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Abstract
Background: The homogeneous mixing assumption is widely adopted in epidemic modelling for its parsimony and
represents the building block of more complex approaches, including very detailed agent-based models. The latter
assume homogeneous mixing within schools, workplaces and households, mostly for the lack of detailed information
on human contact behaviour within these settings. The recent data availability on high-resolution face-to-face
interactions makes it now possible to assess the goodness of this simplified scheme in reproducing relevant aspects
of the infection dynamics.
Methods: We consider empirical contact networks gathered in different contexts, as well as synthetic data obtained
through realistic models of contacts in structured populations. We perform stochastic spreading simulations on these
contact networks and in populations of the same size under a homogeneous mixing hypothesis. We adjust the
epidemiological parameters of the latter in order to fit the prevalence curve of the contact epidemic model. We
quantify the agreement by comparing epidemic peak times, peak values, and epidemic sizes.
Results: Good approximations of the peak times and peak values are obtained with the homogeneous mixing
approach, with a median relative difference smaller than 20 % in all cases investigated. Accuracy in reproducing the
peak time depends on the setting under study, while for the peak value it is independent of the setting. Recalibration
is found to be linear in the epidemic parameters used in the contact data simulations, showing changes across
empirical settings but robustness across groups and population sizes.
Conclusions: An adequate rescaling of the epidemiological parameters can yield a good agreement between the
epidemic curves obtained with a real contact network and a homogeneous mixing approach in a population of the
same size. The use of such recalibrated homogeneous mixing approximations would enhance the accuracy and
realism of agent-based simulations and limit the intrinsic biases of the homogeneous mixing.
Keywords: Modeling, Infectious diseases, Homogeneous mixing, Contact network

Background
Mathematical models provide a theoretical framework
that can be applied to improve our understanding of the
spread of infectious diseases in a host population [1–4].
A vast range of approaches has recently been developed
for the analysis and interpretation of epidemic data,
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characterization of transmission dynamics, contingency
planning, evaluation of intervention strategies and support of disease outbreak management [3, 4].
Different degrees of resolution are considered in
these methods, ranging from simple homogeneous
mixing models to data-demanding high-resolution
approaches [3]. Among the latter, agent-based models [5]
push the modeling strategy to numerically recreating
synthetic populations with high accuracy at the individual level [6–16]. They yield detailed predictions of the
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spatial spread of the epidemic and of the effectiveness
of a variety of intervention strategies, aiming for higher
realism. They describe the biological, social and behavioral aspects of the epidemic process explicitly including
individual features, based on available knowledge (e.g.
surveys, statistics) and assumptions where data is missing. Individuals are followed in time during their daily
activities and their infection status is updated depending
on the contacts they establish, along which transmission
may occur.
Contacts take place within different mixing groups and
with associated mixing rates, defined on available data
and depending on the considered method. Most agentbased approaches define four types of mixing groups –
namely, home, school, workplace, and community (see e.g.
[10]). The first three determine the contacts occurring
among individuals in each of those locations. Community accounts for all other contacts that individuals may
casually establish during the day. Mixing groups are built
based on available statistics profiling the population under
study and providing the frequency, type and location of
households, schools, and workplaces of various sizes [10].
Homogenous mixing is then generally assumed in each
group, given the lack of explicit contact data for all these
settings at a country scale.
Several theoretical and data-driven studies have however highlighted the limitation of homogeneous mixing assumptions in many instances. It was shown to
be unrealistically simple, lacking the description of any
sort of individual heterogeneity (e.g., number of contacts,
but also frequency, duration, timeline of contacts, etc.)
[17–27]. Other works have focused on the impact that
homogeneous mixing approximations may have in the
resulting epidemic dynamics compared to more realistic
settings (e.g. heterogeneity in contacts, explicit contact
patterns, and others). Aiming to improve the accuracy
of the approximation, they proposed possible modifications of the mean-field equations to effectively account
for the network structure of contacts in the population
or the direct comparison of different network structures [17]. For instance, they incorporated the basic reproductive number as a parameter in the equations [28],
used time-dependent transmission rates [29] or nonlinear modifications of the infection term accounting
for heterogeneity [30–32]. While some of these approximations performed well given sufficient epidemiological data, they were found to be generally not accurate
enough to capture the disease dynamics across a wide
range of population contact patterns and disease transmission rates [17]. Most importantly, these approaches
were tested on static synthetic contact networks, and the
case of time-resolved empirical or synthetic contact data
has not been addressed so far. As a growing body of literature has shown, epidemic processes on time-varying
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networks present however a number of specificities and
differences compared with spreading processes on static
networks [20, 33–42]. Understanding whether homogeneous mixing approximations can reproduce epidemics
on temporal networks has thus a clear interest to increase
the realism of these approximations and of larger-scale
approaches adopting them, such as e.g. agent-based
models.
Though high-resolution time-resolved contact data are
still too rare to comprehensively feed agent-based simulations at large spatial scales, a vast research effort has
indeed recently allowed mining such data in a variety
of closed settings, using wearable sensors and digital
devices [33, 43–46]. Monitored settings include, among
others, schools [26, 33, 47–49], workplaces [50], hospitals [24, 25, 46], conferences [20, 51], and museums
[51, 52]. Such data thus offer a yet unexploited opportunity to compare, with respect to the course of an epidemic, the homogeneous assumption generally used in
mixing groups to realistic time-resolved contact patterns
tracked in specific settings. Taking this further, they allow
us to explore whether it is possible to adjust the disease parameter values of a compartmental model under a
homogeneous mixing assumption in order to reproduce
the epidemic simulated on the contact data. For example, how can we best replicate an epidemic unfolding on
empirical time-resolved contacts among N students at
school by simply using a homogeneous assumption for
a mixing group of N individuals with tuned parameters?
Answering this question would provide an alternative
and simpler description of the complex pattern of interactions for epidemic purposes, for the specific setting
under study.
Here we focus on empirical data collected in a variety
of settings. To be able to generalize our results to categories of settings with different characteristics (e.g. different population sizes), we test our approach on datasets
of different sizes and group structures, investigating how
the fitted parameter values of the homogeneous mixing model depend on the sizes of groups, the number
of groups, and on the disease parameters. We consider
contact data from a school, a workplace, and a scientific conference. Furthermore, a generative model of
synthetic time-resolved contacts is used to validate the
findings and to explore variations in population size and
group structures beyond what is allowed by the empirical
datasets.
The aim of our work is twofold: (i) to deepen our understanding of the limitations of homogeneous approximations in real situations; and (ii) to offer a tool to systematically improve the realism and accuracy of epidemic simulations that can be used in modeling approaches where
closed settings are explicitly considered, as for instance in
spatial agent-based models.
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Methods

Table 1 Details of empirical contact data at different locations

Contact networks

Location

Set

Size N #Groups Group sizes

Workplace

Full

Here we present the empirical contact datasets and the
synthetic contact model that will be used to construct
temporal contact networks for the epidemic spreading
simulations.

School

Empirical contact data

Empirical contact data have been collected by the
SocioPatterns collaboration [53] making use of wearable sensors embedded in badges that exchange ultra-low
power radio packets for detecting face-to-face proximity
between individuals [44]. Here we consider three datasets
among those collected by SocioPatterns, each representing a different social setting: a workplace, a school and a
scientific conference. The workplace data were collected
in an office building in France during two weeks in 2013
(from June 24 to July 5, 2013). The population under
study was composed of individuals from 5 departments
of 15, 26, 34, 13 [50, 54]. The school data were collected
in a French high school, where 9 classes of similar sizes
were tracked during the week of Dec. 2 to 6, 2014 [49,
55]. The conference data were collected during the 2009
Annual French Conference on Nosocomial Infections on
June 3, 2009 [20]. The school and workplace datasets have
a community structure [49, 50], while the conference does
not [20]. Contact data recorded with a temporal resolution of 20 seconds are represented by temporal contact
networks: each individual is represented as a node, and
a link is drawn between two nodes at time t if a contact
has been recorded between them at that time. Here we
keep the highest temporal resolution given by the data.
Temporal aggregation has already been studied in the
realm of epidemic spreading and other dynamical processes, and it was shown to alter the process outcome
under certain conditions [20, 42, 56]. To focus exclusively
on the aspect of recalibration and be able to span a large
range of values of the timescale of the epidemic dynamics, we choose here to use the full time-resolved dataset,
as also done in previous works [20, 33, 57, 58], in order
to avoid any such effect that could potentially impact our
results.
To study the effect of population size, we also consider
subsets of each full dataset. Specifically, we consider: two
subsets composed of 4 and 3 departments for the workplace; two subsets composed of 6 and 3 classes for the
school; two subsets composed of 75 % and of 50 % of the
population tracked at the conference (randomly chosen
individuals). In the workplace and conference cases, subsets are not mutually exclusive. The subsets are extracted
from the full datasets by considering only the contacts
occurring among the selected individuals. Sizes of each
dataset and of the associated subsets are summarized in
Table 1.

Duration

92

5

15, 34, 4, 26, 13

Subset 1 79

4

15, 34, 4, 26

Subset 2 51

3

34, 4, 13

326

9

37, 33, 39, 33, 29, 38
44, 39, 34

Subset 1 212

6

33, 39, 29, 38, 39, 34 1 week

Full

Subset 2 114

3

37, 33, 44

403

1

403

Subset 1 303

1

303

Subset 2 202

1

202

Conference Full

2 weeks

1 day

Synthetic contact model

To construct synthetic temporal contact networks, we
extend the agent-based model of Vestergaard et al. [59]
to model a population divided into social groups, with
contacts occurring preferentially between individuals of
the same group. The model generates temporal contact
networks that are similar to empirical ones. Namely, it
produces heterogeneous contact and inter-contact durations and heterogeneous frequencies of contacts between
pairs of individuals, as observed in many realistic situations [59].
Our model considers a population of N agents divided
into Q non-overlapping groups.
 by nq the num We denote
Q
ber of agents in group q
q=1 nq = N . If two nodes i
and j are in contact, the link (i, j) is active, otherwise it
is inactive. We denote by t(i,j) the last time the link (i, j)
changed its state (from active to inactive or vice versa) and
by ti the last time when a link from/to agent i changed
its state. Agents at time t are characterized by the time
τi = t − ti elapsed since the last time the agent either
gained or lost a contact. Links are characterized by the
time τ(i,j) = t − t(i,j) elapsed since the link was last either
activated or inactivated.
We initialize the network with all agents isolated (i.e. all
links inactive). We set ti = 0 and t(i,j) = 0 for all agents and
links, respectively. At each time step t, all active links
and all agents are updated as follows:
(i) Each active link (i, j) is inactivated with probability
t z (1 + τ(i,j) )−1 , where the parameter z controls the rate
with which contacts end;
(ii) Each agent i initiates a contact with another agent
with probability t b (1+τi )−1 . The other agent j is chosen
among agents that are not in contact with i, with probability proportional to ap,q (1 + τj )−1 (1 + τ(i,j) )−1 . Here b
controls the rate of contact creation, while p and q are the
groups which i and j belong to, respectively, and ap,q regulates the probability for an agent of group p to create a
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contact with an agent of group q. Since the contact networks are undirected, we consider symmetrical values for
these probabilities, i.e. ap,q = aq,p .
The model is used for generating temporal contact networks for nine synthetic populations, made by 3, 6 and 9
groups of 10, 20 and 30 individuals each (Table 2). In this
way, we can separately study the influence of the total population size, the number of groups, and the number of
individuals per group, as these parameters are more easily tunable than in empirical data. Population sizes range
from 30 to 270 individuals, and we obtain three pairs of
datasets with the same population size but different group
compositions (e.g., datasets with total size equal to 90,
obtained as 9 groups of 10 agents or 3 groups of 30 agents).
For definiteness, we consider only two values of ap,q :
ap,p = a0 for agents in the same group, and ap=q = a1
for agents of different groups, and we consider groups of
the same size, to provide a benchmark against which to
compare the results of empirical data, where the group
structure can be either homogeneous or not. The values
of a0 and a1 were chosen such that agents had approximately 50 times as many contacts with agents from their
own group as with agents from each of the other groups,
comparably to the school setting.
Simulations of epidemic spread

We consider a standard Susceptible-Infectious-Recovered
(SIR) epidemic model [1, 2], where individuals belong to
one of the following compartments at any time step: susceptible (S), infectious (I) or recovered (R). A susceptible
(S) individual in contact with an infectious (I) individual becomes infectious (I) at a given constant rate (called
transmissibility), while an infectious (I) individual spontaneously recovers from infection with a constant rate (the
recovery rate), entering the recovered (R) compartment.
Epidemics on contact networks

In this framework, the epidemic spread takes place on the
temporal contact network (obtained from either empirical
Table 2 Details of synthetic contact data
Groups

Group size

Total size N

3

10

30

20

60+

6

9

30

90∗

10

60+

20

120

30

180−

10

90∗

20

180−

30

270

Symbols identify the pairs of groups with the same total population size

or synthetic contact data) with temporal resolution τ =
20 s. Nights and weekends have been removed, in order to
focus exclusively on the contact dynamics of interest and
for which data are available. We denote by βc the transmission rate of the infection from an infectious individual
to a susceptible individual upon contact, and by μc the
recovery rate of infectious individuals. Each simulation is
stochastic and starts with one infected node (the seed)
chosen randomly in a fully susceptible population. The
seeding occurs at a randomly chosen time of the dataset.
A key metric to describe the epidemic is the basic reproductive number R0 , defined as the number of secondary
cases an average infectious individual generates over the
course of its infectious period in a fully susceptible population [1, 2]. Here we compute the basic reproductive
number Rc0 for epidemics evolving on contact networks
as the number of susceptible individuals infected by the
seed during its infectious period, averaged over all possible seeds. We explored the parameter space given by
the reproductive number Rc0 and the recovery rate μc . In
practice, for each pair of desired values (Rc0 , μc ), we first
perform simulations at various βc and fix the value of
βc such that the average number of secondary infections
generated by the seed before recovering is equal to Rc0 .
We record the fraction of infected individuals (epidemic
prevalence) in the population at each time step for each
realization, and consider the temporal evolution of its
average (if needed, the dataset is repeated until the epidemic ends). We use the temporal Gillespie algorithm
of [60] for numerical simulations, avoiding in this way the
slowing down of usual algorithms when high-resolution
temporal data are used in simulations with realistic epidemic parameters.
Homogeneous mixing model

Here we consider a frequency dependent homogeneous
mixing compartmental model, based on a mass-action law
for the transmission of the infection between individuals
who are assumed to mix uniformly and randomly [1, 2].
No explicit pattern of contacts is considered. If we denote
by β and μ the transmission and recovery rates, respectively, in this epidemic framework the state of each node
evolves according to the two following transitions:
β· NI

S −−→ I ,

μ

I−
→ R.

That is, at each infinitesimal time step dt, each susceptible individual becomes infectious with probability
β· I(t)
N dt, where I(t) is the number of infectious individuals
in the population at time t, and each infectious individual recovers with probability μdt. With respect to the
epidemic simulated on contact networks described previously, here the rate of transmission β integrates implicitly
both the average number of contacts per individual and
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the transmissibility per contact. The reproductive number
is here simply given by Rh0 = β/μ.
The infection dynamics is simulated using the classic Gillespie algorithm of [61], starting with one infected
individual in a fully susceptible population of size N.
Fitting procedure

Given an average prevalence curve obtained by simulating an epidemic on the contact network with parameters
(Rc0 , μc ), we explore the parameter space (Rh0 , μh ) of the
homogeneous mixing model in order to find the pair that
best reproduces the prevalence curve obtained with the
contact network approach (Fig. 1).
We consider ranges of parameters typical of respiratory infections such as influenza [62] or Severe Acute
Respiratory Syndrome (SARS) [63, 64], with Rc0 taking values between 1 and 4, and μc between 0.1 and 2 d−1 .
More in detail, we consider the following points in the
parameter space (Rc0 , μc ): Rc0 = 1.1, 1.4, 2.1, 2.8, 3.5 and
μc = 0.3456 d−1 ; Rc0 = 1.4 and μc = 0.1728, 0.3456,
0.6912, 0.8640, 1.728 d−1 , for a total of nine points
(Fig. 1a).
For each point (Rc0 , μc ), we simulate 10,000 SIR stochastic epidemics on the temporal contact network and compute the resulting average prevalence Ic (t)/N. We then
explore the parameter space (R0 , μ) and for each point
we simulate 10,000 SIR stochastic epidemics in the homogeneous mixing approximation in a population having
the same size N. We fit the obtained average prevalence Ih (t)/N to Ic (t)/N by minimizing the cumulative squared difference between the two curves using the
Levenberg-Marquardt algorithm [65, 66]. Each iteration
step of the fitting procedure corresponds to performing 10,000 stochastic realizations of the homogeneous
mixing model with the estimate vector as input value.
The estimate vector is composed of the fitted parameters of the epidemic (Rh0 , μh ), which are the values of the
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basic reproductive number R0 and recovery rate μ of the
homogeneous mixing model that lead to the best fit of the
average prevalence curve for the epidemic taking place on
the contact network (Fig. 1b).
To assess the results of the fit in a quantitative way that
is directly meaningful in terms of epidemic risk and outcome of the disease spread, we inspect three features of
the epidemic – namely the peak time T of the prevalence curve, the peak value P, and the total size α of the
epidemic – and evaluate how they change between the
two epidemic frameworks (see Fig. 1c). As we will consider parameter values giving rise to epidemic sizes that
span up to two orders of magnitude, we consider below
the logarithm of α. The peak time and peak value are
important to give a measure of the impact over time of
an epidemic, whereas the epidemic size quantifies the epidemic’s overall impact in a population. For each feature f ,
we compute the relative difference f between the value
obtained in the homogeneous mixing approximation and
the one obtained in the contact epidemic model, used as
f −f
a benchmark, i.e., f = h fc c . In the case of the epidemic
size, our criterion for the evaluation of the fit performance
is the same as the epidemiological distance defined in [17].
The fitting procedure is performed for epidemic simulations on each empirical dataset described in Table 1 and
on each synthetic contact network described in Table 2.

Results
We first examine the performance of the fit in terms of the
three epidemic features (T, P, α) for each contact network
considered. We will then evaluate the relation between
the parameters in the homogeneous mixing framework
resulting from the fit and the parameters used in the simulations on the contact network data, and assess how this
recalibration depends on the social setting, the size of the
population and the group structure.

Fig. 1 Fitting procedure. a Nine pairs of parameter values (Rc0 , μc ) used in the simulations of epidemics on the temporal contact network. b
Schematic visualization of the fitting procedure with results. We consider the average prevalence profile of an epidemic with parameters (Rc0 , μc )
unfolding on the contact network (black dashed line). The homogeneous mixing approach with the same parameter values generally leads to a
different average prevalence curve (black dotted line). By exploring the parameter space in the homogeneous mixing approximation, we find the
values of (Rh0 , μh ) that best reproduce the average prevalence curve obtained on the contact network (red continuous line). c Graphical visualization
of the three epidemic features used for the evaluation of the fit: peak time T, peak value P and total size α
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Performance of the fit

For the empirical contact data, we find different behaviors
of the relative difference T in the peak times depending on the dataset under study (Fig. 2a). T is low in
the conference setting (median < 10 %) and displays low
variability. In the school datasets we find larger median
values (around 0.170) and larger dispersions, whereas in
the workplace setting we obtain a mixed behavior, with
small values and small variability in subset 1, and larger
medians and variations in subset 2.
Less variation across the datasets is observed in the relative differences P of the peak values, with median values
in the interval [0.027, 0.101], for all datasets and subsets
considered (Fig. 2b).
Similarly to the peak time results, the largest variation in the epidemic sizes (log α ) is observed in the
school setting, specifically in the two subsets, whereas
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the workplace and the conference display smaller median
values. The largest relative differences correspond to small
epidemic sizes, and a power-law relation can be found
linking the epidemic size in the fitted homogeneous mixing model to the one resulting from the spread on the
contact network, i.e., αh = a·αcb , with a = 2.1 ± 0.2 and
b = 0.89 ± 0.02 (Fig. 2d).
When the fit is performed on the epidemics occurring
on the synthetic contact networks, we observe a stable
behavior across the various epidemic features and datasets
explored (Fig. 3). Here we investigate the effect of varying
the numbers of groups, the group sizes and the total population sizes (see Table 2). The approximations of the peak
time obtained with the homogeneous mixing approach
show a median relative difference T ranging between
10 % and 17.5 %, and a decrease of both the median and
the variability of T as the number of groups, the group

a

b

c

d

Fig. 2 Performance of the fit for empirical data. a-b-c Variations of the three epidemic features (a T , b P , c log α ) for all empirical datasets under
study. Each point corresponds to one set of parameters (Rc0 , μc ). d Epidemic size obtained from the homogeneous mixing approach with best fit
values as a function of the epidemic size resulting from the contact network epidemic simulations. Each point corresponds to one parameter set
(Rc0 , μc ) and one dataset. The black line corresponds to the diagonal, and the blue line is a fit to all the points (using unweighted least squares fitting
of the logarithmic values)
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a

b

c

d

Fig. 3 Performance of the fit in synthetic populations. a-b-c Variations of the three epidemic features (a T , b P , c log α ) for all synthetic datasets
under study. Each point corresponds to one set of parameters (Rc0 , μc ). Numbers on the x-axis give the value of the relevant property of the data
(from left to right, number of groups, number of individuals per group or total population size), see Table 2. d Epidemic size obtained from the
homogeneous mixing approach with best fit values as a function of the epidemic size resulting from the contact network epidemic simulations.
Each point corresponds to one parameter set (Rc0 , μc ) and one dataset. The black line corresponds to the diagonal, and the blue line is a fit to all the
points (using unweighted least squares fitting of the logarithmic values)

size or the total population increase (Fig. 3a). The approximations of the peak value show even smaller relative
variations, with all medians of P below 10 % and small
dispersion, even if P increases slightly with the dataset
size (Fig. 3b). Results for the epidemic size are qualitatively
similar to the ones obtained for the peak time. The median
value of log α generally decreases when the number of
groups, group size or total population size increases, and

in all cases remains below 15 %. The relation between αc
and αh is close to linear (αh = a · αcb , with a = 1.55 ± 0.05
and b = 0.975 ± 0.006, Fig. 3d), where the fit is performed
considering all the datasets listed in Table 2 and parameter
values of Fig. 1a.
We tested for correlations between the three indicators
of the performance of the fit (Table 3 and Figure S1 of
Additional file 1). Significant negative correlations were

Table 3 Correlations between relative differences
Location (Full)

P vs. T

log α vs. T

P vs. log α

r[ 95 % CI]

p-value

r[ 95 % CI]

Workplace

−0.2[ −0.8, 0.5]

0.6

0.8[ 0.4, 1.0]

0.004

−0.02[ −0.68, 0.65]

0.95

School

−0.9[ −1.0, −0.5]

0.003

0.8[ 0.2, 1.0]

0.02

−0.5[ −0.9, 0.2]

0.2

Conference

−0.2[ −0.8, 0.5]

0.6

0.3[ −0.4, 0.8]

0.4

−0.9[ −1.0, −0.7]

< 10−3

p-value

r[ 95 % CI]

p-value
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found between P and T for the School dataset (Pearson
correlation coefficient and 95 % confidence interval r =
−0.9[ −1.0, −0.5] , p = 0.003), and between P and log α
for the Conference dataset (r = −0.9[ −1.0, −0.7] , p <
10−3 ). Positive correlations were found between log α
and T for the Workplace (r = 0.8[ 0.4, 1.0] , p = 0.004)
and School (r = 0.8[ 0.2, 1.0] , p = 0.02). All other cases
were qualitatively similar but non-significant.
Finally, we explored the dependence of the fit performance on the epidemic parameters. We found that for
all three datasets log α is negatively correlated with Rc0
(Tables S1 and S2, and Figure S2 of Additional file 1).
Additional significant results emerged in the School
dataset, displaying a negative correlation between T and
the reproductive number, and in the Conference dataset,
yielding a positive correlation between P and Rc0 . Nonsignificant associations were found between the variations
and the recovery rate μc .

Rescaling the parameters of the homogeneous mixing
model

After having quantified the accuracy of the homogeneous mixing approach in reproducing an epidemic taking
place on a contact network, we focus here on the fit
results. Figure 4 shows six examples of prevalence profiles
obtained from the fit procedure with the full empirical
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datasets, for cases resulting in either large or small variations of the peak value (P in the first or third quartile
of its distribution, respectively). We find that the outcome of the epidemic described by the homogeneous
mixing that best captures the contact network epidemic
is generally strongly different from the one obtained with
a simple homogeneous model with unchanged parameter values (i.e. using (Rh0 , μh ) = (Rc0 , μc )). The initial
rise of the epidemic is found to be faster in the epidemic on contact networks (and thus in the associated
best fit homogeneous mixing) with respect to the unaltered homogeneous approximation. The recalibration of
the parameters needed to fit the curve of the epidemic
on the contact network does however not act only on the
reproductive number: a tuning of the recovery rate is also
needed to capture the whole timeline of the original epidemic dynamics. Accounting for such changes leads to
strong differences in the duration of the epidemic of the
recalibrated vs. unaltered homogeneous mixing approach
in some of the cases explored (see e.g. panels (b) and (c)).
Given the changes in the spreading parameters required
to capture the epidemic dynamics evolving on the timeresolved network of contacts by a homogeneous mixing
framework, in the following we systematically explore
how the fitted values of the epidemic parameters (Rh0 , μh )
depend on the values (Rc0 , μc ) of the original spreading
simulations.

Fig. 4 Examples of fit results. Fitting procedure in Workplace full dataset, a and d, School full dataset, b and e, and Conference full dataset, c and f.
For each location we represent a sample of a “good” fit (a, b and c) and a sample of a “bad” fit (d, e and f), i.e. fits yielding a relative difference of peak
value P in the first and in the third quartile of Fig. 2, respectively. For each case, the average prevalence curve is shown, with the values of the
parameters R0 and μ and the average epidemic size α
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We show in Fig. 5a the fitted values of Rh0 for fixed μc =
0.3456 d−1 and for varying Rc0 = 1.1, 1.4, 2.1, 2.8, 3.5 (see
Fig. 1a). Conversely, in Fig. 5b we show the values of μh
obtained at fixed Rc0 = 1.4 and varying μc . Note that μh
is approximately constant when μc is kept fixed and Rc0
is varied, while Rh0 is approximately constant when Rc0 is
fixed and μc is varied (not shown).
The results uncover the presence of a linear dependency
existing between the parameters of the homogeneous
mixing model and the input parameters of the contact
network approach, for all cases under study. The relation
between the reproductive numbers Rc0 and Rh0 at fixed
μc (Table 4) shows that in order to reproduce the prevalence curve, the homogeneous mixing model requires an
increase of the transmissibility of the epidemic in the
conference and workplace settings, and instead a slight
decrease in the case of the school. We note moreover
that the required increase is similar in the workplace and
conference contexts (workplace: 1.36 ± 0.07; conference:
1.23±0.05). The linear relations found between the recovery rates μc and μh are based on scaling factors all larger
than one (ranging from 1.346 to 1.72, see Table 4), indicating that larger values for this parameter are always
required by the homogeneous mixing approximation. Different subsets of a given location yield slightly different
slopes compared to the corresponding full dataset (not
shown).
The linear dependency between the fitted parameters
and the input ones is also found when synthetic models
are used to define the contact patterns (Fig. 6). Moreover, the relations are quantitatively similar across groups,
group sizes, and total population sizes, for both parameters. The average rescaling factor for the reproductive
number is 1.06 (average value over all cases reported in
Table 5, except the one with group size equal to 10, where

a

Page 9 of 15

the small group size might give rise to more important size
effects), while for the average recovery rate it is 1.54. We
also note that the scaling factors for the recovery rate in
the synthetic cases are quite close to the one obtained in
the conference setting.

Discussion
The large availability of datasets exposing the contacts
between individuals and the increasing computational
ability have made individual-based models a powerful
and widespread approach to describe infectious disease
dynamics in a host population. This is particularly useful
for simulating epidemics in closed settings, where detailed
contact data may become accessible, sometimes including temporal resolution. The approach becomes however
prohibitive when dealing with large-scale populations or
multiple settings, as explicit data is generally missing.
This is the case, for example, of spatially explicit agentbased models for the spread of respiratory infections in
a given country [6–16]. In absence of data, homogeneous
mixing models are then used. While they are known to
provide important and valuable results for several epidemic aspects [1, 2], their application is challenged by
their lack of realism in reproducing the mixing of individuals. While several previous works have addressed the
issue of adjusting homogeneous mixing models to account
for a non-trivial static structure of the contact network
[17, 28, 29, 32], the recent development of the temporal networks field has shown that spreading processes
on time-resolved data possess highly non-trivial properties [20, 33–39, 41, 42]. Here, we have therefore considered whether homogeneous mixing approximations
can effectively reproduce epidemic processes unfolding
on temporal networks. Through the study of empirical
and synthetic temporal networks of contacts between

b

Fig. 5 Recalibration of epidemic parameters for empirical networks. a Best fit values of the reproductive number Rh0 as functions of the corresponding
input values Rc0 . b Best fit values of the recovery rate μh as functions of the corresponding input values μc . Symbol shapes correspond to datasets. For
Rc0 = 1.4 in a, we show the value of Rh0 averaged over the various values of μc considered; for μc = 0.346 in b, we show the value of μh averaged
over the various values of Rc0 considered. Lines are the result of a linear fit to all points obtained in a given location using unweighted least squares
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Table 4 Values and standard deviations of the parameters a, b, d,
e of the linear relations Rh0 = a · Rc0 + b and μh = d · μc + e
obtained from the fits of Fig. 5
Location

a

Workplace

1.36 ± 0.07

−0.2 ± 0.1

School

0.89 ± 0.07

0.1 ± 0.1

1.72 ± 0.04

Conference

1.23 ± 0.05

0 ± 0.1

1.60 ± 0.01

b

d

e

1.346 ± 0.005

0.007 ± 0.005
0 ± 0.04
−0.020 ± 0.009

individuals, we have shown that there exists an adjustment
of the homogeneous mixing model meant to increase
the model’s realism for describing epidemics unfolding
on temporal networks of contacts in closed settings. The
adjustment is based on the recalibration of the reproductive number and the recovery rate of the homogeneous
mixing model to capture the dynamics simulated on the
time-evolving contact patterns.
We found that fitting the average epidemic prevalence
profile allows us to reproduce an average epidemic curve

that has similar characteristics to the one unfolding on the
contact network, even when the explicit details of the contact structure (i.e. its topology and its time evolution) are
neglected. Higher accuracy is obtained in the prediction
of the peak values compared to the peak times, the latter
also depending on the context under study. This indicates
that the recalibrated homogeneous mixing model approximates well the peak prevalence in the population in all
investigated settings, while the time at which the peak is
reached is more sensitive to the specific setting. Accuracy in capturing the epidemic size is harder to achieve
with respect to the other two indicators, as expected given
that the fitting was performed on the evolution of the
density of infectious individuals and not on the density
of recovered individuals. We found however that a regular relation exists between the epidemic size obtained
from the recalibrated homogeneous mixing model and
the one from the contact network model, thus providing
an empirical law to estimate the realistic epidemic size

a

b

c

d

e

f

Fig. 6 Recalibration of epidemic parameters for synthetic networks. a-b-c: Best fit values of the reproductive number Rh0 as functions of the
corresponding input values Rc0 . d-e-f: Best fit values of the recovery rate μh as functions of the corresponding input values μc . Different population
properties are explored: number of groups (a, d), group size (b, e), total population size (c, f). In each panel, each color corresponds to a specific
value of the population property considered. Lines are the result of linear fits to the points obtained in each location using unweighted least squares
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Table 5 Values and standard deviations of the parameters a, b, d, e of the linear relations Rh0 = a · Rc0 + b and μh = d · μc + e obtained
from the fits of Fig. 6
Groups
3

a

b

d

e

1.05 ± 0.05

0.10 ± 0.11

1.54 ± 0.02

0.02 ± 0.02

6

1.08 ± 0.02

0.08 ± 0.06

1.521 ± 0.003

−0.004 ± 0.002

9

1.07 ± 0.03

0.106 ± 0.07

1.60 ± 0.01

−0.001 ± 0.011

Group size
10

1.23 ± 0.06

−0.19 ± 0.14

1.470 ± 0.007

0.010 ± 0.006

20

1.00 ± 0.03

0.18 ± 0.06

1.557 ± 0.009

0.005 ± 0.008

30

1.01 ± 0.03

0.21 ± 0.07

1.583 ± 0.008

−0.005 ± 0.008

Total size N
60

1.16 ± 0.05

−0.09 ± 0.11

1.44 ± 0.02

0.03 ± 0.02

90

1.09 ± 0.03

0.05 ± 0.08

1.531 ± 0.006

0.002 ± 0.006

180

1.03 ± 0.02

0.19 ± 0.04

1.578 ± 0.003

−0.012 ± 0.003

from simpler simulations performed with a homogeneous
mixing approach.
The accuracy of the homogeneous approximation is
found to be fairly good also in the cases explored with
the synthetic network model. Moreover, results are generally less variable, except for the accuracy in reproducing
the peak time that is found to improve for larger populations (e.g. by increasing the group size or the number of
groups). Larger discrepancies are found for the epidemic
sizes, similarly to the findings obtained considering the
empirical datasets, and a scaling relation exists between
the two quantities also in the synthetic case. The relation appears to be almost linear in this case, compared
to the slightly sublinear behavior found with the empirical datasets. This difference in behavior may be due to
the simplified dynamics produced by the synthetic contact
network model with respect to the realistic ones.
We found an intrinsic dependence among the variations, and between the variations and the reproductive
number characterizing the epidemic under study. In general, the accuracy on the peak time increases at the
expense of the accuracy in capturing the epidemic size
and the peak prevalence. The error in the prediction of
the epidemic size decreases for increasing reproductive
number, showing a stronger robustness once more severe
epidemics are considered. This is likely due to the fact
that these epidemics are more stable in terms of epidemic
indicators integrating the full dynamics, like the epidemic
size. On the other hand, for a point value such as the
peak value we find worse approximations. The observed
behavior results from the quantity we considered to fit the prevalence curve - and different behaviors of discrepancies may be expected in other fitting procedures. Note
that, despite these dependencies, the fitting procedure

cannot be optimized to reduce the discrepancy on a given
epidemic feature. Our procedure indeed chooses the best
overall fit to the whole prevalence curve, as we aim to
reproduce the whole epidemic dynamics. Variations of
the fitting procedure should be considered for alternative
objectives.
Overall, our findings indicate that it is possible to recalibrate a homogeneous mixing model to reproduce a set
of important features of the epidemic spread with median
discrepancies < 20 %, for all features, all datasets (empirical and synthetic) and all parameter values investigated.
Given these levels of accuracy, we assessed the features
of the recalibrated homogeneous mixing model. Surprisingly, we found that a linear relation exists between the
recalibrated disease parameters and the real ones, for
both the reproductive number and the recovery rate.
This means that, given an epidemic unfolding in a host
population characterized by time-evolving contacts, it is
possible to accurately describe that epidemic by means
of a much simpler approach, the homogeneous mixing,
once its parameters are rescaled according to such law.
The great advantage offered by this linear relation is that
it succeeds in capturing the disease dynamics across all
probabilities of transmission and recovery rates explored.
We found, however, that it depends on the empirical setting considered, suggesting that the recalibration of the
homogenous mixing model is context-specific. This is
expected given the different interaction dynamics occurring between individuals in the different settings, which
makes for instance a school epidemiologically different
from a workplace or a conference.
The epidemic appears to evolve faster in the temporal contact network than in a corresponding homogeneous mixing model with the same epidemic parameters.
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Though the unadjusted homogeneous approach assumes
random mixing in the population, the fast dynamics of
the real contacts established by individuals appear to
be more efficient in the spread of the disease, reaching
higher prevalences in a shorter time. We showed that
this behavior can be accurately reproduced by the recalibrated homogeneous mixing. Interestingly, and different
from previous results on static networks [17], we found
that the tuning of both epidemic parameters is needed. An
increase of the reproductive number is required to accurately describe the epidemic in the workplace and conference settings, whereas the opposite behavior is observed
in the school. Adjustments of the recovery rate are also
needed in the recalibrated homogeneous mixing model to
adapt to the faster disease dynamics, even with a lower
transmissibility. Shorter infectious periods are found to
be always required by the recalibration across all settings,
thus providing a higher turnover of infected into recovered that results in a shorter tail of the epidemic. Our
results show how different outcomes may be achieved
once epidemics spread on real contact networks, similar
to previous work [34, 39]. In addition, they provide quantitative relations where such differences are reconciled and
absorbed in the tuning of two epidemic parameters. The
recalibration of only one of the parameters would not suffice to fit both the initial exponential growth and the tail
of the epidemic as we are attempting to do here.
The recalibration is found to be more robust across the
populations types considered in the synthetic networks.
The rescaling coefficient of the reproductive number is
slightly larger than 1 in all cases (with the exception of
the group size of 10 individuals where a higher value may
be induced by the small population size). This finding
is likely due to the self-similar dynamics of interaction
between individuals implemented in the synthetic contact
networks. The dynamics is maintained the same across
different groups, group sizes or total population sizes, so
that similar quantitative results are expected once these
indicators are changed. Small variations may simply be
due to size effects.
The comparison of synthetic vs. empirical findings provide also insights into the mechanisms behind the resulting recalibrations. The fact that the scaling factors for
the adjustment of the reproductive number are close to
one in the synthetic cases, compared to stronger super
linear behaviors observed in the workplace and conference settings, shows that a smaller adjustment of the
reproductive number is needed once contacts are characterized by a simpler dynamics. Once non-random peculiar
structures are considered, as those inevitably present in
the empirical datasets, stronger adjustments in the transmissibility are required. The School dataset is the only
case where an underestimation of the transmissibility is
needed to reproduce the epidemic process, in contrast to
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all other cases explored. The study of additional datasets
of contacts between students at various schools would be
needed to understand whether the observed behavior is
specific of this setting or of the particular dataset under
study. The value of the rescaling factor is however very
close to one, similarly to the values obtained in the synthetic cases (though smaller vs. larger than one). Synthetic
contact networks share similar features with the contact
patterns recorded at the school: first, the synthetic networks are composed of groups of the same size, similarly
to classes at school but differently from the workplace
departments, which have varying sizes; second, the synthetic contact matrix describing the interactions between
and within groups (with only two values for ap,q ) is more
similar to the one observed in schools [47–49], than to the
more heterogeneous and more mixed patterns observed
at the workplace [50]. Schools composed of rather homogeneous substructures in terms of class sizes may thus be
nicely described through our rescaling, regardless of the
specific number of classes and class size. This is particularly relevant as schools represent an important mixing
group for the transmission of airborne infections, due
to a pattern of contacts that is strongly age-dependent
[67–69]. Workplace results are different from school
results, indicating that the same homogeneous approximation cannot be used in both settings (as currently done
in the realm of agent-based models) to achieve accurate
epidemic curves, but that a stronger rescaling of the basic
reproductive number should be considered. We note however that repeated observations of empirical networks for
each setting would be needed to assess the robustness of
the recovered behaviour.
The infectious period is instead subject to a similar
recalibration procedure for different types of contact networks. The slightly larger fluctuations observed for the
case of empirical networks reflect stronger variations
in network temporal patterns and timescales. Overall
robustness and similarity are however found across all
experiments, indicating that the specific dynamics of contacts becomes more relevant for the recalibration of the
reproductive number.
Our study has a set of limitations that we acknowledge
here. It does not consider the key mixing group represented by households. Contact data in households have up
to now only been obtained through surveys, thus offering
a lower temporal resolution with respect to the sensors
used in the data collection experiments considered here.
Few studies have focused on the extraction of an accurate
representation of the contacts within a household for epidemic purposes [70, 71]. We argue that our approach may
in any case not be ideal in this specific type of mixing context, given the small size of the household populations to
be considered (see e.g., our results obtained with groups
of 10 individuals).
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The study considers face-to-face interactions between
individuals as the only relevant contact for possible transmission of airborne infections. It is known however that
other means of transmission may be relevant. In the case
of influenza, for example, transmission may also occur
through aerosol, i.e. small particles that remain airborne
and can be carried over longer distances, and through
indirect contact, i.e. passive transfer of viruses from an
infected person to an uninfected individual through a
contaminated surface. To model aerosol transmission, colocation of individuals may be used as a proxy for longrange contact for transmission. This information may be
extracted in the datasets under study, however the model
should also be informed with the relative force of transmission along this route. Transmission via contaminated
surfaces would be harder to capture in terms of data.
Few attempts in similar directions are now using sensors to detect proximity or contacts to specific objects
(e.g. hand hygiene devices [72]), however the extension
to all possible surfaces would require a radically different technological framework. It is important to note that
few modelling studies have recently addressed the importance of multiple routes of influenza transmission [73].
Evidence suggests that all routes may be relevant, but
their relative importance is highly dependent on parameters that are rarely available, or for which we have poor
estimates, due to the difficulty of estimation from field
data [73], so that no consensus on the issue has been
achieved yet [74]. For this reason, we restricted the transmission of a generic airborne infection to the droplet
transmission mechanism only, occurring through close
proximity contacts, provided by the available data. We
argue however that this does not represent a strong limitation of the study. Considering additional routes would
indeed translate into integrating additional links to the
network of contacts. While this would certainly alter the
epidemic spread, here we consider this epidemic in a comparative way, identifying what adjustment is required for
the homogeneous mixing model to capture the epidemic
dynamics on the contact network. Therefore, we expect
that changes to the contact network would be absorbed by
the recalibration procedure. This is indeed confirmed by
the successful performance of our procedure once different networks (with different densities and activities) are
considered.
As previously mentioned, additional experiments on
other contact datasets for these types of settings would be
needed to further generalize our findings. The full length
of the data collection may also be important. We found
indeed in previous work that short timelines may alter
some important aspects of the epidemic outcome (e.g.
less than one day in a School example) [41]. For this reason, here we have considered the total time length for
each dataset available, in order to be able to capture the
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full dynamics of the interactions among individuals, that
shorter periods may hide. Only the Conference dataset
has a shorter duration, of 1 day. We argue however that
we expect to have a smaller bias in this setting, given
that most of the novel interactions are established in the
first day of the conference [20]. Longer datasets would be
needed to extensively address this point.

Conclusions
Our findings confirm that the homogeneous mixing
model is only an approximation for the spread of an infectious disease in real locations of small and middle sizes.
However, going beyond previous studies, our work highlights how a linear parameter rescaling can yield a good
agreement between the epidemic curves obtained on a
real contact network and with a homogeneous mixing
approach in a population of the same size. This hints
at the possibility of building a procedure based on the
setting-specific linear rescaling of the reproductive number and of the recovery rate of an epidemic simulated on
a given contact network in order to provide an accurate
description of the time-evolution of the epidemic using
the homogeneous mixing approach. However, to make
this procedure more reliable, more information would be
needed on contact patterns in the same settings to assess
the robustness of the rescaling factors recovered here, in
varying the specific workplace, school, etc, or a specific
moment in time. We find low variability across different contexts in the values of the rescaling factors of the
recovery rate, with respect to the ones of the reproductive
number, probably since we are targeting social dynamics characterized by similar timescales of activity patterns.
Larger, setting-specific variations of the rescaling factor
for R0 are obtained, signaling the underlying differences
in the contact dynamics across social contexts, and providing targeted solutions to simplify simulation modeling
while preserving accuracy. These findings are critical for
large-scale data-driven epidemic models, where specific
contact data in different settings are missing. The use
of the recalibrated homogeneous mixing approximation
presented here may enhance the accuracy and realism
of the simulations and limit the intrinsic biases of the
homogeneous mixing.

Additional file
Additional file 1: Supplementary Information containing additional
Tables and Figures on correlation between relative variations  and
epidemic parameters. (PDF 416 kb)

Acknowledgements
The authors thank the SocioPatterns collaboration for privileged access to the
Conference empirical dataset used in this paper.

Bioglio et al. BMC Infectious Diseases (2016) 16:676

Funding
The present work was partially supported by the French ANR project
HarMS-flu (ANR-12-MONU-0018) to L.B., M.G, A.B. and V.C., by the EC-Health
project PREDEMICS (Contract No. 278433) to V.C., by the EU FET project
Multiplex 317532 to A.B. and C.L.V., by the A*MIDEX project (ANR11-IDEX-0001-02) funded by the Investissements d’Avenir French Government
program and managed by the French National Research Agency (ANR) to A.B.
Availability of data and material
Contact network data for the Workplace and School are available on
SocioPatterns website, at http://www.sociopatterns.org/datasets/ (see also
Refs. in this paper). Contact network data for the Conference can be requested
from the SocioPatterns collaboration.
Authors’ contributions
AB, VC and CP conceived and designed the study. LB, MG and CLV performed
the numerical simulations and statistical analysis. LB created the figures and
wrote the first draft of the manuscript. AB, VC and LB wrote the final version of
the manuscript. All authors read and approved the final manuscript.
Competing interests
The authors declare that they have no competing interests.
Consent for publication
Not applicable.
Ethics approval and consent to participate
Not applicable.
Author details
1 Santé Publique France, French National Public Health Agency, Saint-Maurice,
France. 2 Aix Marseille Univ, Université Toulon, CNRS, CPT, Marseille, France.
3 Sorbonne Universités, UPMC Univ Paris 06, INSERM, Institut Pierre Louis
d’Epidémiologie et de Santé Publique (IPLESP), Paris, France. 4 ISI Foundation,
Turin, Italy.
Received: 22 June 2016 Accepted: 28 October 2016

References
1. Keeling MJ, Rohani P. Modeling Infectious Diseases in Humans and
Animals. Princeton: Princeton University Press; 2008.
2. Anderson RM, May RM. Infectious Diseases of Humans: Dynamics and
Control. Oxford: Oxford University Press; 1991.
3. Dorjee S, Poljak Z, Revie CW, Bridgland J, McNab B, Leger E, Sanchez J.
A review of simulation modelling approaches used for the spread of
zoonotic influenza viruses in animal and human populations. Zoonoses
Public Health. 2013;60(6):383–411. doi:10.1111/zph.12010.
4. Wu JT, Cowling BJ. The use of mathematical models to inform influenza
pandemic preparedness and response. Exp Biol Med (Maywood).
2011;236(8):955–61. doi:10.1258/ebm.2010.010271.
5. Bonabeau E. Agent-based modeling: Methods and techniques for
simulating human systems. Proc Natl Acad Sci. 2002;99(suppl 3):
7280–287. doi:10.1073/pnas.082080899.
6. Halloran ME, Longini IMJ, Nizam A, Yang Y. Containing bioterrorist
smallpox. Science. 2002;298(5597):1428–1432.
doi:10.1126/science.1074674.
7. Eubank S, Guclu H, Anil Kumar VS, Marathe MV, Srinivasan A, Toroczkai
Z, Wang N. Modelling disease outbreaks in realistic urban social
networks. Nature. 2004;429:180–4.
8. Longini IMJ, Halloran ME, Nizam A, Yang Y, Xu S, Burke DS, Cummings
DAT, Epstein JM. Containing a large bioterrorist smallpox attack: a
computer simulation approach. Int J Infect Dis. 2007;11(issue 2):98–108.
doi:10.1016/j.ijid.2006.03.002.
9. Ferguson NM, Cummings DAT, Cauchemez S, Fraser C, Riley S, Meeyai
A, Iamsirithaworn S, Burke DS. Strategies for containing an emerging
influenza pandemic in southeast asia. Nature. 2005;437:209–14.
10. Ciofi degli Atti ML, Merler S, Rizzo C, Ajelli M, Massari M, Manfredi P,
Furlanello C, Scalia Tomba G, Iannelli M. Mitigation measures for
pandemic influenza in italy: An individual based model considering
different scenarios. PLoS ONE. 2008;3(3):e1790.

Page 14 of 15

11. Ajelli M, Merler S, Pugliese A, Rizzo C. Model predictions and evaluation
of possible control strategies for the 2009 A/H1N1v influenza pandemic in
italy. Epidemiol Infect. 2011;139:68–79. doi:10.1017/S0950268810001317.
12. Halloran ME, Ferguson NM, Eubank S, Longini IM, Cummings DAT,
Lewis B, Xu S, Fraser C, Vullikanti A, Germann TC, Wagener D, Beckman
R, Kadau K, Barrett C, Macken CA, Burke DS, Cooley P. Modeling
targeted layered containment of an influenza pandemic in the United
States. Proc Natl Acad Sci USA. 2008;105(12):4639–644.
doi:10.1073/pnas.0706849105.
13. Germann TC, Kadau K, Longini IM, Macken CA. Mitigation strategies for
pandemic influenza in the United States. PNAS. 2006;103(15):5935–940.
doi:10.1073/pnas.0601266103. Accessed 28 Apr 2016.
14. Lee BY, Brown ST, Cooley P, Potter MA, Wheaton WD, Voorhees RE,
Stebbins S, Grefenstette JJ, Zimmer SM, Zimmerman RK, Assi TM, Bailey
RR, Wagener DK, Burke DS. Simulating school closure strategies to
mitigate an influenza epidemic. J Pub Health Manag Pract. 2010;16(3):
252–61. doi:10.1097/PHH.0b013e3181ce594e.
15. Chao DL, Halloran ME, Obenchain VJ, Longini IM. FluTE, a publicly
available stochastic influenza epidemic simulation model. PLoS Comput
Biol. 2010;6(1):1000656. doi:10.1371/journal.pcbi.1000656.
16. Carrat F, Luong J, Lao H, Sallé A-V, Lajaunie C, Wackernagel H. A
’small-world-like’ model for comparing interventions aimed at preventing
and controlling influenza pandemics. BMC Med. 2006;4:26.
doi:10.1186/1741-7015-4-26. Accessed 28 Apr 2016.
17. Bansal S, Grenfell BT, Meyers LA. When individual behaviour matters:
homogeneous and network models in epidemiology. J R Soc Interface.
2007;4(16):879–91. doi:10.1098/rsif.2007.1100.
18. Keeling MJ, Eames KTD. Networks and epidemic models. J R Soc
Interface. 2005;2(4):295–307. doi:10.1098/rsif.2005.0051.
19. Read JM, Eames KTD, Edmunds WJ. Dynamic social networks and the
implications for the spread of infectious disease. J R Soc Interface.
2008;5(26):1001–1007. doi:10.1098/rsif.2008.0013.
20. Stehlé J, Voirin N, Barrat A, Cattuto C, Colizza V, Isella L, Régis C, Pinton
JF, Khanafer N, Van den Broeck W, Vanhems P. Simulation of an SEIR
infectious disease model on the dynamic contact network of conference
attendees. BMC Med. 2011;9:87. doi:10.1186/1741-7015-9-87. Accessed
28 Apr 2016.
21. Lloyd-Smith JO, Schreiber SJ, Kopp PE, Getz WM. Superspreading and
the effect of individual variation on disease emergence. Nature.
2005;438:355–9.
22. Smieszek T, Fiebig L, Scholz R. Models of epidemics: when contact
repetition and clustering should be included. Theor Biol Med Model.
2009;6(1):11. doi:10.1186/1742-4682-6-11.
23. Machens A, Gesualdo F, Rizzo C, Tozzi A, Barrat A, Cattuto C. An
infectious disease model on empirical networks of human contact:
bridging the gap between dynamic network data and contact matrices.
BMC Infect Dis. 2013;13(1):185. doi:10.1186/1471-2334-13-185.
24. Isella L, Romano M, Barrat A, Cattuto C, Colizza V, Van den Broeck W,
Gesualdo F, Pandolfi E, Ravaà L, Rizzo C, Tozzi AE. Close Encounters in a
Pediatric Ward: Measuring Face-to-Face Proximity and Mixing Patterns
with Wearable Sensors. PLoS ONE. 2011;6(2):17144.
doi:10.1371/journal.pone.0017144. Accessed 03 Jan 2016.
25. Vanhems P, Barrat A, Cattuto C, Pinton JF, Khanafer N, Règis C, Kim B-a,
Comte B, Voirin N. Estimating potential infection transmission routes in
hospital wards using wearable proximity sensors. PLoS ONE. 2013;8(9):
1–9. doi:10.1371/journal.pone.0073970.
26. Toth DJA, Leecaster M, Pettey WBP, Gundlapalli AV, Gao H, Rainey JJ,
Uzicanin A, Samore MH. The role of heterogeneity in contact timing and
duration in network models of influenza spread in schools. J R Soc
Interface. 2015;12(108).
27. Pastor-Satorras R, Castellano C, Mieghem PV, Vespignani A. Epidemic
processes in complex networks. Rev Mod Phys. 2015;87(3):925.
28. Aparicio JP, Pascual M. Building epidemiological models from R0 : an
implicit treatment of transmission in networks. Proc R Soc Lond B Biol Sci.
2007;274(1609):505–12.
29. Keeling M. The implications of network structure for epidemic dynamics.
Theor Popul Biol. 2005;67(1):1–8.
30. Liu W-m, Hethcote HW, Levin SA. Dynamical behavior of
epidemiological models with nonlinear incidence rates. J Math Biol.
1987;25(4):359–80. doi:10.1007/BF00277162.

Bioglio et al. BMC Infectious Diseases (2016) 16:676

31. Hochberg ME. Non-linear transmission rates and the dynamics of
infectious disease. J Theor Biol. 1991;153(3):301–21.
doi:10.1016/S0022-5193(05)80572-7.
32. Roy M, Pascual M. On representing network heterogeneities in the
incidence rate of simple epidemic models. Ecol Complex. 2006;3(1):80–90.
33. Salathé M, Kazandjieva M, Lee JW, Levis P, Feldman MW, Jones JH. A
high-resolution human contact network for infectious disease
transmission. PNAS. 2010;107(51):22020–2025.
doi:10.1073/pnas.1009094108. Accessed 05 Jan 2016.
34. Karsai M, Kivelä M, Pan RK, Kaski K, Kertész J, Barabási AL, Saramäki J.
Small but slow world: How network topology and burstiness slow down
spreading. Phys Rev E. 2011;83:025102. doi:10.1103/PhysRevE.83.025102.
35. Holme P, Saramäki J. Temporal networks. Phys Rep. 2012;519(3):97–125.
36. Lee S, Rocha LEC, Liljeros F, Holme P. Exploiting temporal network
structures of human interaction to effectively immunize populations.
PLoS ONE. 2012;7(5):36439. doi:10.1371/journal.pone.0036439.
37. Masuda N, Holme P. Predicting and controlling infectious disease
epidemics using temporal networks. F1000Prime Reports. 2013;5:6.
doi:10.12703/P5-6.
38. Gauvin L, Panisson A, Cattuto C, Barrat A. Activity clocks: spreading
dynamics on temporal networks of human contact. Sci Rep. 2013;3:3099.
39. Rocha LEC, Blondel VD. Bursts of Vertex Activation and Epidemics in
Evolving Networks. PLoS Comput Biol. 2013;9(3):1002974.
doi:10.1371/journal.pcbi.1002974.
40. Holme P. Modern temporal network theory: a colloquium. Eur Phys J B.
2015;88(9):1–30. doi:10.1140/epjb/e2015-60657-4.
41. Valdano E, Ferreri L, Poletto C, Colizza V. Analytical computation of the
epidemic threshold on temporal networks. Phys Rev X. 2015;5:021005.
42. Valdano E, Poletto C, Colizza V. Infection propagator approach to
compute epidemic thresholds on temporal networks: impact of
immunity and of limited temporal resolution. Eur Phys J B. 2015;88(12):
1–11. doi:10.1140/epjb/e2015-60620-5.
43. Eagle N, (Sandy) Pentland A. Reality Mining: Sensing Complex Social
Systems. Pers Ubiquit Comput. 2006;10(4):255–68.
doi:10.1007/s00779-005-0046-3. Accessed 05 Jan 2016.
44. Cattuto C, Van den Broeck W, Barrat A, Colizza V, Pinton JF, Vespignani
A. Dynamics of Person-to-Person Interactions from Distributed RFID
Sensor Networks. PLoS ONE. 2010;5(7):11596.
doi:10.1371/journal.pone.0011596. Accessed 03 Jan 2016.
45. Stopczynski A, Sekara V, Sapiezynski P, Cuttone A, Madsen MM, Larsen
JE, Lehmann S. Measuring Large-Scale Social Networks with High
Resolution. PLoS One. 2014;9(4):e95978.
doi:10.1371/journal.pone.0095978. Accessed 28 Apr 2016.
46. Obadia T, Silhol R, Opatowski L, Temime L, Legrand J, Thiébaut ACM,
Herrmann JL, Fleury a, Guillemot D, Boelle PY, I-Bird Study Group.
Detailed contact data and the dissemination of Staphylococcus aureus in
hospitals. PLoS Comput Biol. 2015;11(3):1004170.
doi:10.1371/journal.pcbi.1004170.
47. Stehlé J, Voirin N, Barrat A, Cattuto C, Isella L, Pinton JF, Quaggiotto M,
Van den Broeck W, Régis C, Lina B, Vanhems P. High-resolution
measurements of face-to-face contact patterns in a primary school. PLoS
ONE. 2011;6(8):23176. doi:10.1371/journal.pone.0023176.
48. Fournet J, Barrat A. Contact patterns among high school students. PLoS
ONE. 2014;9(9):107878. doi:10.1371/journal.pone.0107878.
49. Mastrandrea R, Fournet J, Barrat A. Contact Patterns in a High School: A
Comparison between Data Collected Using Wearable Sensors, Contact
Diaries and Friendship Surveys. PLOS ONE. 2015;10(9):0136497.
doi:10.1371/journal.pone.0136497. Accessed 28 Apr 2016.
50. Génois M, Vestergaard CL, Fournet J, Panisson A, Bonmarin I, Barrat A.
Data on face-to-face contacts in an office building suggest a low-cost
vaccination strategy based on community linkers. Netw Sci. 2015;3(03):
326–47. doi:10.1017/nws.2015.10. Accessed 28 Apr 2016.
51. Isella L, Stehlé J, Barrat A, Cattuto C, Pinton JF, Van den Broeck W.
What’s in a crowd? Analysis of face-to-face behavioral networks. J Theor
Biol. 2011;271(1):166–80. doi:10.1016/j.jtbi.2010.11.033.
52. Barrat A, Cattuto C, Colizza V, Gesualdo F, Isella L, Pandolfi E, Pinton JF,
Ravà L, Rizzo C, Romano M, Stehlé J, Tozzi AE, Broeck WVd. Empirical
temporal networks of face-to-face human interactions. Eur Phys J Spec
Top. 2013;222(6):1295–1309. doi:10.1140/epjst/e2013-01927-7. Accessed
28 Apr 2016.

Page 15 of 15

53. SocioPatterns Collaboration. www.sociopatterns.org. Accessed 16 Sept
2016.
54. SocioPatterns Dataset: Contacts in a workplace. http://www.
sociopatterns.org/datasets/contacts-in-a-workplace. Accessed 16 Sept
2016.
55. SocioPatterns Dataset: High school dynamic contact networks. www.
sociopatterns.org/datasets/high-school-dynamic-contact-networks.
Accessed 16 Sept 2016.
56. Ribeiro B, Perra N, Baronchelli A. Quantifying the effect of temporal
resolution on time-varying networks. Sci Rep. 2013;3:3006.
57. Smieszek T, Salathé M. A low-cost method to assess the epidemiological
importance of individuals in controlling infectious disease outbreaks.
BMC Med. 2013;11(1):1–8. doi:10.1186/1741-7015-11-35.
58. Gemmetto V, Barrat A, Cattuto C. Mitigation of infectious disease at
school: targeted class closure vs school closure,. BMC Infect Dis.
2014;14(1):695. doi:10.1186/PREACCEPT-6851518521414365.
59. Vestergaard CL, Génois M, Barrat A. How memory generates
heterogeneous dynamics in temporal networks. Phys Rev E. 2014;90:
042805. doi:10.1103/PhysRevE.90.042805.
60. Vestergaard CL, Génois M. Temporal gillespie algorithm: Fast simulation
of contagion processes on time-varying networks. PLoS Comput Biol.
2015;11(10):1004579. doi:10.1371/journal.pcbi.1004579.
61. Gillespie DT. Exact stochastic simulation of coupled chemical reactions. J
Phys Chem. 1977;81(25):2340–361.
62. Biggerstaff M, Cauchemez S, Reed C, Gambhir M, Finelli L. Estimates of
the reproduction number for seasonal, pandemic, and zoonotic influenza:
a systematic review of the literature. BMC Infect Dis. 2014;14:480.
doi:10.1186/1471-2334-14-480.
63. Wallinga J, Teunis P. Different Epidemic Curves for Severe Acute
Respiratory Syndrome Reveal Similar Impacts of Control Measures. Am J
Epidemiol. 2004;160(6):509–16.
64. Chowell G, Castillo-Chavez C, Fenimore PW, Kribs-Zaleta CM, Arriola L,
Hyman JM. Model parameters and outbreak control for sars. Emerg Infect
Dis. 2004;10(7):1258–1263.
65. Levenberg K. A method for the solution of certain non-linear problems in
least squares. Q Appl Math. 1944;2:164–8.
66. Marquardt D. An algorithm for least-squares estimation of nonlinear
parameters. SIAM J Appl Math. 1963;11:431–41. doi:10.1137/0111030.
67. Mossong J, Hens N, Jit M, Beutels P, Auranen K, Mikolajczyk R, Massari
M, Salmaso S, Tomba GS, Wallinga J, Heijne J, Sadkowska-Todys M,
Rosinska M, Edmunds WJ. Social Contacts and Mixing Patterns Relevant
to the Spread of Infectious Diseases. PLOS Med. 2008;5(3):74.
doi:10.1371/journal.pmed.0050074. Accessed 28 Apr 2016.
68. Eames KTD, Tilston NL, Brooks-Pollock E, Edmunds WJ. Measured
dynamic social contact patterns explain the spread of H1N1v influenza.
PLoS Comput Biol. 2012;8(3):1002425. doi:10.1371/journal.pcbi.1002425.
69. Apolloni A, Poletto C, Colizza V. Age-specific contacts and travel patterns
in the spatial spread of 2009 H1n1 influenza pandemic. BMC Infect Dis.
2013;13:176. doi:10.1186/1471-2334-13-176.
70. Grijalva CG, Goeyvaerts N, Verastegui H, Edwards KM, Gil AI, Lanata CF,
Hens N, for the RESPIRA PERU project. A Household-Based Study of
Contact Networks Relevant for the Spread of Infectious Diseases in the
Highlands of Peru. PLOS ONE. 2015;10(3):0118457.
doi:10.1371/journal.pone.0118457. Accessed 28 Apr 2016.
71. Kiti MC, Tizzoni M, Kinyanjui TM, Koech DC, Munywoki PK, Meriac M,
Cappa L, Panisson A, Barrat A, Cattuto C, Nokes DJ. Quantifying social
contacts in a household setting of rural kenya using wearable proximity
sensors. EPJ Data Sci. 2016;5(1):1–21.
72. Mastrandrea R, Soto-Aladro A, Brouqui P, Barrat A. Enhancing the
evaluation of pathogen transmission risk in a hospital by merging
hand-hygiene compliance and contact data: a proof-of-concept study.
BMC Res Notes. 2015;8(1):426. doi:10.1186/s13104-015-1409-0.
73. Killingley B, Nguyen-Van-Tam J. Routes of influenza transmission.
Influenza Other Respir Viruses. 2013;7:42–51. doi:10.1111/irv.12080.
74. Smieszek T, Balmer M, Hattendorf J, Axhausen KW, Zinsstag J, Scholz
RW. Reconstructing the 2003/2004 h3n2 influenza epidemic in
switzerland with a spatially explicit, individual-based model. BMC Infect
Dis. 2011;11(1):1–18. doi:10.1186/1471-2334-11-115.

