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Abstract

Background: In 2010-2011, we conducted a social contact survey in Flanders, Belgium, aimed at improving and
extending the design of the first social contact survey conducted in Belgium in 2006. This second social contact
survey aimed to enable, for the first time, the estimation of social mixing patterns for an age range of 0 to 99 years and
the investigation of whether contact rates remain stable over this 5-year time period.

Methods: Different data mining techniques are used to explore the data, and the age-specific number of social
contacts and the age-specific contact rates are modelled using a generalized additive models for location, scale and
shape (GAMLSS) model. We compare different matrices using assortativeness measures. The relative change in the
basic reproduction number (Rp) and the ratio of relative incidences with 95% bootstrap confidence intervals (BCl) are
employed to investigate and quantify the impact on epidemic spread due to differences in sex, day of the week,
holiday vs. regular periods and changes in mixing patterns over the 5-year time gap between the 2006 and 2010-2011
surveys. Finally, we compare the fit of the contact matrices in 2006 and 2010-2011 to Varicella serological data.

Results: All estimated contact patterns featured strong homophily in age and sex, especially for small children and
adolescents. A 30% (95% BCl [17%; 37%]) and 29% (95% BCl [14%; 40%)]) reduction in Ry was observed for weekend
versus weekdays and for holiday versus regular periods, respectively. Significantly more interactions between people
aged 60+ years and their grandchildren were observed on holiday and weekend days than on regular weekdays.
Comparing contact patterns using different methods did not show any substantial differences over the 5-year time
period under study.

Conclusions: The second social contact survey in Flanders, Belgium, endorses the findings of its 2006 predecessor and
adds important information on the social mixing patterns of people older than 60 years of age. Based on this analysis,
the mixing patterns of people older than 60 years exhibit considerable heterogeneity, and overall, the comparison of

the two surveys shows that social contact rates can be assumed stable in Flanders over a time span of 5 years.
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Background

Infectious diseases and, more specifically, airborne infec-
tions can be transmitted between hosts via close con-
tact interactions; therefore, quantifying such interactions
provides important information for properly modelling
infectious disease transmission. In recent years, we have
witnessed a paradigm shift with respect to this: whereas
at the start of this century, mathematical models relied
on simplifying assumptions such as homogeneous mixing
or on using mathematically convenient “Who Acquires
Infection From Whom” constructs [1], a vast num-
ber of studies now rely on the use of social contact
data [2-8].

The literature on social contact surveys has shown
how human interactions are heterogeneous in nature and
present a large degree of homophily in terms of age
[9, 10] and sex [11]. The information coming from social
contact surveys is therefore usually summarized in what
is called the social contact matrix, quantifying the aver-
age number of contacts made between individuals within
and between given age classes. Using the social contact
hypothesis [2], i.e. assuming that transmission rates are
proportional to social contact rates, these data-driven
mixing patterns have been implemented into models of
infectious disease transmission showing good correspon-
dence to (sero)prevalence data; see, e.g., [4, 9, 12].

Social contact survey data allow for an exploration of
contact rate patterns stratified by age, sex, and location,
which helps to better describe the structure of the trans-
mission network [13, 14]. However, a systematic review
by Hoang et al. (2019) [10] showed that half of the social
contact surveys before 2019 used convenience sampling,
while quite a few surveys were conducted in specific set-
tings, e.g., schools or universities, and/or focus on specific
target groups; thus, it is impossible to extrapolate the
results to an entire population. Even in population-based
social contact surveys with representative samples, two
problems might still exist: the sample does not cover all
age ranges of the population, or the number of elderly par-
ticipants is insufficient for investigating mixing patterns of
these people. Indeed, no study reported the contact rates
of people up to 99 years old.

Particular attention has been devoted to behavioural
changes with respect to individual health status (e.g.,
being ill [6, 15-17]), weather conditions [5] or day of
the week (weekday or weekend in holiday/non-holiday
or regular periods [9, 18-22]) - hereafter referred to as
microscopic time settings, and how these affect disease
dynamics [6, 8, 19, 23, 24].

The use of social contact data to inform modelling has
become so prominent in recent works that it has also been
applied to settings for which social contact studies are
not available, leading to the question of how social con-
tact matrices should be projected onto other geographical
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areas and in time [7, 25—-27]. However, to the best of our
knowledge, there has been no empirical assessment of
whether mixing patterns change over longer time peri-
ods (e.g., years) within a particular population and how
this should be taken into account when projecting social
contact matrices. We will refer to these as macroscopic
time changes to mark the difference with microscopic time
changes.

A first population-based social contact survey in Bel-
gium was conducted in 2006, and its results were reported
in [9, 19, 28], in which the impact of microscopic time
changes on the contact mixing pattern was investigated,
although this study was not designed for doing so. A sec-
ond population-based survey in Belgium was conducted 5
years later in 2010-2011. This survey was conceived as an
improvement over the 2006 survey, with a larger sample
size covering a wider age range of participants and a better
distribution of surveyed participants over four different
time settings (weekday/weekend days in regular/holiday
periods).

In this work, we aim to describe and analyse the social
contact survey in Flanders, Belgium from 2010-2011 by
accounting for the mixing patterns of people 0-99 years of
age, with a particular focus on elderly people. We study
both the impact of microscopic and macroscopic time
changes on contact patterns, and we assess whether the
contact rates remain stable over 5 years timespan.

Data

Social contact survey in 2006: This survey was part of
the POLYMOD project, in which social contact surveys
were conducted in 8 European countries in 2005-2006
[9]. In the social contact survey conducted in Belgium in
2006, a total of 750 participants were recruited by random
digit dialing on land lines. The survey sample covered all
three regions in Belgium; i.e. the Flemish, Walloon and
Brussels-Capital regions, with quota sampling by age, sex,
and region, making it representative for the whole Bel-
gian population. Each participant was asked to fill in a
background questionnaire and a paper diary in which they
record their contacts over 2 days: one randomly assigned
weekday and one randomly assigned weekend day. Two
types of contacts were defined: (1) two-way conversations
during which at least three words were spoken and (2)
contacts that involved skin-to-skin touching. Information
recorded in the diary included sex and the exact age or
presumed age interval of each contacted person over the
entire day. Contact features included frequency, location
and duration. If participants established more than 20
professional contacts per day, then they only had to pro-
vide an estimated number of professional contacts and
the age interval(s) with whom they interacted most. Con-
tact information (e.g., contact age or contact duration)
was then imputed for such contacts. More details can be
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found in [28]. We will refer to those contacts as additional
professional contacts.

Social contact survey in 2010-2011: This survey was
conducted between September 2010 and February 2011
in Flanders (including the Flemish and Brussels-Capital
regions) in Belgium using an adapted version of the diaries
used in the first Belgian survey in 2006. Three different
types of diaries were designed to adapt to the age of par-
ticipants: one for children (less than 13 years old), which
was completed by a proxy, e.g., parents or school teach-
ers; one for people aged 13-60 years and one for people
aged 60+ years, which could also be filled out by a proxy.
A total of 1,774 participants were recruited by random
digit dialing on mobile phones and landlines, with quota
sampling by age, sex and geographical location. The con-
tact definitions were the same as those used in the 2006
survey. Participants were asked to complete a background
survey and record their social contacts in a paper diary
during one randomly assigned day. Information on addi-
tional professional contacts was imputed the same way
as done for 2006 data. Compared with the 2006 survey,
the 2010-2011 survey explored more features that might
influence the number of contacts recorded: the health
conditions of participants, time use, distance from home,
animal ownership and touching. To date, the impact of
animal ownership and touching on social contacts has
been investigated [29], so has the impact of weather on
social contacts [5]. Of particular focus were people aged
60 years and above; i.e., participants up to 99 years of
age were recruited, and information about contact fre-
quency with children and grandchildren and residence
size for elderly people living in nursing/elderly homes was
recorded.

The design of the 2010-2011 survey is similar to that of
2006, with the difference being that in 2010-2011, partic-
ipants reported information for only one day, whereas in
2006, information was collected for two days. Since par-
ticipants have been shown to be influenced by fatigue in
reporting on multiple days [10, 22], only data on the first
day of the 2006 survey was used for comparison with the
2010-2011 survey in this work. Additionally, we extracted
the 511 participants recruited in Flanders from the 2006
survey to be in line with the study population in the
2010-2011 survey. In the 2010-2011 survey, 15 cases were
removed since the diaries were unreliable (many answers
left blank, incoherent answers, etc.). We also excluded 46
people living in an elderly/nursing home and explored
the contact patterns of these people separately. In addi-
tion, 6 people aged 90 and older (4 in the age group
[90;95) and 2 in the age group [95;100)) for reasons of
data sparsity, e.g. when investigating the impact of micro-
scopic time differences on the age group-specific degree
distribution or sex differences in mixing patterns. As a
result, the final sample for the analysis of the 2010-2011
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survey is 1,707 participants. We defined four microscopic
time settings: regular weekdays, regular weekends, holiday
weekends, and holiday weekdays. Holiday periods include
both public holidays and weekends inside or adjacent to
these holidays. More details on the number of partici-
pants by age and microscopic time in both surveys can
be found in Additional file 1 Table S1. The datasets of
both surveys are available online within the social contact
data sharing initiative [30] and the SOCRATES platform
[14].

Methods

We started with a descriptive analysis to explore the socio-
demographic characteristics of survey participants and
features of their reported contacts for the contact survey
in 2010-2011. Subsequently, data mining techniques were
used to explore associations among variables of inter-
est and contact profiles of survey participants. We then
investigated the factors associated with the number of
contacts, differences in sex in mixing patterns and the
impact of holidays and weekends as a proxy for the impact
of school closure on disease transmission. We ended with
the comparison between the contact surveys from 2006
and 2010-2011 using different measures.

Data mining techniques

We used two unsupervised learning methods: associa-
tion rules and clustering. Association rules were used
to assess the possible associations pertaining to con-
tact features, e.g., type of contact (close or non-close),
duration and frequency of contacts, ..., using support,
confidence and lift values as measures of interesting-
ness [19, 31] (see Additional file 2 for Additional infor-
mation). Rules were considered of interest only when
the support value exceeded 1%, equivalent to at least
3142 contacts involved in constructing the rules. The
threshold for the confidence was 70%, and rules with
greater lift indicates stronger association. In addition
to association rules, we investigated contact profiles
using a clustering method. The contact profiles were
defined by (1) the number of contacts per survey par-
ticipant in six different locations (home, work, school,
leisure, transport and other), (2) characteristics of par-
ticipants (age and sex) and (3) time indicators (week-
day/weekend and regular/holiday period). Clustering was
implemented using the daisy function in the R package
“Cluster” [32] and using the Gower distance, allowing
for mixed types of variables. We visualized the clus-
ters by projecting them into a low-dimensional space
using a dimension reduction technique known as the ¢-
distributed stochastic neighbor embedding [33]. Contacts
reported at different locations were attributed to just one
location using the following hierarchy: (1) contacts at
home, (2) contacts at work, (3) contacts at school, (4)
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contacts during leisure time, (5) contacts in other loca-
tions and (6) contacts in transportation.

Modelling the number of contacts

Degree distribution

We considered both physical and non-physical con-
tacts, including additional professional contacts reported
by participants. We modeled the number of contacts
using a weighted negative binomial regression model to
account for over-dispersion. Socio-demographic charac-
teristics, the health status of participants and microscopic
time settings (weekdays/weekends and regular/holiday
period) were included as possible determinants (Descrip-
tive statistics see Additional file 1). In addition, diary
weights computed from age and household size were used
to account for under-/over-sampling over participant fea-
tures [9, 28]. We performed variable selection using a
random forest analysis [31] and the likelihood ratio test
(LRT). Interactions between age and microscopic time
settings were retained, as they were the two most signifi-
cant determinants of the number of contacts reported in
the literature [10].

Estimating age-specific contact rates

We defined the age-specific number of contacts y;;- as the
number of contacts made by the 7 participant in age class
i with people in age class j per day (i,j = 1,---,/; r =
1,---,n;), where J is the number of age classes, and #; is
the number of participants in age class i.

The age-specific number of contacts y;, was assumed
to follow a negative binomial distribution to account for
over-dispersion [9]. This distribution is defined as y;j|x ~
NB (mij, Kij) for a vector of covariates &, in our case the age
of the participant x1; and the age of the contact x,;. The
mean and variance of this distribution are defined as m;
and m;; + K * (mi), respectively, where «;; is the over-
dispersion parameter. To model the age-specific number
of contacts, we applied generalized additive models for
location, scale and shape (GAMLSS). This allowed for
modelling both the mean and variance (over-dispersion)
parameters of the negative binomial distribution over
participants’ age x1; and contacts’ age xo;. We refer to
Additional file 3 and [34] for details about the GAMLSS.
When estimating the social contact matrix C, the recip-
rocal nature of making contact was taken into account,
as m;jN; = mj;N;, where N; is the population size in age
class i (obtained from demographic data) [35]. Based on
m;; and N, the reciprocal contact rates c;; can be obtained
by ¢ = L)

For all quantities of interest, introduced in this and
following subsections, we used a non-parametric boot-
strap of participants, to obtain 95% percentile bootstrap
confidence intervals (BCIs) [36].
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Measures of comparison between different mixing patterns
We used four different measures of comparison: two for
measuring assortativeness, the relative change in Ry and
the relative incidence (RI). We measured the assortative-
ness of contacts by age using 2 different indices. The
first index was Gupta’s Q [37], ranging from 0 (= homo-
geneous mixing) to 1 (= completely assortative mixing).
The second index was I2, as proposed in [38] ranging
from 0 (= perfect assortativity) to 1 (= homogeneous
mixing).

The third measure was based on the basic reproduction
number Ry. Ry was calculated as the dominant eigen-
value of the next generation matrix G. Assuming the
age-specific transmission rates (i, j) were proportional to
the age-specific social contact rates c(i, /) (also known as
the social contact hypothesis [2]), the ratio of dominant
eigenvalues of the next generation matrix was the relative
change in basic reproduction number using different mix-
ing patterns. Lastly, the ratio of relative incidences (RRI)
was used for comparison. The expected age-specific RI
in the population during the exponential phase was given
by the leading right eigenvector of the next-generation
matrix [39].

For more details, we refer to Additional file 3.

Investigating sex differences in mixing patterns

To gain insights into possibly different mixing behaviour
between males and females, we estimated the age-specific
average number of contacts using the GAMLSS approach
(as previously introduced) for all four combinations of
sex interactions (male-male, female-female, male-female
and female-male). We used assortativeness measures (132
and Q indices), and the RRI to study differences between
matrices.

Investigating the impact of school closure on disease
transmission

We estimated the impact of school closure based on social
contact data using contact rates from holidays and week-
end days as a proxy and compared them with contact rates
from regular weekdays. We used the changes in Ry and the
RRI to quantify these differences.

Comparing the contact surveys in 2006 and 2010-2011

The designs of the contact surveys in 2006 and 2010-
2011 were similar (see Data section). However, the 2006
survey did not cover age groups up until 90 years of
age or sufficiently cover all four microscopic time set-
tings (see Additional file 1 Table S1). Therefore, for the
comparison of contact matrices between 2006 and 2010-
2011, we only used participants less than 65 years old
and merged weekend-regular and weekend-holiday into
one “weekend” category to overcome the data sparsity
problem.
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Degree distribution of contacts from aggregated data

To investigate potential determinants for the number of
contacts, we combined data from 2006 and 2010-2011
using a survey indicator variable as an additional determi-
nant (Table 1). We first applied a random forest analysis
[31] to identify main predictors, after which we mod-
eled the aggregated number of contacts via a GAMLSS
model assuming a negative binomial distribution for
the response variable. Model selection was performed
using the likelihood ratio test for mean and dispersion
parameters.

Comparing contact matrices

We first visually compared contact matrices in 2006 and
2010-2011 for the different microscopic time settings.
Both assortativeness indices, the change in Ry and the
RRI were used to compare mixing patterns. Furthermore,
we used the ratio of transmission rates that allows for
the direct comparison of contact rates between contact
matrices (a cell-wise comparison). Lastly, we applied the
methods outlined in [4] to use social contact matrices
to fit Varicella zoster virus (VZV) serological data from
Belgium based on the social contact hypothesis (i.e., con-
stant proportionality, [2]), with both contact data sets
separately and compared the results.

Results

Socio-demographic characteristics of participants

A total of 1,707 participants (46% males and 54% females)
were used for the analysis of the 2010-2011 dataset, of
whom 1,011 reported their contacts on regular weekdays,
257 on regular weekend days, 286 on weekdays during
public holidays and 151 on weekend days during or adja-
cent to public holidays (2 cases did not indicate the date).
The average participant age was 38 years, and partici-
pants younger than 18 years of age accounted for 22%
of the sample. The average household size was 3, rang-
ing from 1 to 11; participants with household sizes of
2-4 accounted for nearly 75% of the sample size, while
only 13% of participants lived in households with more
than 4 residents. Approximately 21% of the participants
were still students, 48% had a job, 13% were retired and

Table 1 List of the common determinants selected from the two
social contact surveys

Variable Categories

Age [0,5),[5,10), [10,15), [15,20), [20,25), [25,30), [30,35),
[35,40), [40,45), [45,50), [50,55), [55,60), [60,65)

sex female, male

Hh-size 1,2,3,4,>5,missing

Microscopic time holiday-weekday, regular-weekday, weekend

Macroscopic time 2006, 2010-2011

Page 5 of 15

approximately 11% were at home or unemployed. Nearly
two-thirds of working participants were office clerks, 12%
were manual workers, and only 6% were self-employed
(Table S2 in Additional file 1).

Daily number of contacts and contact features

A total of 31,423 contacts including 8,527 imputed profes-
sional contacts were recorded by the 1,707 participants:
the highest number of contacts reported by one partici-
pant was 364 (mostly professional contacts), and the low-
est was zero (15 cases). The median number of reported
contacts were 12 (interquartile range (IQR):[6; 21]).
Participants reported an average of 18.4 contacts per day
(SD=24.3), skewed in distribution. This reduced to 13.4
(SD=10.8) when professional contacts were excluded. By
adjusting for the age and household size of Flanders and
type of day (weekdays/weekend days), the average num-
ber of contacts was 17.2 (12.0 when excluding professional
contacts).

Nearly half the number of contacts involved touching
(with missing information in 345 cases). More than 10%
of all contacts were with household members. Daily con-
tacts accounted for nearly one-third of the total number
of contacts, while only 10% were first-time contacts. Short
contacts (less than 5 minutes) made up approximately 15%
of the total number of contacts; long contacts (longer than
1 hour) constituted nearly half of the total number of
contacts. Nearly two-thirds of all reported contacts were
made at home, work and school, while contacts at multiple
locations accounted for only 6% of all contacts.

Data mining techniques

The association rules with the highest lift value are pre-
sented in Table S1 in Additional file 2. Seventy-four per-
cent of daily contacts lasting longer than 4 hours involved
skin-to-skin touching. In contrast, 81% of the contacts
lasting less than 5 minutes with non-household mem-
bers were usually non-physical contacts. Contacts with
household members were the most influential factor in
determining whether contacts occurred on a daily basis.
Contacts lasting longer than 4 hours, occurring on week-
days in a regular period, tended to occur on a daily basis
(71%).

In the clustering analysis, the largest silhouette width
was obtained for six clusters (Figure S1 in Additional file
2). The cluster sizes ranged from 151 participants (clus-
ter 5) to 443 participants (cluster 1). All clusters presented
a strong connection with the microscopic time settings,
including participants from only weekdays/weekends or
regular days/holidays (Table S2 in Additional file 2). Some
clusters were easy to interpret when looking at the cluster
members’ features. Cluster 2, for example, was composed
of participants whose average age was 9 years, with
a large number of contacts at school, i.e., school-aged
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children. Cluster 4 included participants with an aver-
age age of 39 years and a large number of contacts at
work, i.e., working-age adults. Other clusters presented
less specific contact patterns but still exhibited a strong
connection with microscopic time settings. Specifically,
cluster 1 included participants who had a low number of
contacts in all locations on regular weekdays. Participants
in this cluster had the highest average age (51 years) and
can be interpreted as being socially non-active. Cluster 3
included participants surveyed on the weekend and regu-
lar period, with few contacts at work and school but the
highest number of contacts during leisure activities and
at “other” locations. Cluster 5 contained participants sur-
veyed in the weekend and holiday period, with no contacts
at school, few contacts at work and most contacts at home
and in “other” locations. Cluster 6 consisted of partici-
pants surveyed in the weekday and holiday period, with
an average of 6 contacts at work, a very low number of
contacts during leisure activities and transportation (see
Additional file 2 Table S2 and Figure S2).

Degree distribution for the social contact survey in
2010-2011

Figure 1 shows the results of the weighted negative bino-
mial model for the number of contacts. Several socio-
demographic indicators had a significant effect on the
number of contacts: age, household size, place of living
and the use of public transportation. It is noted that occu-
pation and education have been excluded from the model,
as they strongly correlated with age, and that for partic-
ipants younger than 13 years, the mother’s educational
level was used instead of that of the participant. Other
variables (sex, animal ownership, health states regarding
self-care and pain) were also excluded after model selec-
tion was performed (see Additional file 3 Table S1 and
Figure S1). The interactions between age and microscopic
time indicators were highly significant. In Fig. 1, we com-
pared the number of contacts among age groups in each
time setting: for weekdays in the regular period, partici-
pants older than 5 years of age had a higher number of
contacts than children aged 0-5 years, except the 15-25
age group, and people older than 60 years who had the
lowest number of contacts. For holiday weekdays, people
between 40 and 50 years of age had the highest number
of contacts, while other age groups showed no difference
in the number of contacts relative to the youngest age
group (0-5 years). The number of contacts of children
aged 0-5 decreased by 25%, 46% and 54% with respect to
regular weekdays during holiday weekdays, regular week-
ends and holiday weekends, respectively. During regular
periods, people aged 75-90 had almost double the con-
tacts during weekends with respect to weekdays. A higher
number of contacts was observed in participants living
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in larger households and those using public transporta-
tion. The number of contacts was 41% lower in those
who felt ill on the survey day. The reported health indi-
cators showed that feeling anxiety and having problems
in carrying out daily activities had a negative effect on
the number of contacts, reducing them by 18% and 35%,
respectively.

Contacts of children, working people and elderly people
Some variables were only present in diaries for children
(less than 13 years old), adults or people older than 60
years of age, so these variables were not included in the
previous model (Fig. 1). Children attending preschools or
schools had more contacts than children at childcare out-
side home and young children who were kept at home
(P<0.001, Kruskal-Wallis test). It is also observed that
there was no difference in the number of school con-
tacts among different class sizes (P=0.40, Kruskal-Wallis
test). Children less than 3 years old had nearly 40% of
their contacts at home. School contacts made up 44%
of the number of contacts for participants younger than
18 years old, and this figure increased to 60% on week-
days and during regular periods. People with a job had
a much higher number of contacts than those who were
retired or currently unemployed/job seeking. Working
people had most contacts at work (63% on a random day
and 71% on regular weekdays). When considering occupa-
tion, the number of contacts of office clerks was observed
to be significant higher than those of people with other
occupations.

Modelling the number of contacts for participants older
than 60 years who were not living in an elderly/nursing
home (Additional file 3 Table S2) shows that drinking sta-
tus had no significant effect on the number of contacts
and neither did having children or grandchildren. Smok-
ers had fewer contacts than those who are non-smokers or
used to smoke. Elderly people who experienced problems
in performing their daily activities had fewer contacts than
those who did not experience problems (relative number
of contacts (RNC): 0.68; 95% CI [0.51; 0.91]). The effect
of microscopic time settings was significant: more con-
tacts were observed in weekend-regular periods than in
weekday-regular periods. The majority of elderly people
who had children and/or grandchildren reported having
contacts with their children and grandchildren a few times
per week or month. Figure 2 describes the social interac-
tion of people aged 60+ years with other age groups. Peo-
ple aged 61-79 years had the highest number of contacts
with age group [40, 60), which may describe the mixing
pattern of people from 2 generations. Interaction between
people aged 60+ years and young children/teenagers was
significantly higher on holiday-weekdays and weekend
days than on regular-weekdays.
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People living in an elderly/nursing home

Forty-six people reported living in a nursing/elderly
home, with ages ranging from 79 to 99 years. Most of
them had health problems: some problems or not being
able to perform their daily activities (96%), some problems
walking (67%) or staying in bed all the time (15%); some
problems with self-care (46%) or not being able to care
for themselves (43%); and experiencing mild to serious
pain (85%) and anxiety (48%). These people reported 13.7
contacts on average, significantly higher than those aged
60+ years and living at home (P<0.0.001, Mann-Whitney
test). No statistically significant difference in the number
of contacts for people in elderly/nursing homes was found
with respect to the residence size (P=0.47, Kruskal-Wallis
test for 3 groups of residence sizes: <50, 50-100 and

100+). We compared people living in an elderly/nursing
home with people aged 60+ years living at home with
respect to their social interaction with other age groups
(see Additional file 3 Figure S2): almost no interaction
with young children and teenagers was observed for peo-
ple living in an elderly/nursing home, while this interac-
tion was more observed for people aged 60+ years living
at home.

Overall contact patterns

The contact patterns by age group were summarized in a
contact matrix displaying ages from 0 to 90 years, whose
elements represent the contact rate between an individ-
ual in a given age group and an individual in another age
group in the population of Flanders. The resulting contact
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Age-specific number of contacts of people aged 80+ years

matrix shown in Fig. 3 is described by the pronounced
main diagonal indicating contacts with individuals in the
same age group, e.g., at home, at school and at work, and
the 2 less-pronounced sub-diagonals representing con-
tacts between generations, e.g., children and their parents.

Sex differences in mixing patterns
Figure 4 shows the age- and sex-specific average number
of contacts. The assortative mixing pattern characterized

by the main diagonal was still observed for all interactions.
The measures of assortativeness for all ages provided no
differences for same sex vs. different sexes, with overlap-
ping 95% BCI of I? indices (0.39 [0.35; 0.45] and 0.42
[0.40; 0.45] vs 0.48 [0.43; 0.54] and 0.44 [0.42; 0.47], for
male-male and female-female vs. male-female and female-
male, respectively). Focusing on people aged less than 30
years, we noticed that the assortative mixing pattern was
more pronounced in male-to-male and female-to-female
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Fig. 3 Estimated age-specific contact rates and average number of contacts for the 2010-2011 survey. a Estimated symmetric age-specific contact
rates. b Age-specific average number of contacts. The color scale indicates the contact rates from low (white) to high (red)
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contacts. Specifically, for contacts made between people
in the same age groups, the average number of male-
to-male contacts and female-to-female contacts were 3.9
(BCI [3.5; 5.0]) and 4.2 (BCI [3.7; 4.9]), respectively.
These figures reduced to 2.3 (BCI [2.0; 2.8]) for male-to-
female contacts and 2.6 (BCI [2.3; 3.1]) for female-to-male
contacts. The inter-generational mixing pattern (mostly
parent-child), marked by the two sub-diagonals, was simi-
lar for females and males. The relative incidences for both
sexes also followed a similar pattern, with peaks at approx-
imately 15 years of age and between 40 and 45 years of
age, and no difference was found in the overall RI of males
compared to that of females (see Figure S3 in Additional
file 3).

School closure impact

We observed a significant difference in Ry between holi-
day and regular periods: the relative change in Ry was 0.71
(BCI [0.60; 0.85]), or equivalently a 29% reduction in Ry
for the holiday vs. the regular period. When comparing
the relative change in Ry from a weekday to the weekend, a
slightly higher reduction of 30% was observed. The differ-
ence in RI by age group is shown in Fig. 5. The comparison
of weekdays to weekends showed that the RI decreased
significantly in the age group 0-15 years, while it was
higher in the age group [60,65) and [70,75) on the weekend
compared with the weekday. The RI also decreased from
regular to holiday periods for the 3 age groups from 5 to
20 years, with the highest reduction observed in the age
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Fig. 5 Ratio of relative incidences. a Ratio of relative incidences between weekends and weekdays. b Ratio of relative incidences between holidays
and regular periods for the 2010-2011 survey. Shaded areas indicate 95% percentile bootstrap confidence intervals

Incidence ratio holiday vs. regular period
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group 10-15 years. When comparing regular to holiday
periods, we observed an increase in the RI for participants
aged 65 to 80 years, though the RI variability for this age
group was considerably high.

Comparing the contact surveys in 2006 and 2010-2011

The age distribution of the population of Flanders by age
group did not change much in almost 5 years (Additional
file 3 Figure S4a). The distribution of participants in the
survey 2010-2011 was closer to the population of Flanders
than that in the 2006 survey, especially for people older
than 60 years. Participants aged between 0—20 years were
over-sampled, while age groups 30-45 and 65-85 were
under-sampled in the 2006 survey. The average number of
contacts by age, adjusted for age, household size and types
of days (weekdays/weekend days), in the two surveys is
presented in Additional file 3 Figure S4b. The largest dif-
ference in the number of survey participants was found
for the age group 70-75.

Degree distribution from aggregated data

The result of the random forest analysis is shown in
Additional file 3 Figure S5: sex yielded the lowest mean
decrease in accuracy, so it was removed. Significant pre-
dictors for both mean and over-dispersion parameters
were further selected using the likelihood ratio test.
Accordingly, the mean and over-dispersion regressions in
the final model included household size and all interaction
effects of three variables: age groups, microscopic time
and macroscopic time.

The results of the GAMLSS model for the total number
of contacts using the aggregated data from both surveys
are shown in Additional file 3 Table S4. After controlling
for other factors, the household size was still significant,
with a higher number of contacts recorded by participants
living in a larger household. On regular weekdays, par-
ticipants aged 60+ years reported the lowest number of
contacts in both the 2006 and 2010-2011 surveys. Dur-
ing the same period, participants aged 45 —50 years had
the highest number of contacts in the 2006 survey, while
participants aged 30 —35 years had the highest number
of contacts in the 2010-2011 survey. We observed a sig-
nificant effect of microscopic time settings: in particular,
participants aged 0-5 years reported a significantly lower
number of contacts during weekends than regular week-
days, with RNC being 0.33 (CI [0.24; 0.45]) for the 2006
survey, while no significant differences in the number of
contacts between during the regular weekday and the hol-
iday weekdays was found for this age group. The main
effect of macroscopic time (calendar year) and its interac-
tion effects with age group and microscopic time settings
were significant. On regular weekdays, participants aged
0-5 years old in the 2010-2011 survey reported a lower
number of contacts than those in the 2006 survey: RNC is
0.64 (CI[0.46; 0.89]).

Comparing the contact matrices for 2006 and 2010-2011

The difference between contact matrices estimated from
the 2006 and 2010-2011 social contact surveys was negli-
gible (Fig. 6). Similar age and parent-child mixing patterns
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were observed for all contact matrices. The degree of
assortativeness measured by Q and I? indices (Table 2)
were comparable in each microscopic time period, as evi-
denced by the overlapping BCIs. The relative incidences
in 2006 and 2010-2011 (Additional file 3 Figure S6) were
also similar in both regular weekdays and holiday week-
days but were moderately dissimilar on the weekend, as
the highest relative incidence was found in two differ-
ent age classes (10-15 years and 20-25 years for 2006 and
2010-2011, respectively).

The relative change in Ry, RRI and the ratio of transmis-
sion rates were used to further compare the epidemiologi-
cal differences between contact matrices from the two sur-
veys. The relative changes in Ry are presented in Fig. 7a.
Based on the 95% BCI of relative changes in Ry, significant
changes between contact matrices of 2006 (numerator)
and 2010-2011 (denominator) were only observed dur-
ing the weekend, with an upper bound of the BCI close

Table 2 Assortativeness measures

to 1. Figure 7b presents the changes in relative incidence
between the 2006 and 2010-2011 social contact matri-
ces stratified over 13 age groups and 3 microscopic time
settings. Similar to the results of the relative change in
Ry, there was no evidence to support changes in RI over
time, except for the age group 10-15 years during the
weekend, where the RI was significantly higher in 2006
than in 2010-2011. The comparison of contact matri-
ces based on the ratio of cell-wise contact rates in each
microscopic time setting is provided in Additional file
3 Figures S7, S8 and S9, for which the BClIs included a
correction for multiple testings. We only found few signif-
icant differences in contact rates during holiday weekdays
between 2006 and 2010-2011, mostly for participants aged
50+ years.

We compared the fit of the two contact matrices in
2006 and 2010-2011 to VZV serological data (see Addi-
tional file 3 Figures S10). Although the contact matrix

Microscopic time Qindex 12 index
Survey 2006 Survey 2010-2011 Survey 2006 Survey 2010-2011
Regular weekday 0.211[0.15;0.25] 0.21[0.18;0.23] 0.53[0.43;0.68] 0.50 [0.45; 0.59]
Reqular holiday 0.151[0.10;0.19] 0.11[0.07;0.15] 0.54 [0.46; 0.64] 0.58 [0.49; 0.68]

Weekend 0.14[0.10;0.18]

0.12[0.09;0.15]

0.75 [0.64; 0.93] 0.61[0.54;0.67]
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in 2006 produced a slightly better fit than the contact
matrix in 2010-2011 (AIC: 1379 vs 1383), the observed
prevalence and force of infection by age group between
the two surveys almost completely overlapped. We found
no significant difference in Ry obtained from the contact
matrices in 2006 and in 2010-2011 (10.7 BCI[6.23; 16.45]
vs. 7.8 BCI [5.46; 7.51], respectively).

Discussion

Social contact surveys provide empirical data on pop-
ulations’ mixing patterns that can inform mathemati-
cal models of infectious diseases. In Belgium, two large
diary-based social contact surveys were conducted in
2006 and 2010-2011. In this work, we present the results
of the latest survey, discussing the impact of micro-
scopic time differences on mixing patterns and com-
paring the 2010-2011 data with the 2006 data (in Flan-
ders only). This approach allowed for assessing changes
over macroscopic time differences, albeit in the limit-
ing scenario of two surveys conducted only 4-5 years
apart in a region where demography has remained fairly
stable.

The association rules revealed that contacts of less than
15 min with non-household members usually do not
involve skin-to-skin touching. This finding is in line with
the results of the 2006 survey [28]. To investigate the

contact profiles of participants, we performed cluster-
ing analysis. Our clustering results are comparable to the
results in [3], in which a two-step clustering approach was
applied to contact data from eight European countries.
Specifically, we endorsed the “school profile’, “profes-
sional profile’, and “leisure profile” from [3], with more
contacts during leisure activities during weekends.

Demographic factors, including age, household and
province of residence, had significant effects on the num-
ber of contacts, as did the temporal factors, e.g., week-
days vs weekend days or regular terms vs holiday periods
[9, 10, 16, 22, 40]. It is noted that the interaction between
people aged 60+ years and young children/teenagers
was significantly higher during holidays and weekends
compared to regular- weekdays. For people living in an
elderly/nursing home, however, almost no contacts with
young children/teenagers were reported. Using public
transportation was associated with a higher number of
contacts in total. Our analysis also showed that those who
reported to feel ill had fewer contacts than those who
reported to be healthy [6, 10, 15-17]. This also holds for
participants reporting health problems such as anxiety or
those experiencing problems in daily activities.

There was evidence, at least among school-aged chil-
dren, that contact patterns were assortative with respect
to both age and sex. While an assortative mixing pattern
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with respect to age was still observed in adults, albeit
with lower contact rates, an assortative mixing pattern
with respect to sex disappears in people aged 30+ years.
This analysis was also performed in [41], where a hier-
archical Bayesian model was used to infer age-specific
contact rates between sexes. In contrast to [41], we did not
find significant differences in infection risk between males
and females. There are some reasons that may explain
this difference. First, we aggregated the age of partici-
pants in 20 age classes instead of using continuous age,
which can incur an inevitable loss of detail. Second, the
dispersion parameter in our model was assumed to be age-
dependent, while it was treated as a nuisance parameter in
[41] to avoid computation challenges. In addition, we used
diary weights in contact modelling to account for under-
/over-sampling over the age of participants, while weights
were not taken into account in the model of [41].

We found that the number of contacts was lower on
weekends than on weekdays and during holidays com-
pared to regular periods. We find a 30% (BCL:[17; 37%)
reduction in Ry for weekends versus weekdays or a 29%
(BCL:[14; 40%]) reduction in Ry for holidays versus reg-
ular periods. This result is consistent with the results of
other studies [8, 19, 40, 42, 43]. However, computing the
age-specific relative incidence showed that this reduction
was due to the younger age classes, both during week-
ends and during holidays. Additionally, the age-specific
relative incidence showed that during holidays, there was
a more complex change than during regular weekends:
while younger people had a lower relative incidence, peo-
ple older than 60 years had an increased relative incidence
during holidays.

Contact matrices were compared in different micro-
scopic time settings, namely, regular weekdays, holiday
weekdays and weekends, to obtain insights into possible
changes in contact patterns between 2006 and 2010-2011
(Fig. 6). Our result showed that irrespective of micro-
scopic time settings, the contact patterns in 2006 and
2010-2011 followed the same trend of assortativeness.
Furthermore, we observed pronounced inter-generational
age mixing (the two sub-diagonals of the contact matri-
ces), most likely indicating parent-child mixing patterns.
This finding supports the evidence that households are
central units in the epidemiology of airborne infections,
e.g., influenza and SARS, because of the nature of the fre-
quent and intimate contacts among household members.
Children thus can have a bridging function, allowing for
the spread of infection within households and to other
households, from schools to workplaces or vice versa in a
community [44]. The mixing patterns obtained from the
contact matrices in 2006 and 2010-2011 in our study are
in agreement with mixing patterns observed in similar
studies [9, 10]. The relative incidences based on the 2006
and 2010-2011 data were quite similar between regular
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weekdays and holiday weekdays but are dissimilar on the
weekend, as the highest relative incidence was found in
two different age classes (10-15 years and 20-25 years for
2006 and 2010-2011, respectively).

In this study, we found that contact patterns remained
fairly constant over 4-5 years. Additionally, within each
microscopic time period, no substantial changes in the
spread of infection, measured by the relative basic
reproduction number and age-specific incidences, were
observed (Fig. 7). After taking into account multiple test-
ings, the pair-wise comparison of contact rates over time
presented only few significant differences during holiday
weekdays, mostly for people aged 50+ years. While the
comparison of only two observational periods about five
years apart can be considered a limitation, to the best
of our knowledge, this is the first study, that investigates
empirically whether contact rates remain stable, in the
absence of major shocks to risk perception (as we expect
to observe in the SARS-CoV-2 pandemic emergence year
2020) and demography.

Conclusions

The second social contact survey in Flanders, Belgium,
endorses the findings of its 2006 predecessor and adds
important information on the social mixing patterns of
people older than 60 years of age. Based on this analysis,
the mixing patterns of people older than 60 years exhibit
considerable heterogeneity. From the comparison of the
two surveys, we suggest that social contact rates can be
assumed stable in Flanders over a time span of 5 years
when no major shocks to risk perceptions or demography
occur.
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