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SUMMARY

Workplaces are one of the most important regular meeting places in society. The aim of this study
was to use simulation experiments to examine the impact of different workplace cultures on influenza
dissemination during pandemics. The impact is investigated by experiments with defined social-
mixing patterns at workplaces using semi-virtual models based on authentic sociodemographic and
geographical data from a North European community (population 136 000). A simulated pandemic
outbreak was found to affect 33% of the total population in the community with the reference
academic-creative workplace culture; virus transmission at the workplace accounted for 10·6% of the
cases. A model with a prevailing industrial-administrative workplace culture generated 11% lower
incidence than the reference model, while the model with a self-employed workplace culture (also
corresponding to a hypothetical scenario with all workplaces closed) produced 20% fewer cases. The
model representing an academic-creative workplace culture with restricted workplace interaction
generated 12% lower cumulative incidence compared to the reference model. The results display
important theoretical associations between workplace social-mixing cultures and community-level
incidence rates during influenza pandemics. Social interaction patterns at workplaces should be taken
into consideration when analysing virus transmission patterns during influenza pandemics.

Key words: Epidemiology, infectious disease control, influenza, medical informatics (veterinary and
medical), modelling.

INTRODUCTION

There has to be at least two meeting places with partly
overlapping and volatile regular visitors in a commu-
nity in order to start an outbreak of any airborne

infectious disease pathogen [1, 2]. Although work-
places are one of the most important locations for so-
cial mixing in society, few studies have addressed the
role of workplace virus transmissions during influenza
pandemics [3]. On an average business day, one third
of the Swedish adult population dwells at a workplace
for >7 h [4] and during that work time, some 60%
have physical contact with at least one of the other
20 persons (median) present in their section of the
workplace. However, the social-mixing cultures at
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workplaces may differ with both the internal organ-
ization of the enterprise and norms in the surrounding
society [5–9]. These facts justify efforts to investigate
the role of workplaces in influenza transmission dur-
ing pandemics and the influence of different work-
place cultures for meetings and social mixing.

The aim of this study was to use controlled simula-
tion experiments where elements external to the re-
search question are kept constant to examine the
impact of social mixing at workplaces on influenza
dissemination during pandemics. The specific research
question to be answered was what impact the social
organization of work (workplace culture) has on
municipality-level influenza incidence rates. The
study is part of a research programme with the aim
of using time-geographical theory, empirical data,
and computer model experiments to investigate the
expected impact from social distancing and behav-
ioural interventions in different areas of society during
pandemic influenza outbreaks [10, 11]. The experi-
ments were performed in a simulation environment
containing authentic sociodemographic and geo-
graphical data from a North European municipality
(population 136 000). The simulation model was con-
structed using an ontology system [12, 13].

Empirically based social pockets as a basis for
modelling influenza outbreaks

A key element (as exogenously given or endogenously
calculated) in any model of influenza outbreaks is the
distribution over all individuals of the probability that
person p transmits the influenza virus to person q for
given time period during an outbreak. Two main com-
ponents determine this transmission probability; the
social component is the probability that q meets p
and the probability that the physical interaction dur-
ing the meeting results in q being exposed to the
virus; the biological component is defined dynamically
by the biological status (susceptible, infectious, recov-
ered, etc.) of p and q, respectively. For the social com-
ponent, most models use differentiating and grouping
of the population in order to replace the globally equal
meeting probability with specific estimates closer to
the level relevant for different persons in different
situations. Mainly two types of methodologies are
used: (1) differentiating individual probabilities by
attributes such as age [14, 15] or social status [16];
and (2) grouping of individuals into social networks
or associating them with spatial meeting places. The
representation of social network groupings [17–19]

has recently been extended to include also dynamic
changes in the network during outbreaks [20].
Groupings of individuals based on spatially defined
meeting places have used locations such as homes,
workplaces, schools, and neighbourhoods with a
selected limited set of joint co-visitors [21, 22]. The ra-
tionale behind such spatial groupings of individuals is
that if the members and their length of stay in the
same concrete instance of a spatially defined meeting
place can be identified, the meeting and transmission
probabilities can be set higher for persons within the
groups compared to between groups. That, in turn,
combined with differentiation by attributes, enforces
a better distinction of who transmits to whom on a
particular day. The challenge then is to define and
find a reasonable set of spatially defined meeting
places including an empirically based mechanism out-
lining who will enter and leave these meeting places
and for how long they stay and how closely they inter-
act physically.

A theoretically founded approach to inform spatially
explicit simulations of infectious disease outbreaks is to
depart from Hägerstrand’s concept of pockets of local
order [23]. One advantage of conceptualizing such
pockets in infectious disease modelling is that emerging
behaviour and contact patterns within them can be
modelled beyond the aggregate of their members’ attri-
butes. The distribution of contact probabilities between
the members can be modified by size and the specific
culture in a specific pocket [24]. A structure based on
social relationships, transportation routines, and other
movement patterns is then used to represent the mixing
groups in communities as nodes with contact frequen-
cies between individuals within them as well as the
other properties of social pockets. In other words, a
fixed arbitrary hierarchy of household groups and
regions is replaced by a system of meeting-place
centred, floating, and overlapping reference areas for
social mixing with different location, meeting and
member properties [25].

There is sparse empirical data available to directly
represent different types of social interactions at work-
places in models of influenza transmission. Instead,
modelling experiments can be used to explore the
effects of theoretically postulated scenarios on trans-
mission probabilities. Influenza transmission patterns
at workplaces can be modelled based on empirical
data on workplace social mixing cultures and then
use simulations to calculate the wider consequences
of those workplace transmission models on total soci-
etal incidence rates. In order to narrow down the
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possible influences on transmission rates to be
expected by certain workplace social distance settings,
stylized example workplace social interaction cultures
can here be outlined for use in model experiments.

METHODS

The study design was based on simulation experiments.
The impact of different workplace cultures on local
influenza incidence during pandemics was investigated
by modelling different workplace cultures in a simula-
tion environment containing authentic sociodemo-
graphic and geographical data from a North European
municipality by combining workgroup sizes and within-
workgroup person-to-person transmission probabilities
while keeping other mixing-group properties constant.
A community-based model of influenza transmission
was configured for municipality scenarios where the
social mixing at workplaces was assumed to fol-
low academic-creative (reference model), industrial-ad-
ministrative, and self-employed cultures, respectively.
Furthermore, the experiment included an additional so-
cial distancing scenario based on the academic-creative
workplace culture, but where the close person-to-person
contacts associated with risk for influenza transmission
were reduced to half.

Ethics statement

The present research programme is based on adminis-
trative public health databases established for the pur-
pose of systematically and continuously developing
and securing the quality of health service. For this
study based on mathematical modelling and simula-
tion, only demographic data from Statistics Sweden
(http://www.scb.se/en_/) were used. No authentic
health data were included in the analyses. Because
the study design only employed simulated infectious
disease data it was given exemption by the regional
ethics committee.

Representation of workplace social mixing

In the industrial-administrative workplace culture,
workers meet closely with other workers mainly on
a one-to-one basis. For example, they might be
assigned to a machine or desk with space for only
one additional person close by. This situation corre-
sponds to a constant one-to-one total transmission
probability for each infected worker, independent of
the number of other workers around. In previous

infectious disease modelling experiments, this culture
has been represented by creating explicit workplace
mixing groups in the model and setting the number
of interacting workers in each workplace mixing
group to the mean number of surrounding co-workers
suggested by empirical data (n = 20) [8, 26, 27].
Correspondingly, this workplace social-mixing model
was used in the simulation experiments to represent
to the industrial-academic workplace culture. In com-
parison, when adhering to an academic-creative work-
place culture, workers are located in a common indoor
space and a substantial part of their working time is
devoted to physical meetings with subsets of other
workplace members. This situation corresponds to a
constant probability that an infected worker may
transmit the virus to any other worker in the work-
group. Since the exposure is simultaneous for all
workgroup members, the theoretical transmission
probability is multiplicatively related to the total ex-
posure time and to the number of workgroup mem-
bers. However, Swedish empirical data [4] show that
when the size of the workgroup increases from 1 to
>50, the average number of physical contacts per per-
son increases from around 1 to 2 (Fig. 1). In the simu-
lation experiments, this scenario was therefore
represented by having explicit workplace-mixing groups
in the model and doubling the number of workers in
each workplace-mixing group (to n= 40) while keeping
the person-to-person transmission probability constant.
Finally, in the self-employed workplace culture, repre-
sented, for instance, by farmers and small-scale business
owners in rural areas, workers do not meet other
workers during the working day. This situation was
represented in the simulation experiments by not
having any workplaces at all in the model. Most work-
ers are assumed to spend most of their working time
interacting with artifacts, tools, and equipment rather
than people.

Simulation dynamics

The model of influenza transmission consists of a spa-
tially explicit community component, which is based on
mixing groups representing locations where individuals
meet [26, 28], and a biological component representing
infectious disease properties, such as the duration of the
latent and incubation periods. The details of the soci-
etal and biological components are provided in the on-
line Supplementary material. Typically, each person
belongs to several mixing groups where infectious par-
ticipants may transfer the influenza virus to them [29].
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Before the simulation starts, the individuals are
assigned to their mixing groups based on population
data. To adjust for situations not covered by authentic
population data, such as cohabiting young adults (un-
married without children), the simulator randomly
merges a specified set of the single households to
form two-adult households [30].

At the start of a simulation experiment, the model is
seeded by randomly infecting a specific number of
individuals. For the present study, the simulator
seeded 1/1000 individuals (n= 136) as index cases to
represent a standardized scenario with a sufficient
number of cases to initiate a local outbreak of pan-
demic influenza. Using the index cases, the simulator
calculates stochastically generated secondary infec-
tions based on the transmission probabilities in the
model. The main loop steps through a specific number
of time periods (24-h days) covering the expected dur-
ation of the outbreak. The simulator runs iterations for
each day, updating the infectious status of persons and
withdrawing them from their mixing groups to home
when they are symptomatic. For each day, the simulator
iterates through all susceptible persons and calculates the
probability of infection based on the mixing groups they
participate in using the complementary event of infec-
tion; that is, the multiplied probability of escaping infec-
tion from each of the infected people that the individual
meets in the mixing groups he/she participates in during
the day [12, 13, 31]. Symptomatic individuals withdraw
from their mixing groups to the household with an
age-adjusted probability.

The value for the probability of infection is then
compared with a generated random number to decide
whether to infect a person or not in the simulation
run. If the result is to activate the infection for an in-
dividual on the current day, the simulator uses the
specific biological model to generate a secondary
case and set the initial state of the infection to latent.
This model guides the generation of the case, includ-
ing the duration of the latent, incubation, and infec-
tious periods. During the simulation process, the
biological model updates the infectious status for
each individual for each day, for example, by chan-
ging the status of viral shedding. The simulator also
keeps track of individuals’ infectious disease status
in each of the mixing groups and uses this information
to calculate the probability of infection in the next it-
eration (i.e. the next day in the simulation).

Assignment to workplaces and workgroups

The representation of mixing groups in the model uses
counterparts to residents and meeting places in
Linköping municipality, Sweden (Table 1 and Sup-
plementary Table S2). The apparatus for creating a
realistic heterogeneity in transmission probabilities is
based on a set of socio-culturally well-defined meeting-
place types with a spatial duplication of separate
mixing-group instances of the same type (Supplementary
Tables S3 and S4). In addition, this model utilizes authen-
tic locations of homes, workplaces, and schools instead of
fictitious locations. In the model, the members in the

Fig. 1. Swedish workforce displayed by the proportion of workgroup sizes and the number of other workers that a worker
has been in physical contact with during 1 day (adapted from [4]). Workgroup size n= 0 denotes that the worker is
self-employed and does not belong to a workgroup.
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different mixing-group episodes are constant for
the duration of the simulation. Therefore, system-wide
diffusion comes about by people being members of
more than one mixing group, receiving the pathogen in
one group and transmitting it on another day in another
group.

For employed individuals (aged 18–65 years), the
simulator uses a workplace model consisting of mixing
groups based on a combination of workplace data and
assumed internal workplace structures (workgroups).
Since the employment data relate individual employees
to formal workplaces and organizational identifiers (ra-
ther than actual workgroups), the model divides the
workforce into separate workgroups with their own
mixing patterns (Supplementary Table S5). This
change in workgroup structures is done so that different
workplace cultures can be compared. Furthermore, the
model assumes that 5% of the workforce is absent at
any given time, for instance due to other types of illness
and parental leave. The simulator selects absentees
randomly before the simulation starts. Moreover, the
simulator uses a weekly schedule where workplaces
and schools are closed during weekends (i.e. the simu-
lator disables all transmission in the workplace, day-
care, and school mixing groups).

Statistical analyses

The impact of workplace cultures on the local develop-
ment of pandemic influenza was analysed using model-
ling experiments covering each of the following four
conditions: (a) an academic-creative workplace culture
prevailed throughout the community, (b) an academic-
creative workplace culture prevailed and a social

distancing intervention was in place at workplaces de-
creasing workplace virus transmission probability by
50%, (c) an industrial-administrative workplace culture
prevailed, and (d) a self-employed workplace culture
prevailed throughout the community. Data from 100
outbreaks in the same semi-synthetic population were
collected for each condition and outbreak durations
and influenza case rates were estimated by calculating
means, prediction intervals (PIs; computationally simi-
lar to confidence intervals for sampling errors in distri-
bution of observables), and ranges based on 100
simulation runs (range100). In these analyses, there
was no traditional sampling error because each indi-
vidual in the population was contained in the analyses.
The entities investigated are not observables but the
outcomes of purposefully generated stochastic pro-
cesses with systematic components. Repeating such
simulations makes two pieces of information available:
(1) an estimate of the mean outcome, which is more re-
liable than the result of a single simulation as an ap-
proximation of the combined effect of the systematic
influence from the simulation apparatus and the influ-
ence of the controlled conditions, and (2) a measure of
the distribution of outcomes around the mean out-
come, in this study represented by the range100. To
avoidmaking further type 2 inference errors when exam-
ining the results of repeated simulations, the 95% PI
(mean of 100 simulations ±1·96 s.D.) for single model
replications were calculated for an index based on the
reference model. IBM SPSS Statistics for Windows,
v. 21 (IBM Corp., USA) was used for the analyses.

Sensitivity analyses

To validate the soundness of the parameter estimates
kept constant during the simulation experiments, six
series of sensitivity analyses, each comprising 100 simu-
lation runs, were computed. The community with an
industrial-administrative workplace culture was used
as baseline. In the first two series, the person-to-person
influenza transmission probability at high schools was
reduced to half and increased twofold, respectively. In
two additional series, the probabilities that symptomat-
ically ill individuals withdraw to their household for
age groups 0–5, 6–18, and 519 years (0·80, 0·75 and
0·50) were changed to very low presence in activities
outside the home (0·95, 0·90 and 0·80), and high pres-
ence (0·70, 0·50, and 0·30). Finally, to understand the
impact from random mixing in the community on
influenza transmission, the probability for community
transmission of influenza virus was decreased to half

Table 1. Study population displayed by age and gender

Age (years) Male Female Total

0–9 7494 (10·9) 7114 (10·5) 14 608 (10·7)
10–19 8895 (13·0) 8267 (12·2) 17 162 (12·6)
20–29 12 248 (17·9) 10 698 (15·8) 22 946 (16·8)
30–39 10 260 (15·0) 9147 (13·5) 19 407 (14·2)
40–49 8664 (12·7) 8137 (12·0) 16 801 (12·3)
50–59 8336 (12·2) 8380 (12·4) 16 716 (12·3)
60–69 5918 (8·6) 6352 (9·4) 12 270 (9·0)
70–79 4188 (6·1) 5301 (7·8) 9489 (7·0)
80–89 2195 (3·2) 3719 (5·5) 5914 (4·3)
590 247 (0·4) 671 (1·0) 918 (0·7)
Total 68 445 (100) 67 786 (100) 136 231 (100)

Values given are n (%).
Source: Statistics Sweden (http://www.scb.se/en_/)
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in one series of 100 simulation runs and increased
threefold in another.

RESULTS

The mean duration of the reference outbreak was 92
days (range100 86–100 days) (Table 2). The mean dur-
ation of the outbreaks generated in the other models
did not differ from the reference model. The reference
academic-creative workplace model produced a mean
cumulative incidence of 45 037 infected individuals
(33% of the 136 231 individuals in the total popula-
tion) (Table 3). The industrial-administrative work-
place culture model generated an 11% lower mean
cumulative incidence (40 103, range100 39 209– 41
282) than the reference scenario (45 037, range100 43
834– 46 132) and the 95% PI of the single replication
index for the same model (index 89%, 95% PI 87–
92) did not overlap with the corresponding 95% PI
of the reference model (index 100%, 95% PI 98–
102). The 11% difference can therefore be regarded
as statistically noteworthy with regard to repeated
replications of simulations and larger than what is
required for statistical significance related to one

single replication. The same inferences can be made
regarding the differences in cumulative incidence be-
tween all other models, except for the models repre-
senting the industrial-administrative (index 88%,
95% PI 87–92) and the restricted academic-creative
(index 89%, 95% PI 86–91) workplace cultures. The
model representing an academic-creative workplace cul-
ture with restricted workplace interaction generated a
12% lower cumulative influenza incidence (index 88%,
95% PI 86–92) than the reference model, while the
model with a self-employed workplace culture produced
a 20% lower incidence (index 80%, 95% PI 79–82).

Location of virus transmission

The household was the meeting place accounting for
the largest share of influenza virus transmission in
all experimental conditions; from 29% of the transmis-
sions in the academic-creative workplace culture
model to 33% of the virus transmissions in the self-
employed workplace culture model (Fig. 2). How-
ever, while the proportion infected at workplaces
was 10·7% under academic-creative workplace culture
conditions, this proportion was about half as large

Table 2. Duration in days of standardized outbreaks with 136 initially infected individuals in a population of 136 000.
Means and ranges of 100 simulation runs (range100) are presented together with a duration index (index) based on
proportions compared with the reference model. The 95% PI (mean of 100 simulations ±1·96 S.D.) for single model
replications are added for the duration index

Workplace culture Duration (days) Range100 (days) Index Range100 (index) 95% PI (index)

Academic-creative (reference) 92 86–100 100 93–108 95–105
Industrial-administrative 87 81–98 95 88–106 88–101
Academic-creative restricted 87 82–92 94 89–100 89–99
Self-employed 87 80–96 94 87–104 87–101

PI, Prediction interval.

Table 3. Cumulative incidence of those infected with pandemic influenza in a population of 136 000. Means and
ranges of 100 simulation runs (range100) are presented together with an incidence index based on proportions
compared with the reference model. The 95% PI (mean of 100 simulations ±1·96 S.D.) for single model replications
are added for the incidence index

Workplace culture
Cumulative
incidence (n) Range100 (n) Index

Range100

(index) 95% PI (index)

Academic-creative
(reference)

45 037 43 834– 46 132 100 97–102 98–102

Industrial-administrative 40 103 39 209– 41 282 89 87–92 87–92
Academic-creative restricted 39 810 38 524– 41 490 88 86–92 86–91
Self-employed 36 156 35 121– 37 297 80 78–83 79–82

PI, Prediction interval.
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(5·3%) under industrial-administrative workplace cul-
ture conditions.

When investigating the two academic-creative work-
place models more closely, it was found that the
main location for virus transmission in the reference
model was the household (29%, n= 13 275) (Fig. 3).
Next in importance were neighbourhoods (14%, n=
6513), community-level mixing (14%, n= 6506),
elementary schools (12%, n= 5435), and workplaces
(11%, n= 4812). Somewhat fewer cases originated
from transmission at middle schools (8%, n= 3670),
daycare centres (6%, n= 2825), and high schools
(4%, n= 1901). Comparing these numbers with the
numbers generated in the restricted academic-creative
workplace model, the main effect on influenza trans-
mission was found to remain local to the workplaces.
Out of the 4812 workplace virus transmissions
observed in the reference model, 58% (n= 2792) disap-
peared as an effect of the 50% reduction in transmis-
sion probability. Closer analysis of the reduction
gained at workplaces and the total virus transmission
in all mixing groups shows that the presumed social
distancing intervention leading to a 50% reduction of
risk for influenza transmission at workplaces multi-
plied into a total system-wide reduction of 5226 cases

(a factor of 1·9). The indirect reduction in the other
mixing groups visited by (now, fewer) contagious
workers was not distributed between the mixing
groups in proportion to the total number of cases in
the mixing groups without the intervention. This is be-
cause the joint distribution of memberships in several
mixing groups is not random. Besides the internal effect
in workplaces (53% of the total reduction), the main in-
direct reduction occurred in households (15%), at the
community level (13%), and in neighbourhoods (14%)
(Fig. 4). The effects in the remaining mixing groups
(schools and daycare) were minor, revealing that, as
this model specified, only a few workers also visit places
where young people spend their day time.

Sensitivity analyses

Regarding the influence from parameter settings for
influenza transmission at high schools, the mean cu-
mulative incidence in the industrial-administrative
community decreased by 6% from 40 103 (range100

39 209–41 282) to 37 859 (range100 36 820–39 276)
when person-to-person transmission probability was
reduced to half. By contrast, when the transmission
probability was increased twofold, the cumulative

Fig. 2. Locations for influenza transmission in the semi-virtual community (population 136 231) during a pandemic
outbreak displayed by the workplace culture model.
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incidence increased by 6% to 42 376 (range100 41 135–
43 628) infected individuals. When the probabilities
for symptomatically ill individuals withdrawing from
activities outside their household were increased to a
level at the high extreme, the cumulative incidence
in the community decreased by 36% to 25 666
(range100 24 107–27 052) infected individuals. In com-
parison, when the probabilities for withdrawal were
decreased to a level at the low extreme, the mean cu-
mulative incidence increased by 51% to 60 496
(range100 59 230–61 343). Finally, when the probabil-
ity for community transmission of influenza virus
was reduced to half, the mean cumulative incidence
decreased by 16% to 33 868 (range100 32 808–35
370). Correspondingly, when this probability for com-
munity transmission was increased threefold, the
mean cumulative incidence increased by 87% to 74
867 (range100 73 165–75 999) infected individuals.

DISCUSSION

The aim of this study was to examine the impact of
workplace social mixing on community-level influenza

transmission during pandemics. Using simulation
experiments, we found that a reference community
with an academic-creative workplace culture gener-
ated a 12% higher cumulative incidence of infected
individuals than a community with an industrial-ad-
ministrative workplace culture, while a community
with a self-employed culture showed a 20% lower cu-
mulative incidence than the reference community.
Moreover, a hypothesized 50% reduction in transmis-
sion probability in the workplace setting led, through
system effects, to a 58% decrease in influenza trans-
mission at workplaces. Comparing the reduction of
transmissions gained at workplaces with the total re-
duction in the community (Fig. 4), an additional sec-
ondary reduction effect, as large as the primary effect,
was observed based on the fact that individuals
belonging to several different mixing groups escaped
infection and thus did not transmit the virus.

These results demonstrate the importance of includ-
ing detailed representations of social mixing at work-
places in community-level infectious disease
modelling. Although workplaces are regularly included
in modelling of influenza pandemics [32, 33] and

Fig. 3. Locations for influenza transmission in the academic-creative workplace culture model displayed by mixing group.
The white bars show the cumulative incidence of individuals infected in the different locations in the baseline setting. The
grey bars demonstrate the corresponding cumulative incidence when the risk for influenza transmission at workplaces is
decreased by 50%.
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factors such as workplace presenteeism have also been
studied in some detail [34], the impact of differences in
social interaction cultures at workplaces has not been
studied. Our results also highlight the importance of
the core behavioural assumption to what extent the
contact intensity between pairs of subjects is related
to the number of persons present at the type of meeting
place. In this study, the extreme alternatives of this as-
sumption in the workplace context are mirrored in the
operationalization of the academic-creative and self-
employed workplace cultures. Representations of
these cultures in workplace-mixing groups produced
significantly different results with regard to influenza
incidence at the community level, which implies that
it is essential to get as much empirical support as pos-
sible for assumptions used in modelling of workplace
mixing in settings where references are made to real-
world communities. There are several empirical studies
available on contact rates between individuals in nor-
mal populations [35–37] but few studies focusing on
interaction at workplaces. However, one recent investi-
gation [4] reported that when the subjective workgroup
size increases from 1 to >50, the average number of
physical contacts per person only increases from
around 1 to 2. That result is far from the proportional

increase from 1 to 50 that would correspond to the as-
sumption of a constant transmission probability among
all (susceptible respective infectious) mixing group
members. More research in this area is therefore
warranted.

The four model experiments performed to answer
the research questions in this study reflect different
assumptions about workplace culture at the local
level and its effect on the development of influenza
pandemics. However, it is also possible to interpret
comparisons between some of the experiments as
intervention effects. Comparing the outcome of the
experiment with an academic-creative workplace cul-
ture with the restricted version of the same alternative
is one example of viewing the difference as an inter-
vention outcome. The model settings for the two
experiments were identical except that the interperson-
al transmission probabilities at workplaces were
reduced by 50% in the restricted scenario. Therefore,
the difference in outcome between the two experi-
ments mirrors the effect of implementing social distan-
cing and hygiene measures that reduce the workers’
exposure to the airborne pathogen at the workplace
by half. Thus, if large parts of the working population
spend time in an academic-creative workplace culture,

Fig. 4. Distribution of mixing groups in the percentage total reduction in influenza transmission resulting from reducing
the transmission probability at workplaces by 50% (with reference to the academic-creative workplace culture).
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employers could be asked to temporarily ban seminars
and group meetings. If this intervention approach
turns out to be insufficient, the duration, closeness,
and frequency of one-to-one meetings can be
restricted and physical meetings replaced to a large ex-
tent with e-mail, telephone, and electronic confer-
ences, in effect transforming workplaces into a
self-employed workplace culture. Moreover, the
results of the experimental analyses of workplace so-
cial mixing revealed that introducing workplaces
with an academic-creative workplace culture into the
community model generates a 20% higher cumulative
influenza incidence than using a community model
without any workplaces. A further interpretation of
this observation is that significant community-level
transmission would remain when closing all work-
places during an entire pandemic outbreak. In add-
ition, the results show that closing workplaces would
only marginally influence the time to peak and the
duration of the outbreak. These observations not
only imply that economically costly interventions at
workplaces should be focused on high-risk settings
but also that social distancing interventions at work-
places can be efficient even relatively late during an
outbreak.

This study has some strengths and weaknesses that
should be taken into consideration when interpreting
the results. The advantage of model experiments on
virus diffusion during outbreaks of pandemic influenza
in a semi-virtual model of the individuals and meeting
places in a factual community is that a computer-based
simulation enables grand-scale artificial experiments
with changed conditions that would never be practically,
ethically, or economically feasible to prepare directly in
the factual population [33, 38]. The inference from the
simulation outcomes in the artificially created world of
agents and mixing places into the world outside the
model is entirely contingent on the accuracy of the
model representation of the conditions for and the be-
haviour of people and viruses [11]. The inferences
made in this study are contingent on the assumptions
underpinning the semi-virtual model. In other words,
the results regarding changes in cumulative influenza
incidence are valid primarily with regard to the con-
structed model, and external generalizations have to
be made with care. Nevertheless, the study results
imply that the prevalence of different workplace cul-
tures in the community should be considered when
planning to implement social distancing interventions.

Moreover, the methods and standards for drawing
inferences from analyses based on semi-virtual

simulation models have not been completely estab-
lished. It should be remembered that what is theoret-
ically regarded to occur outside the simulation
model in the target community corresponds to just
one and only one replication, and never to an average
of 100 developments. Therefore, the distribution of
single outcomes around the mean (range100) is the
only distribution that would also retrospectively even-
tually contain one replication close to the one that will
actually emerge. In order to bridge the gap to the trad-
itional interpretation, one can envision 1 or 100 pro-
cess replications as a sample drawn from the super
population of all possible developments that could
be produced by the simulation model as specified
(and, if the model is correctly specified, from the
super population of all possible influenza develop-
ments that could occur in the target community out-
side the model). The distribution of outcomes in that
sample mirrors the joint effect of all pure stochastic
choices in the model (i.e. which specific susceptible
person of a certain sex and age in a certain mixing
group will become infected at a specific point in
time), choices that deliberately (or rather by necessity
due to lack of knowledge) were not represented in the
current analyses. Instead, within the constraints given
by the systematic model content, such specific events
were implemented as random choices and so produced
slightly different aggregate outcomes in each model
replication. However, contrary to the case with a sam-
ple from given observables, this random error is not
the only error or even the most important error in
the outcome of a simulation. Instead, the most im-
portant errors are specification errors in the causal sys-
tem setup, in assumptions, and in parameter
estimates. Those errors are hidden within the mean
outcome. The evident option for pinpointing such
errors is to perform series of simulations with different
settings for the parameter values kept constant during
the simulation experiments. In the sensitivity analyses
performed in this study, the alteration of parameter
values for high-school transmission rates led to effects
on community incidences in the same moderate range
as observed in previous studies [39]. As also previously
reported [34, 40], changing withdrawal probabilities
for symptomatic individuals to extreme values led to
notable effects on the community-level cumulative in-
cidence of influenza cases. Empirical data on present-
eeism of symptomatic individuals at workplaces
during pandemic outbreaks are scarce, but the infor-
mation available suggest that withdrawal is contingent
both on the virulence of the circulating influenza
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strain and factors associated with sickness compensa-
tion [41, 42]. Evidently, more empirical research on
workplace presenteeism during influenza pandemics
is warranted. Likewise, increasing the probability for
virus transmission by random mixing in the commu-
nity augmented rather markedly, as expected, the
community-level cumulative incidence. Reliable em-
pirical data on the most important locations for
influenza virus transmission during pandemics are
scare. Reviews have suggested that the main locations
for transmission of influenza virus during outbreaks
vary among countries and settings, with differences
in estimates also being due to differences in study
designs [43, 44]. These observations imply that more
empirical research is warranted also on the spatial dis-
tribution of virus transmission during influenza pan-
demics. Summarizing the results from the sensitivity
analyses, we infer that the parameter settings kept
constant during the simulation experiments were, in
the main, sound and should not have influenced the
results used to answer the research questions.

The main contribution of this research is that simu-
lation experiments showed important associations be-
tween workplace social mixing and community-level
incidence rates during influenza pandemics and that
direct effects from reduced workplace virus transmis-
sion are accompanied by similarly large secondary
community-wide reductions in transmissions. The
results were generated in a controlled environment
where factors not included in the simulation experi-
ments were kept constant. We conclude that work-
place cultures should be taken into consideration
when modelling influenza pandemics and relevant dif-
ferences in social mixing patterns between these cul-
tures should be represented in models of virus
transmission. More empirical research is warranted
on social mixing at workplaces in association with
influenza pandemics.
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