Contact network epidemiology
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The COVID-19 pandemic brought to the public eye the role ma-
thematical models play in infectious disease epidemiology :

— generate forecast;

— estimate the effectiveness of non-pharmaceutical interven-

tions (NPIs):
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Can mathematical modelling solve the ®
current Covid-19 crisis? e

Jasmina Panovska-Griffiths' >

Abstract

Since COVID-19 transmission started in late January, mathematical modelling has been at the forefront of shaping the
decisions around different non-pharmaceutical interventions to confine its’ spread in the UK and worldwide. This Editorial
discusses the importance of modelling in understanding Covid-19 spread, highlights different modelling approaches and

— understand the underlying factors influencing the spread of O A O e g e

the virus.

I * I Government Gouvernement
of Canada du Canada

MENU +

Canada.ca > Coronavirus disease (COVID-19) > Epidemiological and economic research data
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Coronavirus exposes the problems
and pitfalls of modelling
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Alexis Riopel

While easing of public health measures could result in a resurgence of cases in
Canada, the impact on hospitalizations is forecast to be lower
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potentiel des diverses mesures sanitaires mises en place pour contrer la COVID-19. A titre
de représentants de leur spécialité, quatre d'entre eux se partagent le prix du Scientifique

* The forecast number of cases will not be captured by surveillance due to limitations on testing during the period identifiedin grey.
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et Mathieu Maheu-Giroux, de I'Université McGill.
Lire I'article détaillé
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...and then January 2020 came along.

Cause of Wuhan’s mysterious
pneumonia cases still unknown,
Chinese officials say
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market in China stir concern

The health department of Wuhan initially reported 27 cases, but the tally stands at 59 as of 6 January
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Outline:

1. Basic epidemiological models.

2. How COVID-19 challenges some assumptions made by “traditional” models.

.
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3. Contact network epidemiology (CNE).

4. How COVID-192 allows CNE to shine, and what can we learn from it.
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Basic epidemiological models .
S
Main epidemiological assumptions

— the disease results either in complete immunity or death (SIR)

— the disease is not fatal and conveys no immunity (SIS)

— all individuals are equally susceptible

Main structural assumptions time

— the disease is transmitted in a closed population

— contacts occur according to the law of mass-action

Susceptible Infected Recovered
— the population is large enough to justify a deterministic analysis "o o

o

W. Ogilvy Kermack & A. G. McKendrick, A Contribution to the Mathematical Theory of Epidemics, Proc. R. Soc. Lond. A 115, 700-721 (1927)

W. Ogilvy Kermack & A. G. McKendrick, Contributions to the mathematical theory of epidemics. Il. —The problem of endemicity, Proc. R. Soc. Lond. A 138, 55-83 (1932)

W. Ogilvy Kermack & A. G. McKendrick, Contributions to the mathematical theory of epidemics. lll. —Further studies of the problem of endemicity, Proc. R. Soc. Lond. A 141, 94-122 (1933)
H. W. Hethcote, The Mathematics of Infectious Diseases, SIAM Rev. 42, 599-653 (2000)
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Basic epidemiological models

Susceptible-Infected-Susceptible (SIS) dynamics

the disease Is not fatal and conveys no immunity

S : fraction of the pop. susceptible to the disease
I : fraction of the pop. infected by the disease

susceptible and infected individuals come into contact at a
rate oc ST (mass-action assumption)

dS dI
— = —BST+al — = BSI—al
- =—BSI+a — =BSI-a

a trajectory

]*
I(t) =
( ) 1 — (1 o [*/[(O))e(l—Ro)at

settles to |

0 T Ry <1
I = 1
l1—— ITRy>1
Ro ’

with Ry = /a being the basic reproduction number (expected
number of secondary cases directly caused by one case in an
otherwise fully susceptible population)

Susceptible Infected

g

time




Basic epidemiological models

Susceptible-Infected-Recovered (SIR) dynamics

Susceptible

the disease results either in complete immunity or death g .

S : fraction of the pop. susceptible to the disease
I : fraction of the pop. infected by the disease
R : fraction of the pop. having recovered from the disease

susceptible and infected individuals come into contact at a
rate oc ST (mass-action assumption)

I I
ﬁz—ﬁS] d—zﬁS[—OJ %:

I
It It “

the fraction of the population who will be infected by the
disease eventually is a solution of

R(OO) =1 — S(O)Q_RO(R(OO)_R(O)) ~ 1 — e—RoR(oo)
with Ry = B/« being the basic reproduction number

there will be an epidemic wave if Ry > 1, otherwise the out-
break will die out

there is herd immunity if a fraction 1 —1/ R, of the population
s already immune

Infected

Recovered
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Models used In more realistic settings are more complex, but the
basic ingredients remain largely the same.
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Assumptions challenged by COVID-19

Main epidemiological assumptions

— the disease results either in complete immunity or death (SIR)
— the disease is not fatal and conveys no immunity (SIS)

— all individuals are equally susceptible

Main structural assumptions

— the disease is transmitted in a closed population
— contacts occur according to the law of mass-action

— the population is large enough to justify a deterministic analysis



Assumptions challenged by COVID-19

Main structural assumptions

— contacts occur according to the law of mass-action

— the population is large enough to justify a deterministic analysis



Assumptions challenged by COVID-19

Challenged assumption #1 : contacts occur according to the law of
mass-action

x many outbreaks are not shaped by the “average” individuals
but rather by a minority of superspreading events

] ., Negative binomial 25% I Poisson
oIy,
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40%1 I7s
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0 50 100 5%
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Secondary infections
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How ‘Superspreading’ Events
Drive Most COVID-19 Spread

As few as 10 percent of infected people may drive a whopping 80 percent of cases in specific
types of situations
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Assumptions challenged by COVID-19

Challenged assumption #2 : the population is large enough to justify
a deterministic analysis

% at the early stage, the outcome of an outbreak depends on
stochastic events
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— the structure of this contact network shapes the spreading — ——
dynamics.

Mathematical abstraction :

— nodes (vertices) : individuals

— links (edges) : (potential) disease-causing contacts between
two individuals

— network (graph) : contact network of a population
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Contact network epidemiology

Epidemic percolation networks (EPNs) :

— previous slide : stochastic process is taking place on the
contact network to produce an outcome

— EPNs : consider an ensemble of random networks encoding
all possible outcomes

— |inks indicate contacts that will transmit the disease

= studying the EPNs random network ensemble becomes equi-
valent to studying the spreading dynamics

E. Kenah & J. M. Robins, Second look at the spread of epidemics on networks, Phys. Rev. E, 76:036113 (2007)
E. Kenah & J. C. Miller, Epidemic Percolation Networks, Epidemic Outcomes, and Interventions, Interdiscip. Perspect. Infect. Dis., 543520 (2011)
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Contact network epidemiology

A primer on the use of probability generating functions in

infectious disease modeling H er b e rt S o W i If

Toel C. Miller

Probability generating functions (PGFs)

— a PGF is a formal power series whose coefficients are a probability mass function {a, }»>0

Alx) = Zanwn — ag + a1z + asx® + azx’ + . ..
n>0
— computing the moments
= = dA(x) , - d \?”
n>0 n>0 L= n>0 T=
— extracting the coefficients
1 d"A |
a, = (Qj) . A(ezﬁ)e—znﬁde
nl dx™ | __, 27 Jg

— sum of a fix/random number of variables drawn independently

BPX(x) = ba' =) > auant' =) a,a" ¥ ana™ =[A@)]?;  BFa)=[A@@);  C™(x) =) a.][A(2)]" = A(A(x))

[>0 [>0 n=0 n>0 m=>0 n>0
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Contact network epidemiology

Probability generating functions (PGFs) formalism

PHYSICAL REVIEW E 66, 016128 (2002)
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Spread of epidemic disease on networks

A primer on the use of probability generating functions in
infectious disease modeling M. E. J. Newman

Toel C. Miller
C— —

assuming a very, very large population (i.e. neglecting finite-size effects)

patient zero causes k secondary infections with probability p; (degree distribution of the EPN)

Go(r) = @ +‘x+‘.’x2+“’x3+...22pkxk; <k>:kak:G6(1); <k2>:2k2pk

k>0 k>0 k>0

a newly infected individual causes k new infections with probability (k 4+ 1)pgy1/(k) (excess degree distribution of the EPN)

o0

Crlr) =@ + o+ W a2 Wt =y P G0l

Go(1)

= (k)

average number of secondary infections a newly infected individual causes

all outbreaks will eventually die out when Ry < 1

some outbreaks will eventually die out when Ry > 1

cy) = ><k_> M~ Ry
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Spread of epidemic disease on networks

Contact network epidemiology

A primer on the use of probability generating functions in

infectious disease modeling M. E. J. Newman
Toel C. Miller

Probability generating functions (PGFs) formalism

— probability u that an outbreak eventually dies out

e ¢+ LRy g

m ()

— the fraction of the population infected in an epidemic wave (and the probability of such wave) is

— Zpk(l —u") =1— Gou)

k>0

— Hy(x) : PGF of the distribution of the size of outbreaks that will eventually die out

H)—0—0+6+ % ¢ B G L 11 (0)) = G (1 (0)

k>0

— the distribution of the size of outbreaks that will eventually die out can be extracted from

Ho(x) = 2Go(Hi(2))
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What can we learn from contact network epidemiology?

Lesson #1 : the friendship paradox

— 0on average, your friends have more friends than you do

— a random individual has k friends with probability py

— however, their friends have k friends with probability oc kpy

— by spreading on a contact network, the disease naturally over-
samples individuals more likely to cause a larger number of
secondary infections

— lgnoring this effect leads back to the mass-action assumption

JOURNAL OF THE ROYAL SOCIETY
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@ Open Access

Research articles

Beyond Rp: heterogeneity in secondary
infections and probabilistic epidemic
forecasting

Laurent Hébert-Dufresne, Benjamin M. Althouse, Samuel V. Scarpino and
Antoine Allard
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Laurent Hébert-Dufresne, Benjamin M. Althouse, Samuel V. Scarpino and
Antoine Allard

Lesson #1 : the friendship paradox

— 0on average, your friends have more friends than you do

— a random individual has k friends with probability px
— however, their friends have k friends with probability oc kpy Lesson #2 : the effect of superspreading events

— the PGF formalism falls back to the outcome of the SIR dyna-

— by spreading on a contact network, the disease naturally over-
mics when p; is a Poisson distribution

samples individuals more likely to cause a larger number of

secondary infections
/ Go(z) = Gy (z) = efole= . R(c0) = 1 — e Fofileo)

— lgnoring this effect leads back to the mass-action assumption

— the mass-action assumption is not appropriate for diseases
whose propagation is driven by superspreading events
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Beyond Rp: heterogeneity in secondary

Lesson #3 : we need to look beyond R, for overdispersed infectious infections g«';md probabilistic epidemic
d|SeaseS |||<e CO\/l D_ 19 Laurent Hébert-Dufresne, Benjamin M. Althouse, Samuel V. Scarpino and

Antoine Allard

— negative binomial distribution for secondary cases

- i | Ro(ZC—l)__W
Gl(ﬂf)— 1 i N

shows the great impact overdispersion (small ) has on the
spreading dynamics

— In other words, If By > 1, our attention should not be focused
on whether Ry equals 2.5 or 3.5, but rather be focused on
figuring out how much heterogeneity there is behind it (what

S y?) 10 , _ - 1.000
| high R, low variance
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Lesson #4 : COVID-19 is particularly overdispersed

— plans prepared with pandemic Influenza in mind might fall
short to contain the spread of COVID-19

smallpox (1958-1973)

’_
influenza (1918) Xy L e
influenza (2009) -X_v.—__._ —h—
COVID-19 (2020) =, Je
SARS (2003) x X .
MERS (2013) £ X rpored @ GYDSR,
O tentative ¥ G, = G,(x)
—*— py=0 —®— Kermack-McKendrick
0 0.2 0.4 0.6 0.8 1.0

proportion of susceptible individuals infected (R(~))
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The role of directionality, heterogeneity and correlations in epidemic risk and spread
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ARTICLES
https://doi.org/10.1038/541567-021-01187-2

The effectiveness of backward contact tracing
in networks

Sadamori Kojaku @, Laurent Hébert-Dufresne ©23, Enys Mones*, Sune Lehmann®45 and
Yong-Yeol Ahn®16753

— P

Lesson #5 : distinction between “risk” and “spread”

— mass-action assumes the risk for individuals to become infec-

ted is uniformly distributed (i.e. in-degree in the EPN distri-
buted according to a Poisson)

lapresse.ca

Montréal et la troisiéme vague | La
prudence a payé

Ariane Lacoursiéere La Presse

— following links in the EPN in their opposite direction over-

samples individuals that will cause a larger number of secon-
dary cases

— E—

— backward contact tracing

— “cluster busting”

a. low-risk, high-spread b. high-risk, low-spread c. high-risk, high-spread

ONONONONO OO 0O 0O0
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What can we learn from contact network epidemiology?

Lesson #6 : assessing the pandemic potential of an emerging di-

SEAse

— parameters of the EPN can be inferred from early incidence

data

— doing so provides an assessment on the risk of a pandemic

— validation using data from the 2014-2016 Ebola Virus Di-
sease (EVD) epidemic in Sierra Leone indicates that the PGF
formalism provides realistic forecasts
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