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» Friendship paradox: not all infected individuals are equal (e.g. impact on contact tracing)

The three scales of an epidemic
» individuals (number of secondary infections)

» communities (size of local outbreaks)

» population (incidence/prevalence)
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» Friendship paradox: not all infected individuals are equal (e.g. impact on contact tracing)

The three scales of an epidemic
» individuals (number of secondary infections)
» communities (size of local outbreaks)

» population (incidence/prevalence)
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» Friendship paradox: not all infected individuals are equal (e.g. impact on contact tracing)

The three scales of an epidemic
» individuals (number of secondary infections)
» communities (size of local outbreaks)

» population (incidence/prevalence)

where most network models live
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The Sierra Leone Ebola Database (SL

The 2014-1016 EVD epidemic in West Africa

» nearly 30k cases, over 10k deaths
widespread transmission in Guinea, Liberia and Sierra Leone
cases in ltaly, Mali, Nigeria, Senegal, Spain, UK and USA
close to $10G in aid distribution from 70 countries
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case investigations
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clinical management
safe and dignified burial records
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» epidemiological research
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The model

We consider transmission networks (instead of contact networks)

» edges are contacts that will transmit if given the chance
» edges are infections, not just contacts
» average excess degree is RO
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The model

We consider transmission networks (instead of contact networks)
» edges are contacts that will transmit if given the chance
» edges are infections, not just contacts

» average excess degree is RO

From contact tracing data,

1. we infer the distribution secondary infections
2. we build a probabilistic model of transmission trees
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We consider transmission networks (instead of contact networks)
» edges are contacts that will transmit if given the chance
» edges are infections, not just contacts
» average excess degree is RO

From contact tracing data,
1. we infer the distribution secondary infections
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> 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 transmission network)

Go(z) = @ +‘«’E+‘O’$2+\"ZCB+---:ZPMI€; <k>:ZkPkZG6(1)3 <k2>zzk2pk

k>0 k>0 k>0

> a newly infected individual causes k new infections with probability ¢, = (kK + 1)pry1/{k) (excess degree distribution)

2 3 —~ o o~ Dpe , Gilo
Gi(z)= @ + @ v+ ¢ 2°+ ¢z —|—...:qu$ :Z( +<k)>p T :Gﬁili

> average number of secondary infections a newly infected individual causes

G =3 ko= T B o g

> all outbreaks will eventually die out when Ry < 1

> some outbreaks will eventually die out when Ry > 1
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Spread of epidemic disease on networks -
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Probability generating functions (PGFs) formalism — —

Eben Kengh' and leel C. Miller™
L — P

> probability w that an outbreak eventually dies out

= =9 t+e N IRE L S =

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

R(o0) = 3" pu(1 — ) = 1= Go(u)

k>0

> probability that an outbreak will eventually die out after having s secondary infections Is

s! das

I's

where Hi(z) is the solution of the self-consistent relation

H(r)= Q0 = ¢ +? + + +...:quk[Hl(x)]k:xGl(Hl(x))



Connecting the individuals and communities scales

Forward predictions: from the distribution of the number of sec-
ondary infections ({g.}) to the outbreak size distribution ({r,})
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Connecting the individuals and communities scales

Forward predictions: from the distribution of the number of sec-
ondary infections ({g.}) to the outbreak size distribution ({r,})

Sierra Leone data ©
1 95% of simulations
Model prediction =

Proportion of outbreaks

0 20 40 60 80 100
Outbreak size

Challenge 1: {qr} cannot be extracted from SLED since it makes no dis-
tinction between

1. cases that dit not lead to secondary infections
2. cases for which no further contact tracing was done

Challenge 2: estimate robustness of the distribution of secondary infec-
tions

Backward predictions: from the outbreak size distribution ({r,}) to
the distribution of the number of secondary infections ({¢ })

Exponential -
: Negative binomial —
Exponential - a3 9 _
2 10—1 ] Poisson - - -
Negative binomial - % Power law ===
c 0 Power law w/ cutoff ---
Poisson - o
10" -
Qo
Power law - 2 00
-3 o
Power law w/ cutoff 10 = Woo o o
-18520 -18510 -18500 100 101 102

Model prediction accuracy Number of secondary infections

Knowing the size of 4013 outbreaks { X, }n=1.....4013

1. choose a parametric distribution for {qx } with parameters 6 (ex.: negative
binomial)

2. sample the posterior distribution for the parameters

PO{Xn}) o P(1Xn}|0)P(6)

:P(@) H ?“Xn

n=1 /



Connecting the population and communities scales (via individuals)

A B
, Posterior
== Sierra Leone data > .

_ . = Prior --
800 1 == Random simulations =
95% of simulations ©
@)

O| 2= ___ .

o |/ '

D

Cumulative number of cases

—————————————

Prob. density

01 2 3 4 5
Reproduction Number (Rg)

O I | | | | | |
20 40 60 80 0 25

Days since first detection

Input: cumulative incidence time series over a 90-day period {1t }+=1.... 90

Assumptions:

> number of secondary infections is distributed according to a negative binomial

o orm (7 ) (!

with mean Ry > 0 and dispersion k > 0

Ry

k
anP(n|R0,/€): _R0—|—k>

> serial interval (i.e. time between infections) is distributed according to a Gamma

&a

oI ()

at

tOé—le— p

Q(ﬂav a) —

of mean o > 0 and shape a > 0

Serial interval (0)

C

Prob. density

T

Prob. density

P L —"

0.001 0.1 10

Dispersion (k)

0 10
Shape parameter ()

F 0
10 =
Model prediction ==
Sierra Leone data ©
10" - 95% of simulations
2
®
D
£ 1072 -
o
o
S
= =3
S 10
o
O
o
107"
10_5 | | T T

40 60
Outbreak size

Approximate Bayesian Computation (ABC)

1. generate a sample for (Rg, k,a,0) and o from a uniform
prior distribution

2. generate a sequence of cumulative incidence {I;} using

(R07 ]{,OK,O')
3. (Ro, k,a,0) is added to the sample of the posterior distri-
bution if
I;—1
£q = Ta—1al 30 forq= 15,30, 45, 60, 75, 90

Iq

Output: distribution of outbreak size {rs} for each (R, k) in
the posterior distribution



Why did this work®

Assumptions:

1. the communities (chiefdoms) were the characteristic scale of the epi-
demic

> secondary infections remained confined within chiefdoms

> each outbreak within chiefdoms was effectively an independent re-
alization of the same stochastic process ({r4})

2. the distribution of secondary infections ({gx}) did not change through
time

> very surprising given the scale of epidemic control efforts

80 A c
70 A
2 60 A
©
©
@ 50 -
o
3
c 401 Newly infected Lab confirmed
5 chiefdoms cases (avg.)
QO
c 30 -
>
Z
20 -
10 -
0 I I I I I I I I I |
A’\b‘ ({,\b‘ \’,\b‘ g’\b‘ :\b‘ \,,\\x x,\b‘ o’\b‘ (\,,{o \0’,{0 «,\03 \'\6 A’\(o (\,,{o \',{o Q’,\‘o :\% \,,\‘o
RGENNES AN RSP AP\ AN GRS X
. A B 30 C jo This period ©
0 ] Whole data
® 1 o (@) (o]
(@) 10 _ - -
© o o 0
c © o
i) o
€ -2
8_ 10 E o 5 E OO o —g OOO
o o o oo ] ° o
= 3 o o 00 T
10 | I T T T
10 0 10 0 10

Number of secondary infections



Why did this work®

Assumptions:

1. the communities (chiefdoms) were the characteristic scale of the epi-
demic

> secondary infections remained confined within chiefdoms

> each outbreak within chiefdoms was effectively an independent re-
alization of the same stochastic process ({r4})

2. the distribution of secondary infections ({gx}) did not change through
time

> very surprising given the scale of epidemic control efforts

Why did the epidemic stop?

> not because of a reduction in local transmission patterns (secondary in-
fections), although interventions reduced the mortality rate from 75% to
40%

> but rather the reduction of introduction in new clusters (primary cases)
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