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Abstract

Protecting healthcare professionals is crucial in maintaining a functioning healthcare sys-

tem. The risk of infection and optimal preventive strategies for healthcare workers during the

COVID-19 pandemic remain poorly understood. Here we report the results of a cohort study

that included pre- and asymptomatic healthcare workers. A weekly testing regime has been

performed in this cohort since the beginning of the COVID-19 pandemic to identify infected

healthcare workers. Based on these observations we have developed a mathematical

model of SARS-CoV-2 transmission that integrates the sources of infection from inside and

outside the hospital. The data were used to study how regular testing and a desynchronisa-

tion protocol are effective in preventing transmission of COVID-19 infection at work, and

compared both strategies in terms of workforce availability and cost-effectiveness. We

showed that case incidence among healthcare workers is higher than would be explained

solely by community infection. Furthermore, while testing and desynchronisation protocols

are both effective in preventing nosocomial transmission, regular testing maintains work

productivity with implementation costs.

Introduction

During the outbreak and spread of an epidemic such as that of SARS-CoV-2, protection of

individuals relies on non-pharmaceutical interventions (NPIs) at least until a large fraction of

the population is vaccinated. Common NPIs include wearing protective equipment, social dis-

tancing and working from home, as well as isolation of symptomatic individuals. However,

applying some of these measures among healthcare workers is challenging, as they need to

work in close contact with infected patients and with their coworkers, and as the possibilities
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for home-office options are limited. Therefore, the healthcare workforce could be exposed to

an increased risk of infection transmission than the general population and devising protective

strategies for them remains a crucial task. In addition to the above, other NPIs have been con-

sidered through modelling and case studies, notably, testing of healthcare personnel and

implementation of desynchronisation to reduce worker contact.

Studies of testing healthcare workers have shown differing results with regard to whether

they have a reduced or increased case incidence with respect to the general population. The

incidence among health workers seems to be increased [1] although it mirrored the curve in

the general population [2]. Other studies showed no major occupational risk for healthcare

professionals [3, 4]. Together, these results indicate that the exposure risk among healthcare

workers likely depends on the specificities of the study as well as on the local magnitude of the

epidemic, the availability and implementation of basic protective measures and the effective

adherence to them in the studied scenario. As a caveat, most of these studies carried out testing

only on symptomatic individuals and did not assess whether widespread regular testing of

asymptomatic and pre-symptomatic coworkers reveals a higher incidence and can prevent

transmission at the workplace in an epidemic in which a significant proportion of affected

individuals can present without symptoms [5, 6].

The implementation of desynchronising the presence of workers at the workplace has been

modelled in the context of the SARS-CoV-2 epidemic. A model of 4-day work, 10-day lock-

down cycle showed that these cycles can allow economic activity to partially continue by

exploiting the latent period of the virus and allowing those infected at work to reach maximum

infectiousness while at home [7]. Similarly, organisation of laboratory or clinical staff into

smaller groups working shorter shifts can lead to reduced interaction and transmission among

coworkers [8, 9]. Yet such models have not been tested in with experimental data during the

current pandemic.

In this study we report the results of a testing pipeline of one clinical department that has

been introduced from the beginning of the epidemic in Switzerland. Starting from March 23rd

2020, we implemented a RT-PCR-based testing pipeline that was applied weekly on a volun-

tary basis to a cohort of asymptomatic healthcare workers. Based on the results of this testing

pipeline we have developed a mathematical model that includes the transmission dynamics of

SARS-CoV-2 in the Swiss Canton of Bern, and that integrates the infection forces among a

group of healthcare workers—including the general population, hospitalised patients and

coworker—as independent sources of infection. Individuals testing positive were referred for

confirmation to a second testing pipeline carried out by the official authorities, and sent into

self-isolation.

We used this data not only to detect and isolate pre- and asymptomatic cases, but also to

inform the model on the contribution of worker-worker and worker-patient contact to case

incidence among the studied healthcare group. As a comparison, we have modelled a work

desynchronisation strategy in which healthcare workers would shift weekly between in-hospi-

tal and at-home work, as a way to contain infection transmission by reducing contact between

colleagues.

Given that the number of people tested may underestimate the true incidence, we have esti-

mated the true incidence based on the number of hospitalized patients as it is a more reliable

measure. Therefore, we fitted the model to the recorded number of hospitalised individuals in

the canton of Bern to infer the time-varying infection rate of the general population, and we

estimated the additional infection forces affecting the health workforce by fitting the individu-

als testing positive and sent to quarantine. The model allowed us to study how both regular

testing of all individuals and desynchronisation strategies are efficient in preventing workers

from infecting each other under the different scenarios, and we present how the model can
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help decision making on whether to implement such strategies. Furthermore, we studied the

impact that the implementation of these interventions would have on productivity and the

availability of the workforce, and compare them from an economic point view.

Materials and methods

Epidemiological data

We collected publicly available data on patient hospitalizations, deaths and confirmed cases in

the Canton of Bern from March 1st 2020 to March 1st 2021, from the BAG (Bundesamt für

Gesundheit) [10]. From the publicly available data we selected the sum of the last 7 days of

infected and hospitalizations in the region of Bern.

Internal testing pipeline

The Study was approved by the ethical committee of the Canton of Bern (2020–00563). A

cohort study was performed that included healthcare workers of the Department for Visceral

Surgery and Medicine of the Bern University Hospital. A testing protocol was established and

implemented weekly on a voluntary basis, starting March 23, 2020. Informed consent was

obtained by all participants. Consenting participants could get tested either on Monday or

Thursday every week, and positive cases were sent for a confirmatory test carried out by official

institutions and isolated.

Sample collection. Healthcare workers collecting samples from the participants were

instructed to use personal protective equipment including FFP-2 face masks, eye protection

and face shield, two layers of gloves and two layers of hairnets. Nasopharyngeal specimens

were obtained by slowly and gently inserting a MiniTip swab through the nostril palate and

closely to the septum until contact with the nasopharynx was reached. The swab was removed

after gently rubbing and rolling at the nasopharynx. Rarely, oral swabs were taken instead by

taking samples from the posterior oropharynx. Specimens taken from each participant were

immediately placed into 2-ml tubes containing TRIzol (Invitrogen), an acid-guanidinium-

phenol based reagent that inactivates the virus and stabilises the RNA. All collected samples

were sprayed with 70% EtOH before leaving the collection site. Specimens were further pro-

cessed on the same day or kept at -20˚C until processed the following day.

RNA extraction and RT-qPCR. Laboratory workers handling the collected samples were

instructed to use personal protective equipment including gowns, facemask and two layers of

gloves. The virus was inactivated by vortexing the TRIzol tube containing the swab-tips and

3.3 ng carrier RNA (Qiagen) was added. Then 200 μl of chloroform was added to each sample

and the tubes were inverted multiple times, followed by centrifugation for 10 min at 13,200

rpm. RNA purification and concentration was carried out using RNA easy-mini elute kit (Qia-

gen) according to the manufacturer’s protocol. Briefly, 270 μl of the clear aqueous phase of

each sample was re-suspended with 945 μl of RLT buffer and 670 μl of 100% EtOH. The sample

was added to the column in three steps with intermittent centrifugation at 8000 rpm for 15 s

allowing all sample to pass through the column. 500 μl of RPE buffer was added to each col-

umn as a first washing step and centrifuged at 8000 rpm for 15 s. Subsequently, 500 μl of 80%

EtOH was added to each column and centrifuged at 13,200 rpm for 1 min. After drying the

RNA containing membrane by centrifugation at 13,200 rpm for 3 min, 20 μl RNAse-free water

was added to elute the RNA. The sample was incubated for 1 min at room temperature before

it was centrifuged for 1 min at 13200 rpm.

One-step combined reverse transcription and qPCR using SuperScript III One-Step

RT-PCR System with Platinum Taq DNA Polymerase (Invitrogen) was performed using the

manufacturers recommended protocol. Briefly, 2 μl of each RNA sample was amplified using
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primers for SARS-Cov2 E-gene, which codes for protein forming pores on the host membrane,

and human RNase-P, in order to verify successful sampling of the healthcare workers. Techni-

cal triplicates were performed. The PCR was run under following conditions: 50˚C for 10 min,

95˚C for 3 min, followed by 45 cycles of 95˚C for 15 s and 58˚C for 30 s on the BioRad CFX

384 real time PCR system.

The results for the RT-qPCR are displayed by ct (cycle threshold) values. In the current

study the detection limit is at a ct of 40 and above. Values below a ct of 32 indicate high viral

titers.

Mathematical modelling

Transmission dynamics in the city model. We developed a population-based model that

integrates the transmission dynamics in the Swiss Canton of Bern as a deterministic model,

and the infection dynamics among a group of healthcare workers, studied as a stochastic sys-

tem (Fig 2A). The Canton dynamics are given by the following system of differential ordinary

equations (ODE):

dSC
dt
¼ � aðtÞSCIC ð1Þ

dEC

dt
¼ aðtÞSCIC � sEC ð2Þ

dIC
dt
¼ sEC � rð1 � �1ÞIC � h�1IC ð3Þ

dHC

dt
¼ h�1IC � wð1 � �4ÞHC � d�4HC ð4Þ

dRC

dt
¼ rð1 � �1ÞIC þ wð1 � �4ÞHC ð5Þ

dDC

dt
¼ d�4HC ð6Þ

Susceptible individuals in the Canton, SC, get exposed at a rate α; exposed individuals, EC,

then become infectious, IC, after a latency period s−1. A proportion �1 of infected individuals

are hospitalised, HC, at a rate h. Infectious individuals recover, RC at a rate r, whereas hospital-

ised patients recover at a rate w. We only considered deaths from hospitalised people: a pro-

portion �4 of HC die at a rate d. N refers to the total population in the Canton of Bern.

As in Althaus et al. [11], the transmission rate α captures the reduction in the infections fol-

lowing the implementation of NPIs by the government, described as:

aðtÞ ¼
p

N
1 �

1 � k

1þ e� uðt� tÞ

� �

ð7Þ

where p

N is the infection at the start of the epidemic, κ is the relative transmission reached after

implementation of NPIs, ν is the slope of the sigmoid function, and τ is the midpoint of trans-

mission reduction.
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Transmission dynamics among the healthcare workers model. The transmission

dynamics among the HCW are formulated in terms of the Master Equation [12]

@PðX; tÞ
@t

¼
X

j

ðWjðX � rj; tÞPðX � rj; tÞÞ � WjðX; tÞPðX; tÞÞ ð8Þ

where X = (S, E, I, A, R, Q) is the state vector containing the number of healthy workers suscep-

tible to infection, S, the number of exposed workers who are infected but still not contagious

that are working, E, the number of symptomatic infected workers, I, the number of asymptom-

atic infected workers, A, that are working, the number of recovered workers R, and the number

of exposed and asymptomatic workers that have been identified as infected with a PCR test and

put in quarantine, Q. P(X, t) is the probability of the population of having value X at time t. The

transition rate per unit time of the process j is given by Wj(X, t), and rj is the state change in X
upon the occurrence of the process j. All reactions and rates are described in Table 1. Due to the

small size of our cohort, we do not consider differences such as age or type of job in the model.

The mean-field dynamics of the stochastic system are given by the following system of

ODEs:

dS
dt
¼ � aðtÞaSIC � bS

A
NH
� gS

HC

N
ð9Þ

dE
dt
¼ aðtÞaSIC þ bS

A
NH
þ gS

HC

N
� s�2E � sð1 � �2ÞE � pðtÞ�3E ð10Þ

dI
dt
¼ s�2E � rI ð11Þ

dA
dt
¼ sð1 � �2ÞE � rA � pðtÞ�3A ð12Þ

dR
dt
¼ rAþ rI þ rQ ð13Þ

dQ
dt
¼ pðtÞ�3Eþ pðtÞ�3A � rQ ð14Þ

Table 1. Reaction rates of the stochastic dynamics described by Eq 8.

Transition rate State change vector rj = (ΔS, ΔE, ΔI, ΔA, ΔR, ΔQ) Description

W1 = α(t)aIC S (−1, 1, 0, 0, 0, 0) S! E

W2 ¼
b

NH
AS (−1, 1, 0, 0, 0, 0) S + A! E + A

W3 ¼
g

N SHC (−1, 1, 0, 0, 0, 0) S! E

W4 = sE�2 (0, −1, 1, 0, 0, 0) E! I
W5 = sE(1 − �2) (0, −1, 0, 1, 0, 0) E! A

W6 = rI (0, 0, −1, 0, 1, 0) I! R
W7 = rA (0, 0, 0, −1, 1, 0) A! R

W8 = p(t)�3 E (0, −1, 0, 0, 0, 1) E! Q
W9 = p(t)�3 A (0, 0, 0, −1, 0, 1) A! Q
W10 = rQ (0, 0, 0, 0, 1, −1) Q! R

https://doi.org/10.1371/journal.pone.0258700.t001
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Susceptible workers, S, become exposed at a rate α due to contact with the general popula-

tion (IC), at a rate β from being in contact with an asymptomatic coworker (A, see later), and

at a rate γ from contact with infected hospitalised individuals (HC). Exposed individuals (E)

then develop the disease after a latency period s−1, and become either infectious and symptom-

atic, I, or infectious and asymptomatic, A, with the probability of being I or A given by �2 and

1-�2 respectively. Exposed and asymptomatic can be identified by testing, where �3 is the prob-

ability of obtaining a true positive in the test, and the details of the testing are described below.

For simplicity, we write p(t) in the equations to show it is time dependent. Finally, r is the

recovery rate.

Both asymptomatic and symptomatic individuals recover at a rate r. We did not considered

deaths among healthcare workers. NH refers to the number of healthcare workers participating

in the study. Due to their small number, their transmission dynamics are studied as a stochas-

tic process using Gillespie simulations [13].

Modelling a desynchronisation strategy. We modelled a desynchronisation strategy in

which the workforce was split into two non-mixing groups to establish a weekly rotation shift:

Group 1 works in-hospital during odd weeks and at-home during even weeks, and Group 2

works at-home during odd weeks and in-hospital during even weeks.

To mathematically formulate the desynchronisation, each variable is dichotomised in two

non-interacting groups (S1, E1, I1, A1, R1, Q1) and (S2, E2, I2, A2, R2, Q2), each of them described

by Eq 8. When workers are doing home office, they cannot be infected by other co-workers

nor by patients. That is, the parameters β and γ become time dependent, being β1(t) = 1.5β,

γ1(t) = 1.5γ, β2(t) = 0, γ2(t) = 0 during the odd weeks, and exchanging values during the even

weeks, β1(t) = 0, γ1(t) = 0, β2(t) = 1.5β, γ2(t) = 1.5γ. We assume an increase of 50% in β and γ
because some tasks imply cooperation between workers.

Modelling testing. We modelled the testing as an instantaneous reaction in which E! Q
or A! Q. Every P days, for each infected worker we generate a random number, x in (0, 1), if

x< �3 fp, where fp is the fraction of workers tested and �3 is the probability of detecting a true

positive, the worker is sent to quarantine. During the first wave, that is t< 91, on average 65%

of the workers were tested every week, afterwards 45% were tested every week. Thus, fp = 0.65

for t< 91 and fp = 0.45 for t� 91.

Model fitting. City. In Switzerland the first lockdown was started on March 16th 2020

that included reduction of elective healthcare-associated interventions such as surgery until

April 27th 2020. With the onset of the second wave national measures were again installed by

October 19th 2020. After a second peak in 30th October 2020 the second wave faded by end of

January 2021.

τ, π, ν and κ were chosen to obtain the best fit of the model to the data, by minimizing

Gðk; n; p; tÞ ¼
Xn

i¼0

ððHi
cðtiÞ � OðtiÞÞ

2
; ð15Þ

with ti 2 {0, 7, 14, . . .}, O(ti) the sum of the number of cases of the last 7 days at time ti starting

March 1st 2020 (t = 0) and

Hi
cðtiÞ ¼

Z ti

ti � 7

h�1Icdt

The fitting was done in 4 parts:

1. Wave 1: With the initial condition (SC, EC, IC, HC, RC, DC) = (N − 1, 0, 1, 0, 0, 0) starting

Day -8 to Day 91, with α(t) described by 7 resulting into τ = 17.4352, π = 1.2801, κ = 0.016,
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ν = 1.5. The optimization was performed with the R function optim with meth-
od=“L-BFGS-B” in the parameter region π 2 [0, 2], ν 2 [0, 1.5], κ 2 [0, 0.15], and τ 2 [15,

24].

2. Summer: Day 91 to Day 189

In this scenario, we consider a different α(t),

aðtÞ ¼
p

N
ð16Þ

The reason for this difference, is that during this period, there were no remarkable non-

therapeutic interventions to reduce the number of cases. Instead, we assume it to be a

period where the use of contact-tracing measures avoided a large increase in the number of

cases. This difference is equivalent to the assumption κ = 1.

The optimization resulting into π = 0.2869. The optimization was performed with the R

function optim with method=“L-BFGS-B” in the parameter region π 2 [0, 1].

Eventually, the contact-tracing measures were overwhelmed by the number of cases, and

the second wave started, were we considered a Holling type-II function to describe the

dynamics.

3. Wave 2: Day 189 to Day 273, with α(t) described by 7 resulting into τ = 240.2609, π =

0.3177, κ = 0.44, ν = 0.8934. The optimization was performed with the R function optim
with method=“L-BFGS-B” in the parameter region π 2 [0, 0.7], ν 2 [0, 1.5], κ 2 [0, 1], and τ
2 [230, 246].

4. Winter: Day 273 to Day 365, with α(t) described by 7 resulting into τ = 301.6273, π =

0.1919, κ = 0.6048, ν = 1.5. The optimization was performed with the R function optim with

method=“L-BFGS-B” in the parameter region π 2 [0, 0.5], ν 2 [0, 1.5], κ 2 [0, 1], and τ 2
[295, 305].

The trajectory of α is shown in S1 Fig. The selection of the range for ν is arbitrary. We lim-

ited it to 1.5 because it would produce a change in α faster than the temporal resolution of our

data and we decided not to allow this. In S2 Fig we show the fit without this limitation and the

difference is negligible.

Hospital. In order to protect workers, the department started a desynchronisation strategy

on March 16th 2020 and ended on May 4th 2020. Moreover, the department implemented a

weekly testing regime starting March 23rd 2020. During the desynchronisation period, only

the in-hospital group were tested, on Monday and Thursday. For simplicity we assume all

workers, in-hospital or doing home office, were tested once a week and the same day. This

assumption, is equivalent to assuming the second test was delayed until Monday.

In order to mimic the hospital dynamics, we simulated our system as follows.

• Set initial conditions to SC = N − 1, IC = 1, EC = HC = DC = RC = 0 and t = −8 and integrate

the ODE systems 1–6 until t = 15. No that March 1st 2020 corresponds to t = 0.

• set initial condition to S1 = S2 = 157 and start stochastic simulation

1. Select reaction ri and Δt according to the Gillespie algorithm.

2. Update the variables.

3. Integrate the ODE system for Δt.

4. Starting t = 22 we perform tests weekly.

5. At t = 64 the desynchronisation stops and the two groups are merged together.
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6. If t< tend go to 1. Otherwise end the simulation.

All details of the simulation algorithm have been included in S1 File.

To avoid large step-sizes selected by the Gillespie algorithm, we added an artificial reaction

;! ; at a rate 100 days−1. This reaction avoids possible problems coupling the deterministic

variables of the city with the stochastic variables of the hospital. For example, when α(t) is

small and all workers are susceptible or recovered, the Gillespie algorithm would select a large

step size. However, α could increase substantially during that long period of time, leading to

possible errors.

The fit for the first wave was done by minimizing the equation

Gðb; gÞ ¼
Xn

i¼0

ððQiðtiÞ � OðtiÞÞ
2
; ð17Þ

at times ti = 61 and ti = 91, where Qi(t) is the cumulative Q at time t and O(t) is the cumulative

positive tests in the experiment. The two selected time points represent the end of the first

wave, selected to account for the total number of infected, and a month after a period in which

there were no detected cases.

Analogously, the fit for the second wave was done by minimizing Eq 17 at ti = 191, 291, and

346.

Work productivity. In order to study how protective strategies affect work output we

defined a variable, W, accounting for work done by healthy individuals, and given by:

dW
dt
¼ Sþ Eþ Aþ Rþ �5mQ ð18Þ

where �5 indicates the proportion of individuals in quarantine that feel healthy and can work

(i.e. asymptomatic) and μ is the productivity of a health worker when in quarantine/working

from home compared to that when working at the hospital. In particular, μ accounts for the

fact that the tasks that can be carried out from home by most healthcare workers are limited

and will thus reduce their overall normal output [14].

In the case of individuals in a desynchronisation strategy, the work done is given by:

dW
dt
¼ ðS1 þ E1 þ A1 þ R1 þ �5mQ1Þ þ mðS2 þ E2 þ A2 þ R2 þ �5Q2Þ ð19Þ

In our simulations, the worked is accounted between t = 15 and t = 364.

Parameters of the model. All the parameters of the model are given in Table 2.

Cost analyses

In order to compare the intervention strategies from an economic point of view, we estimated

the cost of both testing and desynchronisation. We estimated the cost of each test to

be * USD 42 which includes the cost of swabbing material, protective masks, and extraction

and qPCR reagents, and the salary of the workers doing the tests. The cost of testing is

described by

c ¼ ðcost per testÞ � ðNumber of testsÞ

The cost of home-office during a desynchronisation strategy was considered to be the pro-

portion of the monthly salary that would correspond to the unproductive period. The average

monthly wage of a healthcare professional in Switzerland was obtained from the International

Labour Organisation for year 2016 (USD 7065.2) [18].
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Data availability

The data of the internal testing pipeline is included as S2 File.

Results

Implementation of an internal RT-PCR-based testing protocol on

healthcare worker

Starting March 23, 2020, we implemented an RT-PCR-based testing pipeline as a clinical ser-

vice of the department for Visceral Surgery and Medicine at the Bern University Hospital

(Fig 1A). The RT-PCR was developed within our department. Consenting participants were

tested in a voluntary basis in one of the two rounds of testing performed weekly, regardless of

whether they presented symptoms. Our population consists of 314 persons working in contact

with patients and 58 persons who were not working in contact with patients who all attended

at least five sessions or were identified positive.

Throughout the study period, the number of weekly tests performed among the 314 health-

care workers in contact with patients is shown in Fig 1A, corresponding to a weekly participa-

tion of * 65% in the first wave and a participation of * 45% during the second wave and

until end of February. Included individuals were aged 18–64 and working in different health-

care roles, including medical doctors, nurses, medico-technical and laboratory staff, in poten-

tial direct contact with COVID-19 patients or samples.

At the end of the reported study and considering an RT-PCR Ct cut-off of 32 (see Meth-

ods), 15 individuals in potential direct contact with COVID-19 patients or samples tested posi-

tive (Fig 1A, red bars), and with a cut-off of 40, positive tests were observed in 30 individuals.

Positive cases were informed, were retested by the official testing protocol, and sent to self-

isolation even if asymptomatic.

Table 2. Parameters of the models.

Parameter Value Description

a varied (see text) fraction of transmission rate outside the hospital

β varied (see text) Transmission rate between coworkers

γ varied (see text) Transmission rate from hospitalised patients

1/s 5.2 days [15] Latency period

1/r 6 days [16] Recovery rate

1/w 10 days [16] Recovery rate for hospitalised patients

1/h 6 days [16] Hospitalisation rate

1/d 10 days Death rate

�1 2.5% Probability of being hospitalised

�2 30% (assumption) Probability of being Infectious symptomatic

�3 95% Probability of a true positive test

�4 0.37 Probability of death

�5 0.7 Proportion of healthy individuals in quarantine

fp varied (see text) Fraction of workers tested

π estimated infection rate in the city

κ estimated Relative transmission in the city after NPIs

ν estimated Slope of the sigmoid function

τ varied (see text) Midpoint of transmission reduction

N 1,034,977 [17] Population in Canton Bern

NH 314 Healthcare workforce

https://doi.org/10.1371/journal.pone.0258700.t002
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Fig 1. Results of the testing pipeline in asymptomatic healthcare workers. (A) Number of tests (left y-axis) and number of positive tests (right y-axis) for

two different thresholds of the Ct value of the PCR test, 32 and 40, for the healthcare workers in contact with patients. (B) Number of the sum of the last 7

days of official positive cases, sum of the last 7 days of official hospitalized cases, and positive cases for the healthcare workers. (C) Kaplan-Meier curves of

infected workers healthcare workers distinguishing healthcare workers and workers without contact with patients. (D) Boxplot showing the Ct value

observed in the infected healthcare workers that reported having symptoms and the healthcare workers without symptoms.

https://doi.org/10.1371/journal.pone.0258700.g001
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The peaks of infected healthcare workers occurred with a two week delay to the peaks in the

population in both waves of the COVID-19 epidemic in the Canton Bern (Fig 1B). Incidence

of infections was higher in healthcare workers with patient contact compared to personnel

without patient contact (Fig 1C). Low level positive results (Ct value above 32) matched with

the incidence of high level positive results (Ct value below 32). High Ct values were associated

with absence of symptoms (Fig 1D).

An epidemiological model that integrates city and hospital transmission

dynamics reveals an underestimation of case incidence

We have developed a transmission model that describes the infection dynamics as observed in

the Swiss Canton of Bern (City Model, Fig 2A), and integrated the additional infection sources

to which a group of healthcare workers might be exposed (Hospital Model, Fig 2A). In the

City Model, individuals are exposed to infection at a rate α and become infected after a latent

period. A proportion of them are hospitalised, and both hospitalised patients and infected

individuals can recover and gain immunity. In the Hospital Model we additionally considered

two sources of infection: infected asymptomatic coworkers (given by β) and hospitalised

patients (given by γ). After infection, we considered both asymptomatic and symptomatic as

infected individuals, we considered deaths only from hospitalised individuals and we did not

consider reinfection. Moreover we included a variable Q accounting for individuals who tested

positive in the testing pipeline implemented within the department and went into quarantine

and represent the fraction of detected cases before presenting symptoms.

The model was fitted to the number of hospitalised patients recorded in the Swiss Canton

of Bern [17] (Fig 2B, S1 Fig), which is in line with those reported in other Swiss regions [19], as

well as the infection rate in the city, α, which is time-dependent as a results to the implemented

policies. We inferred the case incidence in the region (Fig 2B), and showed that the reported

data on incidence is an underestimate, likely due to official cases accounting only for test-con-

firmed cases. Our model predicts a true incidence * 4.0 times higher than confirmed and

reported cases during the first wave from March 1st 2020 to May 31st 2020 and up to * 1.75

times higher from June 1st 2020 to March 1st 2021 (Fig 2B).

Household and community transmission alone does not explain case

incidence among healthcare workers

The model allowed to independently study the sources of infection that healthcare personnel

might be exposed to, namely infection from the community, parameters α and a, from co-

workers, β, and from hospitalized patients, γ.

In order to estimate the values of β and γ that can explain the actual cases detected, we fitted

the detected cases to Q (Quarantine variable) of our model. Of note, the fraction of detected

cases corresponds to the number of pre- and asymptomatic cases detected among the work-

force tested through our pipeline –i.e. the E, and A variable in our model– and does not con-

sider individuals who tested positive at other testing centers when already presenting

symptoms (i.e. the I variable in the model).

The fit was performed for the two waves of the COVID-19 pandemic separately (Fig 2C

and 2D). The results reveal that in the first wave relatively high values of β or γ are necessary to

explain our testing data best (Fig 2C left panel). Fig 2C right panel shows the fit using the val-

ues of γ and β that result into the best fit obtained from 2C left panel. In the second wave, the

low incidence detected in our pipeline could be explained with low values of β and γ (Fig 2D).

The best fit is shown in 2D right panel. Transmission by healthcare workers therefore seemed

to be lower in the second compared to the first wave.
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Fig 2. Model calibration and integration of test results. (A) Sketch of the multi-scale epidemiological model accounting for the dynamics in the

city and in the hospital. (B) Number of official cases in the canton of Bern compared with the predicted new cases shown by our model. (C) left

panel: Error function (see Methods) of the fit for wave 1, right panel: Observed (black curves) and simulated (50 Gillespie simulations, purple

curves), and average of 1000 simulations of the 1st wave (blue curves). γ = 14.72, β = 0, a = 1 (D) Error function of the fit for second wave displayed

as in (C). γ = 0, β = 0, a = 1. (E) Error function of the fit for second wave for different values of a. (F) Observed and simulated (50 Gillespie
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We tested if the protection from infection in healthcare workers outside the hospital is dif-

ferent compared to the general population and therefore would impact the results. Thus, we

decided to study reduced infections from the community by reducing a. In Fig 2E, we observe

that for a smaller values of a, an increase in β and γ is necessary to explain the infection rate of

healthcare workers and that with decreasing a, the stochastic effects can become more impor-

tant as we observed for high values of β. The best fits are shown in Fig 2F.

Therefore, modelling based on the results of the continuous testing of healthcare workers

allowed to determine the added risks of infection at work for the two waves, and we inferred

the transmission rates at the hospital that explain the observed infections.

Regular testing and desynchronisation prevent infection transmission

between coworkers

We modelled and studied two intervention measures to reduce infection transmission between

coworkers: regularly testing a fraction of individuals, and desynchronisation, where the work-

ers are split in two teams [8].

Fig 3 shows the number of infected workers as a function of a (Fig 3A), β (Fig 3B) and γ
(Fig 3C) for different strategies, namely none, testing, desynchronisation and testing

+desynchronisation.

The results from stochastic simulation on the effect of infection from the city, a, for fixed

values of γ and β, are shown in Fig 3A. As expected, the number of total infected workers

increase with a. However, we observe no remarkable differences in the behavior of the strate-

gies. Similarly, the number of total infected workers also increases with γ (Fig 3C).

In Fig 3B we studied the effect of infection from co-workers β. In the case of no infection

from co-workers (β = 0), testing has no impact, while desynchronisation reduces the number

of cases, as a result from decreased infections from hospitalized persons. As β increases, the

number of cases and the protective effects of the measures increases. Because stochastic effects

become important due to the small number of healthcare workers, the variability increases in

parallel. With very large values of β, e.g. 0.6 this increase is reduced because herd immunity

may be achieved.

In Fig 3D we show the effect of the frequency of testing and of the fraction of healthcare

workers (fraction of testing) that is being tested. Regimes that are included range from testing

every 3 days to testing every 14 days. If a specific fraction of persons is not getting tested (e.g.

because of logistic reasons) can be compensated by increasing the frequency of testing.

Together, our results showed that the implementation of regular testing of healthcare work-

ers and workforce desynchronisation are effective in preventing worker-worker transmission,

and that active adherence to frequent testing is crucial for its efficiency in detecting pre-symp-

tomatic cases.

Regular testing outperforms desynchronisation in work output and cost-

effectiveness in Switzerland

Both regular testing and desynchronisation are efficient in reducing transmission between

healthcare workers (Fig 3). Nevertheless, both strategies come at a cost: an impact on the over-

all productivity and the cost of the tests.

simulations), and average of 1000 simulations for the second wave for different values of a. (left) γ = 1.04, β = 0.28, (middle) γ = 0.32, β = 0.24,

(right) γ = 0.08, β = 0.12.

https://doi.org/10.1371/journal.pone.0258700.g002
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Most healthcare workers—notably doctors, nurses, medico-technical and laboratory staff—

can carry out limited work at-home. Therefore, a notable decrease in the work output is the

consequence of home-office that will be added to that of infected workers.

In order to account for work output of the healthcare cohort, we added a work variable, W,

to the model that accounts for the work output of S, E, A, R and Q based on their productivity

while working at-home (see Methods).

In the regular testing strategy, total work output is reduced due to workers infected and in

quarantine, as well as by the time devoted to the internal testing pipeline, which we estimated

as two individuals full work time per day to carry out the testing protocol. In the

Fig 3. Effect of the protective measures. (A) Number of infected healthcare workers at the end of a simulation for different values of a for the different

strategies (none, test, desynchronisation and test+desynchronisation); β = 0.15, γ = 2. (B) Number of infected healthcare workers at the end of a simulation

for different values of β for the different strategies; γ = 2, a = 1. (C) Number of infected healthcare workers at the end of a simulation for different values of γ
for the different strategies; β = 0.15, a = 1. (D) Fraction of detected cases in as a function of the fraction of workers being tested for different intervals of

testing; β = 0.15, γ = 2, a = 1. Parameters β and γ are in units of days−1. test: testing strategy; des: desynchronization strategy, des+test: combining testing

and desynchronization strategy.

https://doi.org/10.1371/journal.pone.0258700.g003
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desynchronisation strategy, work output is reduced due to workers infected and in quarantine,

as well as by the decrease in productivity during home-office.

Regular testing has a smaller impact on the overall work than desynchronisation for low

home office productivity (Fig 4A). Indicating that testing would be highly efficient and recom-

mended to reduce transmission with a minimal impact of workforce availability at different

home-office productivity rates. On the other hand, weekly desynchronisation results in a

stronger decrease in productivity, the magnitude of which depends on the proportion of work

that is considered to be feasible at home.

Next we aim to include the cost of the test in the economic modelling. First we added the

cost of the tests in US dollars (USD) and we estimated the cost of the productivity lost during

desynchronisation to be proportional to the salary of the worker. For the costs of our in-house

test we calculated *42 USD per test. With a monthly average wage of 7065.20 USD, the cost

of the testing is smaller than the cost of the desynchronisation, unless home office productivity

approaches 100% (Fig 4B). However, if a commercially available test has to be applied then the

requirements for home office productivity in the desynchronisation strategy would be lower to

be cost efficient. In Fig 4C we compared the cost of testing with the cost of desynchronisation

as a function of the cost per test.

In summary, our results show that for a pandemic as observed in Bern, Switzerland, a regu-

lar internal testing regime would be the optimal strategy to prevent transmission among

coworkers while keeping work output high and economic cost low.

Discussion

Protection of healthcare workers during a pandemic requires specific strategies given the ele-

vated risks for healthcare workers from infectious agents due to their role in the treatment of

infected patients. We report the results of a testing regime of asymptomatic healthcare workers

during the COVID-19 pandemic. Based on the results we have developed a multi-scale epide-

miological model that integrates transmission dynamics inside and outside a hospital to

describe risks of SARS-CoV-2 infection for healthcare workers.

The results from the testing revealed that the peak incidence from healthcare workers lags 2

weeks behind the peak in the population. Patient contact is associated with increased incidence

Fig 4. Economical impact. (A) Work output at the end of the simulation as a function of the home office efficiency for the different strategies. (B) Total

cost of the measures as a function of the home office efficiency for the different strategies. (C) Total cost of the measures as a function of the cost per test.

horizontal lines represent the cost of desynchronization for different levels of home-office productivity. Average of 1000 Gillespie simulations for (A, B, C).

test: testing strategy; des: desynchronization strategy; des+test: combining testing and desynchronization strategy.

https://doi.org/10.1371/journal.pone.0258700.g004
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of infection in healthcare workers. This is supported by other studies showing high viral titers

in asymptomatic healthcare workers [20]. We showed that despite the observation that test

results with high Ct-values were associated with the absence of symptoms, such results can be

used to predict the prevalence of infection in healthcare workers.

Because of underreporting of official cases, especially during the first wave [11], we used

hospitalization data to estimate the number of true infections in the city using publicly avail-

able data [10] that are in line with estimates in other Swiss studies [11, 19].

The results of the testing were used to build a model to determine sources of infection from

inside and outside the hospital. The models show that household infection alone is insufficient

to explain the rate of infections in healthcare workers.

We detected that *10% of healthcare workers in our cohort had been exposed (positive

test with Ct value below 40) until the end of the study. This case incidence among healthcare

workers is in line with that reported in other studies [3, 20]. However, estimation of the true

case incidence is difficult given the seroprevalence of 1 percent healthcare workers in regions

without symptomatic cases [21] up to *2.8% [22].

The parameters that are required to explain our observation indicate that for the first wave

high infection rates from either co-workers or patients must occur. Conversely for the second

wave, the model indicates a lower rate of infection from co-workers or patients. However, it

remains to be determined if positive tests with low Ct values in asymptomatic healthcare work-

ers are the consequence of infection from patients or from the community.

Next, we used our model to study how both regular testing and desynchronisation proto-

cols can prevent infection transmission between coworkers. Both strategies are effective in

reducing transmission between coworkers, in line with other studies on the benefits of desyn-

chronisation [7–9]. Our modelling results indicate that a reduced fraction of tested persons

can be compensated for by increasing the frequency of testing.

Next, we compared the consequences of the testing and desynchronisation strategies on

work productivity and cost-effectiveness. Regular testing results in a minimal impact on work-

force availability and work production, whereas a desynchronisation strategy would imply an

important decrease on work output unless home-office productivity was virtually the same as

in-hospital or in the case in which the cost of the tests is high.

Given the limited tasks that can be carried out at home by health workers—estimated to be

less than 50% [14]—and the access to testing resources by medical teams, we concluded that

regular testing of healthcare personnel would be the intervention of choice in Switzerland for

the current pandemic. However, efforts should be made for future pandemics that prepare for

solutions that allow specific tasks to be performed remotely e.g. telepharmacy.

In countries with lower income, desynchronisation would have a lower cost of implementa-

tion than testing. However, it would be necessary to asses the impact that halving the available

personnel would have on the health system and on the epidemic management as a whole.

A possible limitation is that we assumed an hospitalization rate of 2.5% throughout the epi-

demic, from which several model parameters are then estimated. Furthermore, we did not

consider reinfections among the cohort of healthcare workers over the studied period, but

they could be worth including in future models over longer periods where reinfection would

be more likely. Although variations in the hospitalization rate and reinfections would lead to

different parameters and in turn, case incidence outside and possibly inside the hospital, these

do not affect the conclusions of our study regarding the effectiveness of preventive interven-

tions. Further limitations are that the dataset accounts for only one department and cannot be

extrapolated to cases where hospitals were saturated.
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In summary, our study showed that frequent and widespread testing of pre- and asymp-

tomatic healthcare workers is effective in detecting infections and preventing transmission

between coworkers while optimising work output and cost-effectiveness.

Conclusions and outlook

We have generated a unique dataset initiated at the onset of the pandemic that allows the iden-

tification of when healthcare workers were infected outside and inside a hospital of interest.

The dataset was used to calibrate a mathematical model that allowed the differentiation of the

source of infections and to explore different strategies in avoiding future infections.

Future research directions may include the incorporation of other testing strategies and the

impact of vaccination.

Taken together, the presented results of continuous testing of healthcare workers, and asso-

ciated modelling, indicates optimal testing strategies that can be adjusted to the requirements

of other institutions.
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