AN AIMS Bioengineering, 9(4): 348-361.

L . .
: s o DOI: 10.3934/bioeng.2022025
AIM ongineering
S Bioengineering Received: 19 September 2022
S 24 Revised: 28 October 2022

Accepted: 07 November 2022
Published: 18 November 2022
http://www.aimspress.com/journal/Bioengineering

Research article

Epidemic dynamics on social interaction networks

Mariem Jelassi', Kayode Oshinubi?, Mustapha Rachdi? and Jacques Demongeot>*

1 National School of Computer Sciences (ENSI), University La Manouba, 2010, La Manouba,
Tunisia

2 Laboratory AGEIS EA 7407, Team Tools for e-Gnosis Medical and Orange Labs Telecom4Health
Labcom, Faculty of Medicine, University Grenoble Alpes (UGA), 38700 La Tronche, France

*  Correspondence: Email: Jacques.Demongeot@univ-grenoble-alpes.t.

Abstract: The present paper aims to apply the mathematical ideas of the contagion networks in a
discrete dynamic context to the modeling of two current pandemics, i.e., COVID-19 and obesity, that
are identified as major risks by the World Health Organization. After providing a reminder of the main
tools necessary to model epidemic propagation in a Boolean framework (Hopfield-type propagation
equation, notion of centrality, existence of stationary states), we present two applications derived from
the observation of real data and involving mathematical models for their interpretation. After a
discussion of the obtained results of model simulations, multidisciplinary work perspectives (both on
mathematical and biomedical sides) are proposed in order to increase the efficiency of the models
currently used and improve both the comprehension of the contagion mechanism and the prediction of
the dynamic behaviors of the pandemics’ present and future states.

Keywords: boolean dynamic; epidemic modeling; graph centrality; COVID-19 pandemic; obesity
pandemic

1. Introduction

For more than 24 years [1-15], specialists of discrete modeling have investigated the mechanism
of epidemic spread whereby an infected patient can be infectious during a period of contagiousness
and can recover in certain models [3] if they are connected through a path of healthy nodes to a central
“node”, which could represent a public health or medical authority able to prescribe mitigation
measures, treatments and/or vaccines. The authors applied, in general, an SIRS
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(Susceptible-Infected-Recovering-Susceptible) approach to an underlying network of individuals
susceptible to enter into contact or to have interactions implying a physical proximity (Figure 1). An
example of a contagion network, called the “school network”, authorizes long-distance links breaking
the regular links of the geographic topology, and it seems to be realistic for modeling the remote
interactions through which, for example, a social epidemic can diffuse. We will study in this paper two
examples of epidemics: 1) the COVID-19 outbreak and i1) a contagious social epidemic, obesity, which
is not caused by infectious agents, but by alimentation habits, ways of life, propagation of rumors, etc.,
and is considered by the World Heath Organization (WHO) as a pandemic killing more individuals
than many contagious infectious diseases.

Rp=3,00 /6 =000 /1= 1,00 Rp=3,00 / o = 2,69 / 1 vatiable

Figure 1. Top: Spread of an epidemic from a first infectious “patient zero” (located at
influence sphere center), progressively infecting their neighbors in regions (rectangles) of
a contagion network. Bottom left: Spread of an epidemic from a first infectious “patient
zero” (in red) located at the center of the contagion network consisting of the successive
generations of infected individuals this individual has generated; it has the same value of
basic reproduction number, Ro = 3, and the same intergeneration time interval i between
two successive generations of infected individuals. Bottom right: Spread of same epidemic,
but with a stochastic dynamic defined by a uniform distribution of the reproduction number
on an interval centered about Ro = 3 with a standard deviation ¢ = 2.69 and a random
intergeneration time interval i with uniform distribution on [0,1] [16].
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We present in Section 2 the mathematical framework needed to model the infectious spread; in
Section 3, we present the simulation results in the cases of COVID-19 and obesity, and eventually a
discussion and conclusions with some perspectives concerning the application of the proposed
methodology for the simulation of infectious diseases like the COVID-19 pandemic.

2. Materials and methods
2.1. A deterministic contagion mechanism from a first infectious case zero at time ()

The methodology chosen in this study comes from an attempt to reconstruct an epidemic dynamic
only from the observation of the number Ri; of people infected at day j by a given infectious individual
i on the k™ day of their period of contagiousness of length 7 days. By summing the number of infectious
individuals Xj« at day j—, the number of new infected people on day j equals

Xi = Yh=1,Di= 1k Rikj (1)

We will assume now that Riy; is the same, i.e., equal to R, for all individuals i and days j, and
depends only on day k. Then, we have

Xj = Y= 1.- Ri Xk (2)

The convolution Eq (2) is the basis of our modeling of the epidemic dynamics and the sum of the

daily reproduction numbers Ri’s over the contagiousness period of length r, 2x-1:Rx, plays the same
role than the classical basic reproduction number Ro [17].

Let us suppose now that the secondarily infected individuals are recruited from the center of the
sphere of influence of an infectious patient zero, and that the subsequently infected individuals remain
on a sphere centered about this patient zero, by just widening its radius on Day 2. Therefore, the
susceptible individuals Xj, whom the infectious individuals at day j-1 can recruit, are inside their zone
of influence on day j-1 (rectangles on Figure 1, top). Let us now choose the simple deterministic rule
of infection of Eq 2 and denote by X; the number of new infected cases at day j (j > 1), and by
Ri (k=1,..., r) the daily reproduction number at day & of the contagiousness period of length r for all
infectious individuals. Then, we have obtained Eq 2 by supposing that the contagiousness behavior is
the same for all infectious individuals: for example, if » = 3, we get, for the number X5 of new cases at
Day 5, the equation X5 = R:Xs+ R2X3+ R3X>; this means that, for example, new cases at Day 4 have
contributed to new cases at Day 5 with the term R:X4, R;being the reproduction number at the first day
of contagiousness of new infectious patients at Day 4. In matrix form, we get:

X=MR 3)

where X = (Xj,..., Xj~1) and R = (Ry,..., R/) are r-dimensional vectors and M is the r-r matrix:
X1, Xj2,...... , Xjr
M=\ Xiser, Xetnr. XK (4)
Xir, }(.}'-r-l,.. vor Xjo2r+1

It is easy to show that, if Xp = 1 and » =5, we obtain
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X5=R>+4RPR2+ 3R”R3+ 3Ri1R»* +2R2R3 + 2R1R4 + Rs )
If r=2and R; = R>=R/2, we have
Xo=1,X1=R/2, X2=R/2 + R*/4, X3=2R*/4 + R*/8,
Xy=R*4 +3R*/8 + R*16, X5=3R%/8 + 4R*/16 + R*/32 (6)

If r=R =2, {Xj}i=1.« is exactly the Fibonacci sequence, and for R > 0, the generalized Fibonacci
sequence.

This approach has been generalized to the continuous differential case where there is an unknown
set of patient zeros [18,19], and to the fractional differential framework [20-22].

2.2. A stochastic contagion mechanism

Let us consider a stochastic Hopfield-like transition rule for the calculation of the Boolean weight
state Oi(t + 1) of an individual i (equal to 0 in the case of normal weight and to 1 in the case of being
overweight or obesity) as a function of the Ox(¢)s by using a potential function P;:

Pi(t) =Y keni) wit Ot)/ Ti (7

where N(7) is the set of nodes linked to 7 in the oriented interaction graph of the contagion network
between the individuals of the studied population (Figure 1), 7: is a tolerance parameter (varying
between 0 and +o0) quantifying the level of indifference shown by i to the weight state of the nodes
belonging to the neighborhood N(7) of i and wik is the interaction coefficient measuring the influence
(positive or negative) an individual £ has on individual 7 (its value can be equal to 1, 0 or -1 in the
absence of precise estimation of this influence). Then, the stochastic transition rule is as follows:

Odt+1) = H(Pi(¢)), if Ti= 0, where H is the Heaviside function (H(x) =1, if x> 0; H(x) =0, if x < 0)

ePi®)

Proba ({O(t+1) = 1}) = =" if ;> 0 (8)

1+ePi®?

In Eq 8, the function P: is the analogue of the Hamiltonian function of the Hopfield model [9],
and the indifference parameter 7; is an analogue of the temperature: higher the indifference, nearer the
value 2 is the probability to become obese, which corresponds to a quasi-absence of influence of the
individual i on their neighbors regardless of their weight status.

2.3. Centrality of the nodes of the interaction graph

There are four classical types of centrality in the oriented interaction graph G of a contagion
network (Figure 1, top). The first is the betweenness centrality, defined for a node k as follows [23]:

_ Bij(k)
Cp(k) = A

i#j£keG

9)

where f3i(k) is the total number of shortest paths from the node i to node j that pass through the node £,
and [k = ) i+jeq Bij(k). The second type of centrality is the degree centrality, defined from the notions
of out-, in- or total-degree of a node 7, corresponding to the number of arrows of the interaction graph
respectively exiting or entering in node i, or both, e.g., the total-degree centrality is defined by
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CFot—deg — Zj=1,....n;j==i|aij| (10)

t n-1

where a;; = sign(wij) denotes the general coefficient of the signed incidence matrix 4 of the graph G.

The third type of centrality is the closeness centrality. The closeness is the inverse of the average
farness, which is defined by averaging a distance between i and j # i:

n-1
Cido = m (l l)
where the distance can be L(i,)), i.e., the length of the closest path between 7 and ;.

The last type of classical centrality is the spectral centrality or eigen-centrality, which takes into
account the fact that the neighbors of a node 7 in the interaction graph G can also be highly connected
to the other nodes of G, considering that connections to highly connected nodes contribute to the
centrality of i more than connections to weakly connected nodes. Hence, the eigenvector centrality of
the node 7 better represents the global influence of i on the whole contagion network and verifies [11]:

ceiven = ]EN(l))L iV (12)

where A is the dominant eigenvalue of the incidence matrix of the interaction graph G and V is its
eigenvector. The four centralities above can be very different (Figure 3), but they each have intrinsic
interests: 1) betweenness centrality relates to the global connectivity of a node with all nodes of the
network, i1) degree centralities correspond to the local connectivity with only the nearest nodes, iii)
closeness centrality measures the relative proximity with other nodes for a given distance on the
interaction graph and iv) spectral centrality corresponds to the ability to be connected to, possibly, a
few number of nodes, but having a high connectivity, e.g., important hub-relays controlling wide sub-
networks [24]. Despite the already complementary properties of the classical centralities, we introduce
a new notion of centrality, called entropy centrality, taking into account the heterogeneity of the
distribution of states of the neighbors of a node i, i.e., not only its connectivity in the graph, and
highlighting the symmetric sub-graphs:

Centrory; = - 3 k=1,...si Vkloga vk (13)

where v denotes the k™ frequency among s; frequencies of the histogram of the state values observed
in the neighborhood N(7) of the node 7, and N(i) is the set of the nodes out- or in-linked to the node .

3. Results
3.1. Application to COVID-19 pandemic in USA from February 21 to March 5, 2020
Let us now consider the COVID-19 outbreak in the USA, for which the estimation of the length

of the contagiousness period equal 7 days [25]. The numbers of new cases at the start of the disease
from February 21 to March 5 2020 were extracted from [26]. Then, we have, by deconvoluting Eq 2:
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The evolution of the Rj values shows in Figure 2 a U-shape with a minimum on Day 4 and a sum
of the Rj values that is equal to 2.72, which is less than the value of 3 of the effective reproduction
number calculated in [27]. This U-shape is similar to the classical shape observed for the influenza

disease [28].

Figure 2. USA daily reproduction numbers R; along a period of contagiousness of length 7 days.
3.2. Application to the obesity epidemic

We are interested in modeling the social contagion mechanism by which obesity can propagate
from individual to individual in the same or close classes from a high school via the pupil population,
where pupils change their weight under the influence of their school friends connected to them through
a declared friendship link (possibly not reciprocal).

3.2.1. Obesity in the friendship network of a Tunisian high school

In Figure 3, we have represented on the left the observed friendship network in two classes of a
Tunisian high school with 274 pupils having 524 friendship links between them [29-33]. The Tunisian
sample contains 18 individuals who are overweight or obese.

The links are directed, and they can be unique between two nodes, when a friendship without
reciprocity has been detected (for the sake of simplicity, arrows have not been represented, but in a
couple of potential friends, the final node has in general an area more important than the first one). To
visually represent the connectivity of the network, we have chosen to give the nodes a surface
proportional to their in-degree centrality in Figures 3a,b, fotal-degree centrality in Figure 3¢, and
spectral centrality in Figure 3d. In the three last representations, we have leaved the friendship network
evolve to its asymptotic state following the Eq 8, we have kept the proportionality of the node area to
its centrality and put together the nodes of the network having their centrality in the same value interval.
As we can see on Figures 3b and 3c, the total and in-degree centralities give about the same feature,
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but for the spectral centrality in Figure 3d, the neighbors of a node i play contribute more to its area if
they are highly connected to the other nodes, because these second level highly connected nodes
contribute to the spectral centrality of i more than the weakly connected ones.

¥ . ® o3
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Figure 3. a): Friendship empirical network representing a Tunisian sample, with 274 pupils
among which 18 are overweight or obese (in red), that was observed from classes of a
Tunisian high school, with 524 links between them (only the links having a weight over a
fixed threshold have been represented for the sake of visibility). The vertex size is
proportional to the in-degree centrality of the corresponding node in the friendship
interaction graph. b): Representation of the Tunisian friendship interaction graph at its
stationary state, iterated from the empirical network as the initial state to the asymptotic
state under the stochastic transition rule given in Eq 8, with node size being proportional
to its in-degree centrality. ¢): Representation of the fotal-degree centrality of the nodes of
the graph in b). d): Representation of the spectral centrality of the nodes of the graph in b).

We see in Figure 3 that the spectral centrality (b) gives priority to the nodes of the contagion
network (a) connected to hubs on the left bottom part of the contagion network. On the contrary, the
total-degree centrality (c) favors all hubs, even when they are connected to a relatively small number
of nodes, and the in-degree centrality (d) gives an importance to all nodes depending on the number
of other nodes expressing their friendship for them. If the aim of such a study is to diminish the number
of obese individuals, the identification of hubs in the obese or overweight state is important: applying
nutritional reeducation to a part of these obese or overweight hubs can drastically reduce the number
of obese or overweight individuals in their neighborhood.

For example, if we diminish sufficiently their influence by increasing their tolerance parameter
T, we can suppress their influence and then reduce the risk to become obese at their contact. Let us
suppose that we start with an interaction network of 100 individuals including 100 obese or overweight
individuals and zero normal weight individuals, with interaction weights wj; chosen at random to be
either 0 or 1. Figure 4 shows that, by increasing the value of the tolerance parameter 7; for the eight
most connected nodes, the mean percentage of normal weight individuals increases until the value
of /4, corresponding to a random choice equilibrated between normality on one hand, and overweight
or obesity on the second hand. That shows that the states of the nodes of the network can be regularized
to the normality after a campaign targeted at the most influential obese or overweight individuals of
the contagion network.

AIMS Bioengineering Volume 9, Issue 4, 348-361.
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Figure 4. Percentages of obese or overweight (red) and normal weight (green) individuals
evolving from an initial population with 100 obese or overweight individuals by increasing
values of T; for the eight individuals with the most neighbors: a) 7: = 0.1, b) T; = 0.5,
o)li=1,d)Ti=2,e) Ti=3,f) Ti=4,g) T:=5, h) Ti= 10 and 1) 7: = 100; the value for which
the percentage of normal is '%.

3.2.2. Obesity in the friendship network of a French high school

The top image of Figure 5 shows the main connected component (89 nodes) of a friendship
interaction graph for two classes of a French high school with 104 pupils having 348 friendship links
between them [29-33]. The French sample contains 17 overweight or obese individuals.

We see in Figure 5 that the spectral centrality (niddle-left) of the French sample friendship
interaction graph gives priority to the big hubs and nodes connected to these hubs. On the contrary, the
total-degree centrality (middle-right) favors all hubs, even those connected to a relatively small number
of nodes.

The entropy centrality identifies nodes having different states in their neighborhood and gives
them an importance higher than that for the nodes having only one type of state in their neighborhood.
Once stabilized after changing the state of the 20 most influential nodes (for example, after a dedicated
nutritional education) in the left image and of the 21 most influential in the right image of the bottom
of Figure 5, we can observe that the stationary state of the network is fully overweight or obese in the
first case of 20 state changes, and fully normal in the second case of 21 state changes, showing a
transition of the invariant measure of the contagion network.

AIMS Bioengineering Volume 9, Issue 4, 348-361.
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Figure 5. Top: Friendship empirical network representing the largest connected
component of a sample of 104 pupils (17 overweight or obese (in red)) from a French high
school, with 348 links between them. Node sizes are proportional to their in-degree
centrality. Middle: Friendship interaction graph iterated from the empirical network as the
initial state to the asymptotic state under the stochastic transition rule given in Eq 8, with
node size proportional to the spectral centrality (left) and total-degree centrality (right).
Bottom: Friendship interaction graph iterated from the empirical graph with entropy
centrality once stabilized by changing the state of the 20 most entropy-central nodes (left)
and of the 21 most entropy-central nodes (right); the stationary state is fully overweight or
obese in the first case and fully normal in the second case, showing a “phase transition” of
the asymptotic invariant measure.

AIMS Bioengineering Volume 9, Issue 4, 348-361.
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4. Discussion

In the two applications of contagion networks presented in Section 3, we can discuss some
simplifications made in the models:

- The small number of states simplifies the dynamics but complicates the examination of realistic
solutions to stop the epidemic. We should, for example, distinguish overweight and obese states in the
first case, because the return to a normal weight is much easier for an overweight individual than for
an obese one. In the second case, the two-state variable "vaccinated or not" should be added in order
to properly take into account the effect of a vaccination policy.

- The diffusion through nearest neighbors is often unrealistic; hence. it is necessary to build
contagion networks with variable links over time to take into account, for example, the movement of
individuals. This non-constancy of the links can be the subject of a periodic dynamic (linked to school
or professional constraints), but it adds a high level of complexity to the classical modeling with fixed
links over time.

Another limitation is the comparison of the results of the simulations with the real behavior of the
epidemic, of which we see, in the case of the COVID-19 outbreak, that most of the parameters of
transmissibility and contagiousness can change over time [8,13,25,34—40]. These changes are linked
to the following:

1) the source host of the virus (in whom the intensity of the symptoms varies during the period
of contagiousness),

i1) the infectious agent (whose virulence is variable, due, for example, to mutations),

i11) the medium of atmospheric, cutaneous or intestinal transmission (because it depends on
numerous environmental conditions, such as temperature and humidity),

iv) the future virus host (in whom the immunological state depends on multiple factors, including
age, comorbidities, cross immunity, etc.).

The long reaction time to mitigation or vaccination measures decided on the basis of the models
makes it very difficult to adapt them to the new propagation conditions and considerably limits the
operational character of the models, even if their short-term predictions are often of very good quality.

Among other possible approaches is the use of the Caputo fractional derivative [20-22], which is
particularly interesting. The Caputo fractional derivative of a function f equals

T on
DI(f(©) = 2L dy
where the integers n and p verify n — 1 <g <n.

The use of the fractional derivative in the models makes it possible to obtain simulations of the
increase in the cumulative cases of infected individuals, which fits the data better than the classical
derivative, particularly when the phenomenon of growth of the infected is damped (at the end of an
epidemic wave), i.e., after the very early exponential phase where the classical approach presents a
slightly lower error than the fractional one [22].

5. Conclusions
The current context of the two pandemics closely monitored by the WHO, 1.e., a contagious social

pandemic, obesity, and a contagious infectious pandemic, COVID-19, shows that the problem of
contagion control is still relevant. To be able to be both retro-predictive on past pandemics (like the
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great plague of 1348 in Europe) and anticipatory on present and future pandemics, it is necessary to
be able, from the observed data (which are daily in the case of the COVID-19 [26,27] and annual in
the case of obesity [41]), to estimate the parameters of the model and then simulate it and interpret the
scenarios of the simulations within the framework of concrete public health measures (change in eating
behaviors, preventive improvement of the immune system defenses, implementation of mitigation
measures, vaccination, etc.). This last interpretative part is the most difficult and is only effective
within the framework of multidisciplinary teams, including mathematicians of dynamical systems,
nutritionists and infectious disease specialists. Solid knowledge of the genetics of infectious agents
and on the monitoring of environmental conditions is necessary because of the following reasons:

- the dynamical phenomena of propagation present isolated or periodic waves of new cases, with
bifurcations (in the deterministic case) or invariant measure transitions (in the stochastic case) that are
often difficult to study theoretically or simulate numerically [42];

- the changes in the virulence of the agents at the origin of pandemics require new knowledge
about contagion mechanisms that are often partly unknown; this is linked to uneasily predictable and
often hypothetical modifications in their genome (point mutations, deletion and insertion of more or
less long sequences, recombination with other genomes, passage in the host nuclear genome, etc.).
These changes require us to generally consider the stability of the model dynamics vis-a-vis the
variations of their variables, as well as its robustness vis-a-vis the variations of their parameters [43,44].
The study of the dependence of dynamical behaviors on changes due to the evolution of pandemics,
particularly those under a vaccination policy [45—48], constitutes a difficult theoretical and numerical
challenge for the future.
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