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Abstract

Background

Prediction of SARS-CoV-2-induced sick leave among healthcare workers (HCWs) is essen-

tial for being able to plan the healthcare response to the epidemic.

Methods

During first wave of the SARS-Cov-2 epidemic (April 23rd to June 24th, 2020), the HCWs in the

greater Stockholm region in Sweden were invited to a study of past or present SARS-CoV-2

infection. We develop a discrete time Markov model using a cohort of 9449 healthcare workers

(HCWs) who had complete data on SARS-CoV-2 RNA and antibodies as well as sick leave

data for the calendar year 2020. The one-week and standardized longer term transition proba-

bilities of sick leave and the ratios of the standardized probabilities for the baseline covariate

distribution were compared with the referent period (an independent period when there were

no SARS-CoV-2 infections) in relation to PCR results, serology results and gender.

Results

The one-week probabilities of transitioning from healthy to partial sick leave or full sick leave

during the outbreak as compared to after the outbreak were highest for healthy HCWs test-

ing positive for large amounts of virus (ratio: 3.69, (95% confidence interval, CI: 2.44–5.59)

and 6.67 (95% CI: 1.58–28.13), respectively). The proportion of all sick leaves attributed to

COVID-19 during outbreak was at most 55% (95% CI: 50%-59%).

Conclusions

A robust Markov model enabled use of simple SARS-CoV-2 testing data for quantifying past

and future COVID-related sick leave among HCWs, which can serve as a basis for planning

of healthcare during outbreaks.
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Introduction

Following the emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

that caused the coronavirus diseases 2019 (COVID-19), the pandemic resulted in high burden

of incidence and mortality worldwide. As of 22 February, 2022, there have been more than 424

million cases and nearly 5.9 million deaths reported [1].

During the pandemic, healthcare workers (HCWs) were highly exposed to SARS-CoV-2

infections and the infections tend to spread rapidly [2]. Asymptomatic and pre-symptomatic

transmission of SARS-CoV-2 was a major contributor to the COVID-19 pandemic [3, 4].

Therefore, detecting and managing healthcare-related SARS-CoV-2 infections timely and

effectively are of great significance in preventing onwards transmission, reducing the risk of

nosocomial transmission and managing the clusters of COVID-19 [5]. Furthermore, predic-

tion of SARS-CoV-2-related sick leave among HCWs is essential for planning of the HCW

resources required.

Many countries have routinely tested the HCWs during the pandemic [6–8]. At the first

wave of the pandemic of COVID-19, the healthcare workers in the Stockholm region, Sweden

were offered polymerase chain reaction (PCR) and serological testing to identify the poten-

tially infectious asymptomatic individuals to enable mitigation of the transmission of SARS--

CoV-2. PCR testing together with the cycle threshold (Ct) value (the number of cycles

required for the fluorescent signal to cross the detectability threshold–a measure of the amount

of virus present), provide effective measures to identify infected subjects, also when pre-symp-

tomatic [9]. In this study, we aimed to understand the disease burden induced by the infection

through modelling the probabilities that healthy HCWs would transition to sick leave in rela-

tion to SARS-CoV-2 testing results using a discrete-time Markov model applied to a large-

scale HCW cohort in Sweden.

Material and methods

Study population

There were approximately 15,300 employees at the Karolinska University Hospital in 2020.

During the first wave of the COVID-19 pandemic (between April 23rd and June 24th, 2020),

we invited all employees to participate in our SARS-CoV-2 screening study to evaluate the

probability of sick leave in relation to presence of viral nucleic acids in throat swabs and pres-

ence of antibodies to the virus in serum. All enrolled individuals provided a written informed

consent that gave permission to link to the hospital administrative databases to obtain infor-

mation from sick leave records. We excluded individuals that had missing or invalid testing

results, had incomplete consent forms or were not formally employed at the hospital. In the

final analysis, we only included individuals that had complete sick leave, PCR testing results

and serology results. Among the approximately 15,300 employees at Karolinska University

Hospital, a total of 14,201 were enrolled in this study. The cohort that met all inclusion criteria

consisted of 9449 individuals. A majority (79.2%) of the individuals were female, PCR negative

(97.5%), and serology negative (89.5%) (10).

The study was approved by the National Ethical Review Agency of Sweden (Dnr: 2020–

01620). Trial registration number: ClinicalTrials.gov NCT04411576.

Laboratory test

The viral nucleic acid detection was based on throat swab samples and all the diagnostic proce-

dures followed standard operating protocol validated for reproducibility, sensitivity and speci-

ficity, including lack of cross-reactivity with other Coronavirus strains. The SARS-CoV-2
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antibody test used an assay with a sensitivity of 99.4% and a specificity of 99.1% [10]. The test-

ing methods for both viral nucleic acid and serological results for antibody were described in

detailed in our previous publication [10].

Sick leave

We obtained the sick leave information for each participant starting from 14 weeks before the

week of sampling to 28 weeks after the week of sampling from the administrative database of the

Karolinska University Hospital. According to the regulations of the Hospital, all employees with

symptoms should not have been at work. As HCWs were enrolled at work, they were assumed

to be healthy at day 0 at the week of sampling. Employees working from home that developed

COVID-19 symptoms were required to report this as sick leave according to the hospital’s rules,

which substantially improved the accuracy of the sick leave data. In this study, only sick leave

data between calendar week 17 to week 27 were used because the screening tests were performed

from week 17 onward, the first wave of excess sick leave for all employees at the hospital dimin-

ished by around week 27 comparing the sick leave data in year 2020 to year 2019 (S1 Fig) and an

effective lead time between testing results and its impact on sick leave.

Statistical analyses

PCR results was defined as being strongly positive with Ct value below 27.0, weakly positive

with Ct value between 27.0 and 35.2, or negative. The serological results were classified as posi-

tive or negative. Sick leave was categorized in three states in each calendar week based on the

number of days the individual was on sick leave. More specifically, individuals were classified

as either healthy (with 0 days of sick leave), on partial sick leave (with 1 to 4 days of sick leave)

or on full sick leave (with 5 to 7 days of sick leave).

Further, we computed the frequency of the transitions across the three sick leave states

from the current calendar week to the following calendar week. Multinomial logistic regres-

sion models were used to examine the association between the factors including serological

results, PCR results, gender, and calendar time in relation to the sick leave state given the pre-

vious week’s sick leave state (that is, three regression models). All covariates were mutually

adjusted in the regression models. We estimated odds ratios and 95% confidence intervals

(CIs). We performed the analysis for the time period after the week of sampling, stratifying by

the initial state of healthy, partial sick leave and full sick leave, respectively. Calendar time was

modelled using natural splines with one degrees of freedom for those healthy, on partial sick

leave and those of full sick leave, respectively.

Based on the regression models, we predicted the one-week transition probabilities (defined as

the transitions from the current calendar week to the next calendar week) between the sick leave

states. LetPij(s,t | x) be the probability of being in state j at time t given being in state i at time s for

covariates x. From the multinomial regression models, we obtain Pij(t,t+1 | x), with a vector βij of

regression parameters for each sick leave state i in the preceding week to state j in the current

week. The multinomial regression models were defined as Pijðt; t þ 1jxÞ ¼
expðβTij xÞP
k
expðβTikxÞ

, where βii =

0. We then defined the transition probability matrix P(s, t|x) whose (i, j)th element equals Pij(s, t|x).

Using the Chapman-Kolmogorov equation, we construct the longer-term transition probability

matrix as a product of one-step transition probability matrices based on Pðs; t þ 1jxÞ ¼
Pðs; tjxÞPðt; t þ 1jxÞ (S1 Text).

Assuming that individuals were healthy at week 17, we computed the transition probabilities

from week 17 to subsequent weeks. We further calculated point estimates, variances and CIs for

(a) the sum of the standardized transition probabilities for partial and full sick leave and (b) the
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ratio of the standardized transition probabilities for the baseline covariate distribution compared

with the referent period (an independent period from week 28 to week 34, assuming low circula-

tion of SARS-CoV-2), together with sick leave that attributable to COVID-19. These predictions

for transition probabilities were varied by PCR, serology and gender. Variance estimates for

these transition probabilities were calculated using the Delta method, where the partial deriva-

tives of the transition probabilities with respect to the regression parameters were calculated

using finite differences, and where the full covariance matrix from the three regression models

was assumed to be block-diagonal. The 95% CIs for the transition probabilities were computed

using the Delta method on a logit scale. We used R software, version 4.0.5 (R Foundation for Sta-

tistical Computing) for data management and statistical analyses.

Sensitivity analyses. As a sensitivity analysis, we varied the multinomial logistic regression

models, with additional adjustments for age groups and contact with patients to ensure that the

adjustments in our main models were robust. Moreover, we used an extended period of the sick

leave data from week 17 to week 44 in order to examine the internal validity of our results.

Results

SARS-CoV-2 tests and risk of sick leave in the next week

Among individuals with a healthy state (being at work and not on sick leave) in the preceding

week (Table 1A), having a positive serology was associated with a significantly decreased risk

of being on partial sick leave (sick leave 1–4 days in the next week) compared to having nega-

tive serology (odds ratio (OR) 0.74, 95% CI: 0.63–0.87).

Individuals with strongly positive PCR results were associated with a significantly increased

risk of being in partial sick leave with an OR of 1.75, (95% CI: 1.12–2.74) compared to PCR

negative individuals, while individuals with weakly positive PCR results did not have a statisti-

cally significant increased risk for partial sick leave in the next week (Table 1A). For individu-

als on partial sick leave in the preceding week (Table 1B), those having a strongly positive PCR

were associated with significantly increased risk of being on full sick leave for the entire next

week (2.48, (95% CI: 1.41–4.34)). In this context, it should be noted that the entire study was

performed at a time when there was no ongoing testing and the testing performed by the

research group took two weeks, thus the testing result itself did not influence the probability

for sick leave in the next week.

SARS-CoV-2 testing and transition probability of sick leave in relation to

calendar time

During the calendar week 17 to week 27, the one-week transition probabilities from healthy to

partial sick leave or full sick leave showed a decreasing trend over time (Fig 1) and were higher

among individuals who had a strongly positive PCR, had negative serology, and were females.

No major differences over time were found for the one-week transition probabilities for indi-

viduals with either partial sick leave or full sick leave in the preceding week (S2 Fig).

The sum of the standardized transition probabilities for sick leave in the upcoming week

for those in the healthy state at week 17 with a strongly positive PCR results decreased from

100% to slightly above 80% (Fig 2). These probabilities stayed above 90% over the period for

the rest of the group. The standardized transition probabilities of being on partial sick leave

increased to almost 15% for individuals with strongly positive PCR, while for the individuals

with positive serology, these probabilities only increased to around 5%. As for full sick leave,

we observed very low probabilities for all groups except for individuals with strongly positive

PCR: around 5% of individuals were on full sick leave also from week 20.
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Attributable fraction of sick leave due to SARS-CoV-2

Compared to the reference period with no or low circulation of SARS-CoV-2, the ratios of

transition probabilities were highest for individuals with strongly positive PCR for either par-

tial sick leave or full sick leave (Fig 3). The ratios peaked at week 18 for transitioning to partial

sick leave 3.69 (95% CI: 2.44–5.59) and to full sick leave 6.67 (95% CI: 1.58–28.13) compared

to the reference period. During the study period, the proportion of all sick leave that could be

attributed to SARS-CoV-2 was estimated to be 55%, (95% CI: 50%-59%) at week 18, and

decreased to 16% (95% CI: 7%-23%) by week 26 (Fig 4 and S3 Fig).

Sensitivity analyses

By including additional covariates of age group and contact with patients, the results from the

multinomial logistic regression were comparable with the estimates from the main analysis (S1

and S2 Tables). Using all available sick leave data from the week of sampling gave similar

results when estimating the ORs for sick leave (S3 and S4 Tables). In addition, the predicted

Table 1. Odds ratios of sick leave state after the week of sampling up to calendar week 27 in year 2020.

a) Initial state: healthy

To sick leave

Partial sick leave Full sick leave

Serological results

Positive vs. Negative 0.74 (0.63–0.87) 0.81 (0.42–1.53)

PCR results

Strongly positive vs. Negative 1.75 (1.12–2.74) 3.19 (0.78–13.00)

Weakly positive vs. Negative 0.80 (0.54–1.17) 1.57 (0.48–5.14)

Gender

Male vs Female 0.50 (0.44–0.57) 0.40–1.07)

b) Initial state: partial sick leave

To sick leave

Healthy Full sick leave

Serological results

Positive vs. Negative 1.13 (0.88–1.46) 0.96 (0.62–1.47)

PCR results

Strongly positive vs. Negative 0.69 (0.42–1.12) 2.48 (1.41–4.34)

Weakly positive vs. Negative 1.01 (0.62–1.63) 0.87 (0.37–2.04)

Gender

Male vs Female 1.29 (1.04–1.59) 0.95 (0.66–1.37)

c) Initial state: full sick leave

To sick leave

Healthy Partial sick leave

Serological results

Positive vs. Negative 1.69 (0.65–4.40) 0.99 (0.45–2.17)

PCR results

Strongly positive vs. Negative 0.24 (0.05–1.10) 0.66 (0.31–1.41)

Weakly positive vs. Negative 1.06 (0.19–5.91) 0.90 (0.22–3.65)

Gender

Male vs Female 1.06 (0.46–2.45) 0.91 (0.49–1.69)

Adjust for PCR, serology results, gender and calendar period with one degree of freedom.

https://doi.org/10.1371/journal.pone.0273003.t001
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Fig 1. Predicted one-week transition probabilities from healthy state by calendar week.

https://doi.org/10.1371/journal.pone.0273003.g001
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one-week transition probabilities from calendar week 17 to week 44 and standardized cumula-

tive transition probabilities showed consistent tends in comparison to the period from week

17 to 27. We observed a second peak of the transition probabilities around week 38 consistent

with the second wave of SARS-CoV-2 infections in Sweden (S4 and S5 Figs).

Discussion

Interpretation of results

In this large-scale cohort study, we quantified the risk for sick leave in the next week for

asymptomatic HCWs, depending on the results of SARS-CoV-2 tests. The predicted one-week

transition probabilities from healthy to either of the sick leave states declined as the outbreak

subsided. We were able to quantify the proportion of all sick leaves that could be attributed to

SARS-CoV-2, which declined from 55% to 16% during the study period. As individuals with

symptoms should not be at work according to the hospital regulations, the PCR positive indi-

viduals in our study will generally represent pre-symptomatic, asymptomatic, or post-symp-

tomatic infection. We have previously described that low amount of virus is indicative of post-

Fig 2. Standardized transition probabilities by calendar week.

https://doi.org/10.1371/journal.pone.0273003.g002

Fig 3. Ratios of longer-term standardized transition probabilities comparing to referent period by calendar week. a. The referent period is from week 28 to

week 34. b. Longer-term standardized transition probabilities refer to sum of standardized transition probabilities.

https://doi.org/10.1371/journal.pone.0273003.g003
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symptomatic infections (previously symptomatic who have returned to work after becoming

healthy) and high amounts of virus indicates pre-symptomatic infection [10]. There was also a

large proportion of individuals at work who with strongly positive PCR who remained in the

healthy state [10]. In this study, we have performed a formalized quantitation of the future sick

leave risk in relation to simple SARS-CoV-2 testing results, which may be useful for under-

standing the disease-inducing propensity of the infection and for planning of the supply of

HCW personnel needed in the upcoming weeks.

In contrast, being serology positive showed a very low predicted longer-term transition

probabilities of being in either partial sick leave or full sick leave state (much less than serology

negatives), which indicates immunity. Similarly, the tendency for individuals who tested

weakly PCR positive (high CT values) to have a lower risk of sick leave than individuals testing

PCR-negative is in line with low amounts of virus being indicative of prior infection, indicat-

ing immunity. While there was not a major difference in terms of gender or serology results

for the predicted longer-term transitioning probabilities, being strongly PCR positive sug-

gested a pronounced probability of being on future sick leave. A major proportion of transi-

tioning from healthy to sick leave occurred within the first week, in line with the reported

serial interval of SARS-CoV-2 of around 6 days [4].

The changes of both next week and longer-term transition probabilities predicted from our

model together with sick leave that attributed to COVID-19 reflect the circulation of infections

of SARS-CoV-2 among the population during the study period: the outbreak peaked at the

first quarter of 2020 and starting to decline afterwards until mid-2020. This is well in line with

the reported burden of COVID-19 during this time period in Sweden [11]. It should be noted

that there is a strong seasonality of the likelihood for sick leave, presumably mostly caused by

seasonal circulation of other infections. COVID-19 vaccination was not available during our

Fig 4. Attributable fraction of sick leave due to COVID-19 by calendar week.

https://doi.org/10.1371/journal.pone.0273003.g004
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study period. The probabilities of transitioning from healthy to sick leave are expected to be

lower for vaccinated individuals compared to those not vaccinated. Sick leaves attributed to

infection of SARS-CoV-2 are expected to have significantly declined since the roll-out of

COVID-19 vaccination.

The risk for HCWs to acquire infections with SARS-CoV-2 and to become sick does not

imply that the infections necessarily occurred in the healthcare setting, as there was ongoing

transmission in the community [7, 12]. The fact that the SARS-CoV-2 test results during the

first outbreak in the spring of 2020 did predict sick leave also in the second outbreak around

week 38 should be interpreted with caution as knowledge of the test results could have influ-

enced behaviour.

Comparison with other studies

The proportion of PCR positivity detected in asymptomatic individuals was similar to a HCW

study based in London (3%) during a similar period [5]. A HCWs study conducted in Spain

also suggested that COVID-19 caused long periods of sick leave [7]. Similar findings on sub-

stantial numbers of individuals on sick leave associated with infection of SARS-CoV-2 have

also been reported in earlier studies based on Swedish data [13–15], but our study adds knowl-

edge beyond the current evidence through estimating the probabilities of being either healthy

or at sick leave in coming calendar week based on the healthy status of the current week. We

further estimated the proportion of sick leave that was attributed to infection of SARS-CoV-2.

We also confirmed the previous findings that the seropositive individuals have a decreased

risk for future sick leave [16]. Many studies have suggested that pre-symptomatic or asymp-

tomatic infections might drive the transmission [5, 17], which is in line with our results on

standardized longer-term transition probabilities for the individuals with strongly positive

PCR results.

Strength and limitations

We used routinely collected sick leave data over a long period based on the administrative

information from a large and systematically enrolled hospital HCW cohort, minimizing recall

bias and ensuring high data quality. Using information from the administrative database in

the hospital allowed us to have virtually complete information on sick leave and therefore

increased the validity of our findings. The serology platform used in our study contained sev-

eral SARS-CoV-2 proteins and was validated for high sensitivity and specificity. We have also

been able to show the one-week and longer-term transition probabilities from one state to

another state over the study period as well as attributable fraction of sick leave due to COVID-

19, which adds the understanding on impact of infections of SARS-CoV-2 on sick leave

beyond the previous evidence. Moreover, we have provided a novel example of using discrete-

time Markov models for analyzing such data that is not commonly used in the current litera-

ture [18].

There were some limitations in our study. First, we have only been able to measure the

infections of SARS-CoV-2 through PCR and serology at the baseline instead of repeated mea-

surement to identify the diseases states. However, we have followed up sick leave data which

was a less biased measures for future infections and occurrence of diseases. Second, we were

not able to test the HCWs that were not at work which might include a proportion of individu-

als that were infected by SARS-CoV-2. Third, even though the comparison with empirical sick

leave suggested that the level of sick leave during the reference period was comparable to the

same period in 2019, a small magnitude of sick leave recorded in this period could still be

COVID-19 related. If so, we may have underestimated the attributable fraction to some extent.
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In conclusion, the probability for asymptomatic individuals at work to transition to sick

leave could be robustly estimated with a Markov model based on ordinary SARS-CoV-2 test-

ing data. A high and quantifiable proportion of all sick leave during the pandemic could be

attributed to infection with SARS-CoV-2. The factor that was most important for sick leave

prediction was presence of high amounts of virus, implying that the Ct values of the PCR test-

ing could be important for the planning of required healthcare personnel resources in response

to the SARS-CoV-2 epidemic.
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