positive if it was 35 or less according to laboratory criteria, and
the remaining tests were classified as negative.

Definition of dominant periods and vaccination
status

We designated specific dominant periods of SARS-CoV-2 vari-
ants that significantly affected the domestic epidemic situation. We
defined these periods by when the proportion of a certain strain
exceeded 50% of all variant-tested samples in Gyeonggi Province,
Korea: wild type from February 1, 2020 to November 30, 2020, the
Alpha variant from May 15, 2021 to June 15, 2021, the Delta vari-
ant from July 1, 2021 to November 30, 2021, and the Omicron
variant from January 17, 2022 to January 31, 2022 (Figure 1).

Vaccination status was classified based on the number of vacci-
nations received and the time since vaccination. In this study, un-
vaccinated cases were individuals with confirmed cases who either
had not been vaccinated or received 1 vaccine dose within 14 days
prior to symptom onset. Moreover, those who were vaccinated with
a second dose were defined as individuals with confirmed cases
who received their second vaccine dose at least 14 days prior to
symptom onset or their third dose within 14 days prior to symptom
onset. Finally, those who were vaccinated with a third dose were
defined as individuals whose third dose of vaccine had occurred
more than 14 days before symptom onset. Our analysis excluded
a first-dose-only group due to the small number of subjects.

Statistical analysis
We presented categorical variables as numbers and proportions
for confirmed patients according to the predominant periods of

SARS-CoV-2 variants and vaccination status. The temporal Ct
values were analyzed by fitting a generalized additive model (GAM)
using R version 4.0.3 (R Foundation for Statistical Computing,
Vienna, Austria):

Yt ~ Gaussian(jit)
E(Y) = B0 +s(t)

where t refers to the day of observation, Yt refers to the Ct value
observed at time t, s denotes a smoothing function, and time de-
notes the number of days since the onset of symptoms. Break-
point analysis, which detects a change point in spline curves by
fitting piecewise linear regressions, was used to estimate the peak
viral load time and confidence interval (CI) [26,27].

Ethics statement

This study was approved by the Institutional Review Board of
Sungkyunkwan University School of Medicine (No. SKKU 2022-
02-029). Informed consent was waived because all data were ob-
tained as a result of a public health investigation.

RESULTS

The trend of SARS-CoV-2 cases by predominant
periods of major variants

Wild-type SARS-CoV-2, identified in January 2020, prevailed
as the predominant strain for about 17 months. Since the wild type
was dominant for a long time, the period before the Alpha variant
first appeared was considered to have been characterized by wild-
type predominance (Figure 1A). The Alpha variant increased from
December 2020 and became dominant from mid-May to mid-June

Table 1. The number and proportion of available data for target genes, variant testing, and vaccination status by local periods of SARS-

CoV-2 variant predominance

Predominance period of specific strain

Available data
Wild type (n=7,388)

Alpha variant (n=5,134)

Delta variant (n=90,830) Omicron variant (n=5,187)

Target genes
E gene 6,652 (90.0) 4,433 (86.4) 81,501 (89.7) 4,340 (83.7)
RdRp gene 6,666 (90.2) 5,095 (99.2) 88,405 (97.3) 4,611 (88.9)
N gene 4,055 (54.9) 3,274 (63.8) 42,640 (46.9) 1,660 (32.0)

Variant testing 357 (4.8) 237 (4.6) 9,532 (10.5) 572(11.0)
Wild type 357 (100) 39 (16.5) 0(0.0) 0(0.0)
Alpha 0(0.0) 164 (69.2) 152 (1.6) 0(0.0)
Delta 0(0.0) 6 (6.8) 9,375 (98.4) 79(13.8)
Omicron 0(0.0) 0(0.0) 2(0.0) 493 (86.2)
Other 0(0.0) 8(7.6) 3(0.0) 0(0.0)

Vaccination status’ n=7,388 n—5,038 n=81,719 n=>5,023
Unvaccinated 7,388 (100) 5,004 (99.3) 59,528 (72.8) 1,604 (32.0)
Second dose complete 0(0.0) 34(0.7) 21,776 (26.6) 2,262 (45.0)
Third dose complete 0(0.0) 0(0.0) 415 (0.6) 1,157 (23.0)

Values are presented as number (%).
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
'First vaccination dose was excluded.
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2021, while the Delta variant was identified starting in March 2021
and became the predominant strain for about 5 months. The Omi-
cron variant began to increase from December 2021 and remained
the predominant strain through the last week included in the study
(Figure 1B).

The number and proportion of confirmed cases in
wild-type and variant periods of predominance

Among 215,154 cases available for analysis, the number of cas-
es by period of predominance was 7,388 cases (3.4%) for wild type,
5,134 cases (2.4%) for Alpha, 90,830 cases (42.2%) for Delta, and
5,187 cases (2.4%) for Omicron (Table 1).

For the three types of target genes, we most often obtained the
Ct value for the RdRp gene without omission. Although the num-
ber and proportion differed for each strain’s period of predominance,
the proportion was the highest in the Alpha-predominant period
at 99.2%, followed by the Delta-predominant period at 97.3%, the
wild-type dominant period at 90.2%, and the Omicron-predomi-
nant period at 88.9%.

In confirmed cases, variant testing was performed in 4.8% of
cases for the wild-type dominant period, 4.6% for the Alpha-pre-
dominant period, 10.5% for Delta, and 11.0% for Omicron. Wild-
type virus was detected in all cases during wild-type predominance,
and Alpha variants were detected in 69.2% of total cases during
Alpha predominance. In the periods when Delta and Omicron
dominated, 98.4% and 86.2% of the samples tested were Delta and
Omicron variants, respectively.

No vaccination history was present during the wild-type period,
and 99.3% of those infected during the Alpha-predominant period
were unvaccinated. During the Delta-predominant period, 72.8%
of patients were unvaccinated, and those who had completed their
second and third doses accounted for 26.6% and 0.6%, respectively.
During the Omicron-predominant period, the second and third
dose completion rates were 45.0% and 23.0%. However, infected
individuals who remained unvaccinated still accounted for a high
proportion, 32.0%.

Temporal changes in viral shedding by the specific
period of variant predominance

Temporal changes in spline curves suggested that the Ct value,
inversely correlated with viral load, peaked within 3 days after symp-
tom onset and continuously decreased. Similar patterns were ob-
served for the 3 target genes and 4 periods of variant predominance:
E gene, RARp gene, and N gene, and wild type, Alpha, Delta, and
Omicron (Figure 2).

The peak time for the E gene was 2.1 days (95% CI, 2.0 to 2.3)
during the wild-type dominant period, 2.3 days (95% CI, 2.2 to
2.5) during Alpha, 2.1 days (95% CI, 2.0 to 2.1) during Delta, and
2.4 days (95% CI, 2.2 to 2.5) during Omicron (Supplementary
Material 1A). The peak time for the RdRp gene was 2.1 days in the
wild-type and Alpha periods, and 2.4 days during Omicron (Sup-
plementary Material 1B). For the N gene, it was 2.0 days during Del-
ta and 2.4 days during Omicron (Supplementary Material 1C).
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Viral shedding at peak during the Delta-predominant period
was higher than for other strains during their periods of predomi-
nance, as found for all 3 target genes. Viral shedding during the
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Figure 2. Comparison of temporal changes of viral shedding accord-
ing to target genes: the E gene (A), RdRp gene (B), and N gene (C).
Each target gene is compared by periods of variant predominance,
and the thick curve shows the marginal effect of days since symptom
onset of viral load with 95% confidence intervals from a generalized
additive mixed model (shaded area). A negative polymerase chain re-
action result was coded as a cycle threshold (Ct) value of 35.
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Omicron-predominant period was lower and delayed compared
to the Delta-predominant period (Figure 2).

Changes in viral shedding pattern by vaccination
status during periods of Delta and Omicron

predominance
The peak and slope of viral shedding differed depending on

vaccination status. During the Delta-predominant period, the
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peak of viral shedding was higher and earlier for the E gene in
unvaccinated subjects, and lower and delayed in those who had
completed their third dose. These findings were also observed in
the RdRp and N genes (Figure 3A-C). In contrast, we found no
differences in viral shedding in the Omicron-predominant period
according to whether individuals were unvaccinated, vaccinated
with a second dose, or vaccinated with a third dose (Figure 3D-F).
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Figure 3. Temporal changes in the viral shedding pattern with vaccination status in the Delta (A-C) and Omicron (D-F) predominant periods. Each
target gene (E gene: 2A and 2D, RdRp gene: 2B and 2E, and N gene: 2C and 2F) is compared by vaccination status. Ct, cycle threshold.
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DISCUSSION

We identified temporal changes in viral shedding by analyzing
Ct values for SARS-CoV-2-infected patients in Gyeonggi Prov-
ince, Korea across 2 years. As confirmed by many studies, regard-
less of whether an individual was infected with wild-type virus or
a later variant, viral shedding increased after symptom onset and
reached its peak within 3 days, then gradually decreased. In addi-
tion, we materialized the peak time of viral shedding and com-
pared it according to each major strain’s predominant period. The
peak time was the shortest during the Delta-predominant period
(2.0-2.1 days) and longest during the Omicron-predominant pe-
riod (2.4 days) for all 3 target genes (E, RdRp, and N).

The peak time of viral shedding has been reported as 2-4 days
for wild-type SARS-CoV-2 and 1-3 days for the Delta variant [3,4,
14,28]. The Omicron variants peak time was also reported to be
2-5 days after symptom onset, and a Japanese study found that the
peak time was delayed compared to other variants [29,30]. In this
study on the peak time of viral shedding, Ct values for symptomat-
ic individuals were gathered from serial tests or a one-time test at
each infected individual’s time of diagnosis. Although administer-
ing consecutive tests per individual is a more objective method
that recognizes the natural progression of viral shedding, we ana-
lyzed the data obtained by correlating the Ct value at the time of
diagnosis with the date of symptom onset, rather than repeated
measurements of a set of infected individuals. Nevertheless, we
confirmed that our results were similar to those of the consecu-
tive test method [3,28].

The incubation and serial interval periods of individuals infected

Viral shedding

Infection Start

Incubation period

with Omicron were reduced compared to those with Delta [31-33].
According to Figure 4, as the incubation period is shortened, symp-
tom onset moves toward the yellow arrow. Consequently, the time
from symptom onset to the peak is lengthened, as in the Japanese
study cited above [30]. Therefore, it is more appropriate to inter-
pret the delayed Ct peak observed during the Omicron-predomi-
nant period in our study as a result of earlier symptom onset after
infection, rather than a longer time to peak after infection.

In periods of infection, the generation time minus the incubation
period corresponds to the time from symptom onset to viral peak
in our study (Figure 4). The generation time and the incubation
period of wild-type virus were 6.2 days and about 3 days [34], where-
as for the Delta variant, the respective values were 6.84-3.59 days
(depending on the strength of the contact) and 3-4 days [33,35],
which supports the approximately 2-day time from symptom on-
set to viral peak confirmed in our study. We observed that the time
from symptom onset to peak was 2.2-2.3 days for the Alpha-pre-
dominant period and 2.0-2.1 days for the Delta-predominant pe-
riod, or about 9% shorter during Alpha than Delta. It supports
findings by Hart et al. [36] that the Delta variant’s generation time
was about 28% shorter than that of Alpha.

In a retrospective analysis using the average Ct value, an increase
in the ratio of low Ct values was accompanied by an explosion of
confirmed patients. This may have been affected by the increased
transmissibility of a high viral load, or it could also be a warning
about the emergence of new variants where conducting viral se-
quencing tests for all infectors is impossible [37]. The Alpha, Del-
ta, and Omicron variants showed increased viral load compared
to wild type [11,12,18,22], and Delta was higher than Alpha [14],
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Figure 4. Schematic of the relationship between person A and person B in the transmission of severe acute respiratory syndrome corona-
virus 2. The yellow arrow indicates a time shift in which the symptom onset date is shifted to the left in cases infected with Omicron, as
opposed to cases infected with the previous variants, resulting in a seemingly delayed peak from symptom onset.

6 | www.e-epih.org



Choi G et al. : Viral shedding patterns of SARS-CoV-2

but there was no significant difference between Delta and Omi-
cron [15-17].

Viral shedding has been studied for its correlations with several
variables. Age and sex did not show differences between patients
infected with the Wuhan strain and Delta [5,38]. However, there
was a correlation between viral shedding and the grade of disease
severity. High viral shedding observed early in the course of dis-
ease may indicate aggravated clinical disease [3], and in another
study of the Wuhan strain, patients with more than moderate symp-
toms showed higher viral shedding at the peak compared to those
with mild symptoms or asymptomatic patients [11,13,39]. We did
not analyze viral shedding according to severity, but the high viral
load during our study’s Delta-predominant period might explain
symptom severity in patients infected with the Delta variant [40].

Underlying diseases that lower immunity, such as malignancies
and acquired immune deficiency syndrome (AIDS), can prolong
viral shedding [7-9]. In the case of lymphoma patients, the virus
was excreted from the upper respiratory tract for up to 2 months,
and the median duration was observed to be 30 days and 22 days
in AIDS patients and solid cancer patients, respectively. In addi-
tion, several COVID-19 treatments have been used with emer-
gency approval so far, and Remdesivir (GS-5734) and Regkirona
(CT-P59), which were introduced early, might have a complex ef-
fect on viral shedding from the wild-type and Alpha variants, re-
spectively. In our study, we could not confirm a difference in the
duration of viral shedding according to pre-existing disease, nor a
change in viral shedding according to the type of treatment. Nev-
ertheless, studies of viral shedding obtained by one-time tests of
the time interval from symptom onset to diagnosis are highly sig-
nificant [14,28].

The vaccination campaign against SARS-CoV-2 began 13 months
after the first confirmed case in Korea. On February 26, 2021, in
addition to the adenovirus-vector based Oxford/AstraZeneca
(ChAdOx1) (AstraZeneca) vaccine, the two-dose messenger RNA
(mRNA) vaccines BNT162b2 (Pfizer-BioNTech) and mRNA-1273
(Moderna) were introduced, and as of January 31, 2022, the third,
second, and first doses of vaccination rate had reached 53.1%,
85.7%, and 87.0% of the population, respectively [1]. Clinically,
vaccination showed an effect of 92-95% in preventing symptomat-
ic infection and severe disease [41,42], as well as a reduction in
infectiousness and disease mortality [43-45]. Vaccination lowered
the viral concentration during infection [19,20]. Although a study
found no difference in the viral load peak according to vaccina-
tion, it mentioned the limitations of a small sample size and not
representing the general population [15]. Despite these different
opinions, Delta’s viral load decreased faster in vaccinated patients
than unvaccinated patients [21,46]. We observed that peak viral
shedding was low in third-dose recipients during the Delta-pre-
dominant period, but viral clearance according to vaccination could
not be confirmed. However, we also observed that during the
Delta-predominant period, viral shedding patterns did not differ
significantly between the second-dose vaccinated group and the
unvaccinated group, whereas these patterns differed from that of

the third-dose vaccinated group. In our study, the viral shedding
of those infected with Omicron did not differ by vaccination status.
Similar results also have been identified in some studies [15,47],
although a reduced infectious viral load was observed in boosted
Omicron infectors [22].

This study has several limitations. First, as mentioned before,
this study analyzed the test results of many subjects at the time of
COVID-19 confirmation. In general, however, consecutive meas-
urements after symptom onset in the same individual represent
the gold standard for evaluating viral shedding. Therefore, these
results may differ from the results of consecutive tests for confirmed
individuals with COVID-19. Second, the time interval from vac-
cination to infection was not considered in the analytical model.
This may cause differences in results, even if we take vaccination
status into account. Third, since the SARS-CoV-2 confirmation
tests were conducted using different products, there could have
been differences in the Ct value results depending on the product’s
characteristics, but this was not evaluated. Nevertheless, this study
systematically organized primary data on SARS-CoV-2 shedding
patterns based on more than 100,000 test data for the estimated
SARS-CoV-2 strains dominant in Korea. Since new SARS-CoV-2
strains are expected to appear in the future, understanding the ep-
idemiological characteristics of existing viruses will help interpret
the variability of COVID-19 epidemiology and provide effective
management of infected individuals.
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