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The inability to predict the evolution of the COVID-19 epidemic hampered abilities to respond to

the crisis effectively. The cycle threshold (Ct) from the standard SARS-CoV-2 quantitative reverse
transcription-PCR (RT-qPCR) clinical assay is inversely proportional to the amount of SARS-CoV-2
RNA in the sample. We were interested to see if population Ct values could predict future increases in
COVID-19 cases as well as subgroups that would be more likely to be affected. This information would
have been extremely helpful early in the COVID-19 epidemic. We therefore conducted a retrospective
analysis of demographic data and Ct values from 2,076,887 nasopharyngeal swab RT-qPCR tests that
were performed at a single diagnostic laboratory in the Czech Republic from April 2020 to April 2022
and from 221,671 tests that were performed as a part of a mandatory school surveillance testing
program from March 2021 to March 2022. We found that Ct values could be helpful predictive tools

in the real-time management of viral epidemics. First, early measurement of Ct values would have
indicated the low viral load in children, equivalent viral load in males and females, and higher viral
load in older individuals. Second, rising or falling median Ct values and differences in Ct distribution
indicated changes in the transmission in the population. Third, monitoring Ct values and positivity
rates would have provided early evidence as to whether prevention measures are effective. Health
system authorities should thus consider collecting weekly median Ct values of positively tested
samples from major diagnostic laboratories for regional epidemic surveillance.

The SARS-CoV-2 infection and COVID-19 pandemic caused a global crisis affecting all aspects of life for every
individual in the global population. Individual countries implemented a wide range of mitigation policies to
control the spread of the infection and prevent overload of national health systems. The inability to predict trends
in the incidence of SARS-CoV-2 infection and to evaluate effects of mitigation policies hampered abilities to
respond to the crisis.

The preferred testing method for SARS-CoV-2 infection is the real-time quantitative reverse transcription-
PCR (RT-qPCR) test. The positivity of the test is determined by the cycle threshold (Ct) values. The Ct value
is defined as the number of PCR cycles required for the fluorescent signal generated by PCR amplification to
exceed the background fluorescence level, and the Ct value is inversely proportional to the amount of target
nucleic acid in the sample. Previous studies demonstrated that the Ct value was an accurate predictor of RNA
viral loads using cultivable SARS-CoV-2 virus from the nasopharyngeal swabs' and Ct values inversely correlated
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with transmission risk?. Low Ct values indicate a high viral load, an acute phase of infection and potentially high
infectivity. High Ct values typically occur in the very early phase of infection and during convalescence. Ct values
can thus provide information on the stage of an individual’s infection (early, active, convalescent) and may be
indicative of disease severity and/or infectivity*->. While Ct values are not useful in assessing disease severity
individually®, Ct values may be helpful in assessing population infectivity and could be a useful epidemiological
early-warning indicator for shifts in transmission’~°. Also, considerable controversy exists over the susceptibil-
ity to SARS-CoV-2 infection in different age and educational stage groups'! and on the effect of school closures
on disease spread'?.

In this study we retrospectively analysed data from 2,076,887 RT-qPCR tests that were performed between
April 2020 and April 2022 for diagnostic, epidemiologic and preventive indications in nasopharyngeal swabs
from 1,280,248 individuals from geographically diverse regions that employed 98% of the national postal codes
in the Czech Republic. Samples were tested at one diagnostic center, SPADIA LAB, in Ostrava. We also analysed
the results of 221,671 RT-qPCR tests that were performed on saliva samples from 66,434 individuals as a part
of a mandatory surveillance testing program at schools from March 2021 to March 2022. Our objective was to
identify how Ct values correlated with epidemiologic trends in the community and possibly with applied mitiga-
tion policies, with specific emphasis on individual demographic groups according to age and educational level.

Methods

The study analysed Ct values obtained from clinically validated (CE-IVD certified) RT-qPCR tests for SARS-
CoV-2 infection in the accredited SPADIA LAB (https://www.spadia.cz/), which serves individuals, hospitals,
schools, companies, municipalities, and other institutions across the Czech Republic. The methods are described
in detail in the Supplementary Methods.

Briefly, the presence of SARS-CoV-2 was determined from nasopharyngeal swabs (viRNATrap, GeneSpec-
tor, Czech Republic) in the general population. For the surveillance school testing RNA from saliva (Salivette,
Sarstedt, Germany) was used. Testing was performed with the Reverse Transcriptase quantitative Polymerase
Chain Reaction (RT-qPCR) method (gb SARS-CoV-2 Combi, Generi Biotech, Czech Republic) on a CFX96
System (Bio-Rad, Hercules, CA, USA) with previous automated isolation of nucleic acids on magnetic particles
(GeneSpector, Czech Republic) using KingFisher Flex Purification System (Thermo Scientific, Waltham, MA, USA).
Data acquired with each test included the date when the sample was obtained, a personal ID, age and gender,
and the postal code of the patient’s permanent address. The test was considered positive if the fluorescent signal
exceeded the threshold before 38 cycles of the PCR amplification. Information on comorbid conditions and
COVID-19 symptoms was not available. Data cleaning, summary statistics and visualization of the dataset was
performed in R-studio (R version 4.0.5). Data from surveillance school testing performed in the saliva samples
is shown separately, in the Fig. 4 only.

All research was conducted in accordance with the Declaration of Helsinki and all relevant institutional
guidelines and ethical regulations for work with human participants.

The Ethics Committee of the Medirex a.s. (approval No. 20187/2022) and the Ethics Committee of the Insti-
tute for Clinical and Experimental Medicine and of the Thomayer University Hospital (approval No. 29162/21;
G-21-69) approved the study and waived the need to obtain informed consent as the nature of the study was
retrospective.

The data were categorized into nine demographic groups according to age and educational level: newborns
and toddlers (0-2 years); preschool children (3-5 years); elementary school children I. (6-8 years); elementary
school children II. (9-13 years); elementary school children III. (14-15 years); youth I/secondary schools (16-19
years); youth IT/universities (20-26 years); adults (27-65 years) and seniors (66 years and over).

Differences of Ct values between categories were compared using the Kruskal-Wallis One-Way Analysis of
Variance with a Dunn s post hoc test. The odds ratios (ORs) and 95% confidence intervals (CIs) for SARS-CoV-2
infection prevalence between categories were determined and compared between categories weekly using the
Wald test and Fisher s exact test. Difference in aggregate prevalence of SARS-CoV-2 positive tests between cat-
egories was compared using the median-unbiased estimation (mid-p method) and Fisher s exact test.

Results

Ct values were obtained from ~10% of all SARS-CoV-2 tests and regions represented by 98%
of all postal codes in the Czech Republic. SPADIA LAB performed approximately 10% of all SARS-
CoV-2 testing in the Czech Republic from April 2020 to April 2022, on samples received from 2616 of 2676
(98%) of all of Czech postal codes. During this period the laboratory performed 2,298,558 tests. The population
source for the study, the demographic structure of the study population with number of test performed in indi-
vidual age and educational groups are shown in Supplementary Fig. 1A and 1B, respectively. From April 2020
to April 2022 the laboratory performed 2,076,887 tests for diagnostic, epidemiologic and preventive purposes
in nasopharyngeal swabs from 1,280,248 individuals. Of these, 406,786 (20%) tests and 389,656 (30%) individu-
als were positive for SARS-CoV-2 infection. The number of performed tests fluctuated over the course of the
epidemic and peaked during the second and third waves, when there were more than 80,000 tests per week
(Supplementary Fig. S2A). 66.9% of individuals were tested once, with 32.7% undergoing multiple testing (2-8
times). 5997 (0.5%) individuals were tested very frequently (9-87 times) (Supplementary Fig. S2B). The number
of positive diagnostic tests also fluctuated over the course of the epidemic and peaked during the second and
third waves, when it exceeded 15,000 and 30,000 positive tests per week (Supplementary Fig. S2C). 95.9% of
individuals who were tested positive had only one positive test result, 3.8% had two positive results, and 0.3%
had between 3 and 7 positive results (Supplementary Fig. S2D). The dataset was not trimmed to remove multiple
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positive tests per individual. The positivity rate also fluctuated over the course of the epidemic and peaked at
45% (Supplementary Fig. S2E).

Weekly median Ct values estimates the epidemic trajectory and the median Ct values were
steadily increasing in the population. The median weekly Ct values (Fig. 1A, B) fluctuated between
24.5 and 34.1 over the course of the epidemic. Lower median Ct values (corresponding to increase in population
SARS-CoV-2 load) were associated with a positive growth rate of positive samples and a steep rise in positive
cases approximately 3 weeks thereafter, whereas higher median Ct values (corresponding to decrease in popula-
tion SARS-CoV-2 load) indicated the beginning of a resolution of a recent outbreak (Fig. 1C, Supplementary
Fig. S3). This trend disappeared at the end of 2021 because the increase of positively tested samples in January
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Figure 1. (A) The time course of median Ct values per week (dark red line) and the total number of positive
tests per week (grey area). Loess curves fitted to Ct medians are shown as a dotted red line (alpha=0.15) and
yellow line (alpha=0.7). Shaded areas surrounding the curves are 0.95 confidence intervals. Black segments on
the x-axis indicate major epidemics waves considered in downstream analyses. The coloured segments below
the x-axis indicate the main SARS-CoV-2 variants present in the population based on publicly available data.
The black dots indicate the start of vaccination. (B) Ct distributions of positive tests shown as half violin plots.
(C) The time course of median Ct values per week (dark red line) and the growth rate of positive samples. The
growth rate is expressed in blue for negative values (decline) and red for positive values (growth). Loess curve
fitted to the growth rate is shown as a solid grey line (alpha=0.1).
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2022 was on the contrary preceded by an increase of median Ct values. Individual Ct values of positive tests
ranged from 12 to 38 cycles and demonstrated a bimodal distribution (Fig. 1B). The bimodality was evident
over the course of the epidemic, but the distribution of Ct values changed over time. The proportion of samples
with low Ct increased with the proportion of positive tests and decreased when infection waned. Interestingly, a
sudden increase in the proportion of samples with low Ct values was associated with an increase in incidence of
SARS-CoV-2 infection a few weeks thereafter, as can be seen with the shift between weeks 2021-36 and 2021-38
and start of the 2nd wave four weeks later.

Overall, the median Ct values steadily decreased from approximately 30 to 26.5 over the course of the epi-
demic. The difference in median weekly Ct values corresponds to approximately ten-fold increase in viral RNA
load in analysed materials from the beginning of the epidemic until the present; see Loess curves in Fig. 1A.

SARS-CoV-2 testing disproportionately aimed at children. Overall and wave-specific age and sex
distributions of all tests, positive tests and corresponding test positivity rates are shown in Fig. 2A and B. Com-
pared to the age structure of the population (https://www.czso.cz/staticke/animgraf/cz/), the distribution of all
performed tests revealed disproportionally increased testing with lower number of positive tests and lower test
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Figure 2. (A) Age distributions of all tested individuals; all tests (solid lines and darker boxplots) and positive
tests (dashed lines and lighter boxplots). (B) Positivity of the tests (in %) in relation to the age of the tested
individuals. Dotted vertical lines show limits for the age categories. (C) Ct distributions of all tests. Dotted
vertical line shows threshold used for the test positivity. (D) Ct distributions of all tests. Data is divided
according to the age of the individuals. Data in (A-C) represents all tests (black), tests performed in females
(red), and tests performed in males (blue). Data in (A, C, D) is shown as density plots supplemented with
boxplots.
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positivity rates in children compare to other age groups. This disproportion was not evident in the first wave of
the epidemic, when the distribution of all tests, positive tests and corresponding test positivity rates correlated
with population structure. It became evident during the second and third waves of the epidemic and was due
to surveillance testing of school children. While testing rates were disproportionately high in children, the test
positivity rates was constantly lowest in children during the first two waves of epidemics. The trend in positivity
rates changed during third wave in 2022 with the Omicron variant, when the lowest test positivity rates were
present in the senior population. There were no substantial differences in distributions of all tests, positive tests
and corresponding test positivity rates between females and males in any of the age categories.

Overall and wave-specific distributions of Ct values are shown in Fig. 2C. During the first wave of epidem-
ics, the Ct values demonstrated a bimodal distribution with peaks at 25 and 40 cycles and a local minimum
in between at 35 cycles. The peak around higher Ct values that was evident during the first wave of epidemics
gradually disappeared. Distribution of Ct values according to age is shown in Fig. 2D. It demonstrates an age
dependent decrease in Ct values (eg. higher amount of SARS-CoV-2 RNA load) from children to adults. This
pattern remained consistent throughout the epidemic.

Children and youth had consistently lower SARS-CoV-2 viral load then adults. Overall and
wave-specific differences in mean or median Ct values of positive tests between females and males (Fig. 3A)
were minimal (average Ct=28.22 vs 28.35 and median Ct=27.87 vs. 28.03, respectively; P-value=3x107'¢ by
Mann-Whitney U test).

Overall and wave-specific distribution of Ct values were significantly different in individual age groups
(P-value <2 x 107! one-Way Kruskal-Wallis ANOVA with Dunn’s post hoc test). Figure 3B, Supplementary
Fig. S4 and Supplementary Table 1 demonstrate that the Ct values were highest (eg. SARS-CoV-2 RNA load was
lowest) in children, and that the Ct decreased (eg. SARS-CoV-2 RNA load increased) with age (Fig. 3C). The dif-
ference in Ct values corresponds to a 4-5-fold reduction in viral RNA load in analysed materials between children
and adults. Supplementary Fig. S5 shows that the weekly median Ct values in individual age groups fluctuated
over the course of the epidemic, but the differences in Ct values compared to the group of adults (27-65 years
old) were relatively consistent (Supplementary Fig. S6).

Children had a consistently lower prevalence of SARS-CoV-2 positive tests. We found that chil-
dren and youths had consistently approximately two-times lower aggregate prevalence of positive tests than
adults and seniors (Fig. 3D; Suppl. Table 2). The proportion of positivity rates was also lower in males with the
odds ratio of 0.976 (95% CI from 0.969 to 0.982) (Fig. 3E).

Supplementary Fig. S7 shows that the odds ratios of diagnostic test positivity rate per week fluctuated over
the course of the epidemic, but the differences compared to the group of adults (27-65 years old) were relatively
consistent. The lowest odds ratios of positivity rates (approximately 2-times lower), were in pre-school (3-5 years
old) and elementary school I. (6-8 years) children. Seniors (66 years and over) had the odds ratios of diagnostic
test positivity rate constantly highest up to the beginning of 2022. Supplementary Fig. S8 shows that school
closures were followed by decreased Ct values and an increased weekly odds ratios of diagnostic test positivity
rates in populations of elementary school I. (6-8 years) children.

SARS-CoV-2 infection rates in elementary school children were low even in the setting of high
population incidence. To estimate the incidence and prevalence of SARS-CoV-2 infection in elementary
schools, the laboratory performed 221,671 saliva tests in 66,434 individuals (63,283 children and 3151 adults)
between 2021-08 and 2022-08 as part of a mandatory surveillance testing program at schools. Figure 4A shows
time distribution of general testing in the population and school testing. In schools, 156 (0.0007%) tests and 154
(0.002%) individuals were positive for SARS-CoV-2, with 27 of 154 (18%) of positively tested individuals being
adults; (OR=4.3 (95% CI from 2.8 to 6.5; P <0.0001). In the same period, the laboratory performed 1,307,283
tests in the general population, of which 270,917 (21%) were positive. Figure 4B shows that test positivity rates
in the general population across the time window initially decreased from 30 to 2% as the first epidemic wave
waned and then increased up to 35% at the beginning of 2022 with the second and third waves. During this time
interval, the proportion of positive tests in school children ranged from 0 to 4% (Fig. 4B). In positive school
samples the Ct values ranged from 21.15 to 38 cycles (mean Ct=33.51, median Ct=34.08); the Ct value distribu-
tion was different from diagnostic tests partly because the surveillance tests were performed in saliva (Fig. 4C).

Discussion
During this epidemic, prediction of surges or declines in COVID-19 cases has not been possible', significantly
affecting the ability of public health officials to respond to this crisis. For example, in some areas cancellation
of elective surgeries was performed early in the epidemic in anticipation of a rise in cases that did not occur.
Similarly, some centers did not cancel elective surgeries and then were overwhelmed by an unexpected increase
in COVID-19 cases. In this analysis we sought to investigate how mean weekly Ct values from RT-qPCR tests cor-
relate with the incidence SARS-CoV-2 infection in the general population and individual age groups of the Czech
Republic, as the role of age in disease transmission is of great importance in designing the interventions'*!>.
The Ct values are impacted by many pre-analytical and analytical variables that hamper inter-laboratory
comparisons and prevent patient management based on results®. Here we compared Ct values in a consistent
manner, with samples obtained from nasopharyngeal swabs that were collected and transported in one type of
preservation media, using one type of RT-qPCR assay, and performed in a single laboratory that provided on
average 10% of all tests across >98% of postal codes of the Czech Republic. This ensured the highest standardi-
zation of the Ct estimation possible. Our study has several limitations, such as unavailable information on the
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Figure 3. Ct distributions of positive tests categorized according to the sex (A) or age of the individual (B).
Data are shown as violin plots, supplemented with Ct means (black points) and notched boxplots. Medians are
connected with a black line. (C) Differences of median Ct values (compared to the group of adults 27-65 years).
Color of the points corresponds to P-values from Dunn s test. (D) Odds ratios of test positivity rate per age
group compared to the group of adults (27-65 years). (E) Odds ratios of test positivity rate according to the sex.
Confidence intervals were computed using the median-unbiased estimation (mid-p method), color of the points
corresponds to P-values from Fisher s exact test.

presence and spectrum of COVID-19 symptoms and any comorbidities. Also, we were not able to divide the
data according to the testing purposes and SARS-CoV-2 variants. Yet, the Ct values obtained from more than
two million samples over the period of two years from a homogeneous population experiencing waves of the
Alpha, Delta and Omicron variants across individual demographic groups according to age and educational level
provided a unique opportunity for analysis, with statistical power for individual correlations.

First, we analysed the Ct values aggregately with an aim to identify how Ct values correlated with the incidence
and course of the epidemic. The proportion of positively tested individuals demonstrated a gender independ-
ent increase correlated with the age. The Ct values demonstrated a bimodal distribution that is typical for other
viral infections'®, as well as for SARS-CoV-2!718, where the samples with low Ct values is thought to indicate the
proportion of individuals with high viral loads in the acute phase of infection and of potentially high infectivity,
while higher Ct values are typical for an early phase of the infection or convalescence>'**. Aggregate analysis
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Figure 4. Comparison of general and school testing. (A) The total number of general and school tests that were
performed between weeks 2021-08 and 2022-08. (B) Proportion of positive general and school tests (%). The age
of 19 years was used as the threshold between the group of children and adults. (C) Ct distributions of positive
general and school tests shown as violin plots, supplemented with mean Ct values (black points) and notched
boxplots.

and distribution of Ct values revealed that the mean weekly Ct values fluctuated over the course of the epidemic
and that a gradual decrease in the mean weekly Ct values (Fig. 1A and C) and increased dominance of the peak
around lower Ct values (Fig. 1B) were indicative of a future increase in the incidence of positively tested samples
and individuals in the 1st and 2nd wave. These results were not influenced by the cut-off value for test positivity
(Supplementary Fig. S9). This supports recent virologic surveys demonstrating that community/group SARS-
CoV-2 Ct values are a useful epidemiological early-warning indicator for shifts in transmission’~. Hay et al.”
found that population-level Ct distributions strongly correlate with the estimates for the effective reproductive
number or growth rate in real-world settings. However, they were concerned that changes in test availability,
testing methods, strategies, and changing viral properties may also lead to shifts in Ct value distributions. In our
setup, testing capacities were sufficient and the methods were highly standardized. On the other hand, govern-
ment measures and restrictions and SARS-CoV-2 variants changed frequently throughout the two years. Also,
in December 2020 the vaccination started, but the differences between the Ct values of unvaccinated and fully
vaccinated people were negligible (Supplementary Fig. S10). Interestingly, we observed an approximately ten-fold
increase in viral RNA load in analysed materials from the beginning of the epidemic until the present. This is
suggestive of enhanced transmissibility and partial immune escape of SARS-CoV-2 virus over time?'. Variants of
concern (Alpha, Beta, Gamma, Delta, Omicron) have shown differences in evasion from immunity, viral loads,
and incubation and shedding period. Studies reported higher RNA viral load in Alpha variant compared with
the ancestral virus and even higher increase of RNA viral load in infections with the Delta variant. On the other
hand, lower viral loads were reported in patients infected with Omicron BA.1 than in those infected with Delta.
Infections with Omicron BA.2 lead to higher levels of RNA viral loads than with BA.1 (reviewed in*?). These
observations are consistent with the trends in the median Ct values at the end of 2021, as the 3rd wave was pre-
ceded by stably increasing median Ct values and thus would not be predicted. Starting from 2022-06, the median
Ct values gradually decreased with the emergence of BA.2 variant and concomitant changes in the state policy
reducing population testing and thus possibly increasing the proportion of tests in symptomatic individuals.
Although comparison of viral loads between symptomatic and asymptomatic individuals is challenging, some
studies showed higher viral loads in symptomatic individuals®*-%.
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Second, we analysed the distribution of Ct values in different age groups with an aim to identify groups that
might contribute most to the spread of infection. Several studies have addressed the effect of age on viral loads
and the results are highly contradicting”. In aggregate, our data revealed that children consistently had a 4 to
5-fold reduction in viral RNA load (as estimated by Ct) and two-times lower test positivity rate than adults.
This corresponds with the findings that children are less susceptible to SARS-CoV-2 infection'?, tend to be
asymptomatic or paucisymptomatic compared to adults'>*® and are rarely the index case in household trans-
mission chains?*. Children also have a lower risk of reinfection than adults®. Comparison with adults could
be potentially complicated by differential exposure risks over time, but the analysis of odds ratios and differ-
ences in Ct values week-by-week did not indicate that the aggregate values were a result of prolonged periods
of school closures. Although the Ct values and odds ratios oscillated, the trends remained stable. Despite all
these findings, SARS-CoV-2 testing in the Czech Republic was aimed disproportionately at children. It should
be noted that higher Ct values in children could be caused by different viral kinetics (e. g. lower peak viral load
and/or faster clearance) but also by differences in the epidemic trajectories. Our data are not suitable to assess
the involvement of these factors.

Third, we assessed the outcome of saliva tests that have been performed as part of a mandatory surveillance
testing program at schools. The rarity of positive results indicates that this testing was not cost-effective and
did not prevent spread of SARS-CoV-2. Our results were consistent with another investigation showing that
children and teachers do not contribute significantly to the spread of the disease via attendance in educational
settings when epidemic control strategies and effective testing for the population exist®. A study of the COVID-
19 epidemics indicated that the adults aged 20-49 are the major contributors to the spread of the disease, before
and after school reopening’.

In general, this investigation demonstrates several ways in which Ct values could be helpful in the study of
epidemics. First, early measurement of Ct values can identify which subgroups are more likely to be affected by
the virus. The viral load of SARS-CoV-2 in the upper respiratory tract is considered to be a proxy for transmis-
sion risk (reviewed in??). In our population, early studies would have indicated the low viral load in children,
equivalent results when stratified by sex, and higher viral load in older individuals. Second, falling median Ct
values can indicate an upcoming epidemic growth but increasing median Ct values do not exclude it. Health
system authorities should consider collecting weekly median Ct values of positively tested samples from major
diagnostic laboratories for regional epidemic surveillance. Also, results of methods that estimate the epidemic
dynamics based on Ct values can be improved if they incorporate information about the age of positive individu-
als. Further studies should be performed to determine if Ct values varied by other important COVID-19 risk
factors, including obesity, race, cancer, and immunosuppression.

Data availability
Our data are accessible to researchers upon reasonable request to the corresponding author.
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