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Background

* Cholera, an acute gastrointestinal infection caused by the bacterium Vibrio
cholerae, causes severe illness and, if untreated, death.

]

* From the 1800s to the early 1920s,

there were six known cholera pandemics.




Background

* The seventh cholera pandemic began in the early 1960s and continues to
cause significant morbidity and mortality globally.

¥ = ’ | Most of the burden of cholera is
. : * ; concentrated in sub-Saharan
R =T Africa, with South Asia also
% & accounting for a significant
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proportion of the global cholera
burden.
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Motivation

* Despite recent evidence, much remains unknown about cholera transmission
dynamics within Africa.



Motivation

* Despite recent evidence, much remains unknown about cholera transmission
dynamics within Africa.

* While there is clear evidence of multiple introductions to the continent that have
helped sustain the seventh cholera pandemic in Africa, epidemiologic data suggests
that there are also areas that maintain endemic cholera.
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* Connected areas likely have correlated transmission dynamics. These basic
epidemiologic units of transmission may:
* Propagate outbreaks from intercontinental introductions
* Maintain endemic circulation that seed outbreaks elsewhere on the continent



Objective

ldentify geographically connected areas of cholera
transmission in Africa



Data sources

Combined molecular data with epidemiologic data of cholera
incidence in sub-Saharan Africa from 1970-2020

* Molecular data:

* Publicly avdilable cholera sequencing data from open-source repositories
e E.g., GenBank

* Metadata contains year and country for each sequenced sample

* Epidemiologic data

* WHO reported cholera case counts aggregated by year and country



WHO Reported Cases
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Publicly available sequence data
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Gaps in observed data



Gaps in observed data
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Gaps in observed data
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Inferring occurrence & prevalence of
cholera sub-lineages to define
epidemiologically relevant transmission
units



Approach

* Model occurrence and prevalence of distinct cholera sub-lineages in
countries through time using a Hidden Markov Model.

* Accounting for historical information of cholera presence

* Targets of inference:
* strength of connectivity driving transmission between locations

* underlying occurrence and prevalence of cholera sub-lineages in each country in all
years



Transition Process

YeCI r t' 1 Ye ar t Intercontinental
introduction




Filling in the gaps: Observed data
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Filling in the gaps: Inferred
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Filling in the gaps: Inferred prevalence
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Inferred Connectivity
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Using inferred connectivity to predict the
downstream effects of a new introduction



Downstream Impacts

* We simulated the spread of a new lineage after introduction to potential
seed countries.

* Based on the same transition and observation process from the HMM and using the
inferred connectivity measures from the HMM.

* From this simulation, we determined the mean time to arrival in each
country following introduction into a single country.



Downstream impacts
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Limitations

* Ultimately, sequencing remains sparse and cholera cases are often under-
reported.

* Areas with extremely sparse data can impact the ability of our model to infer
underlying presence of distinct sub-lineages.
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* Additional sequencing efforts can help improve our understanding of
phylodynamic processes driving cholera transmission in Africa.

28



Implications & Future Directions
* Transmission units informing cholera control:

* Proactive intervention:

* identify areas where increases in cases = increase in local cholera risk in connected areas

* Maximize indirect effects:

* targeted vaccination and water/sanitation campaigns

e

* Assess drivers of cholera endemicity to determine the influence of new
and re-introductions versus local undetected persistence

29

Image credit @WHOSouthSudan, accessed from https: //www.afro.who.int /news/ministry-health-support-who-and-partners-vaccinated-over-63-000-people-oral-cholera-vaccine
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Supplement



Transition process

Strain presence, g, ;. is based on the transition process, P, of the probability of establishment in country i

: klJ
attimet, ¢, Agys = {0:':1}
O = Pr(zy;; = k|zyj-1 = 8)
The transition process, @, , is based on the transition matrix, @, and is a function of: gpl;ﬁ a]-— [(] —(1—geu)) H 1 —(1—e )
* Yuls-1 .+ Introduction rate from outside the continent !

» &, connectivity between locations | and j, based on:
@y, spatial weight (random effect), i # | Pujr= A5 01Ce-1)"8ji

- d;, distance (km), i # j
pop . population sizes of countries { and j, i # |

; Avig-1 %yjs-1
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Observation process

The observed process, y,, is ¥,; = [Yuu.t =1, .T]. which is the observation of sequenced samples
of strain v in country i and year f, and is associated with the hidden process ® = (®,;,,t =1,... ,T)of
the underlying true presence of strain v in country i and year ¢ as outlined above.

To get at prevalence, we model the probability of our observed data (y,) given the unobserved (hidden)
states of presence (2, = 1) or absence (z,,;; = () of strain v in country i at time ¢, where

Puir =Pr(zy;, = 1), We can use the poisson approximation of the multinomial in the sequence observation process:

Aoy =Pz = 12y g0 =K)

Pr(zyic|Yois \PH(Yy i)
Pr(z,;,)

Pr(y,islzeis) =

! if your = 0,2y, =0
- 0 ifyu'f‘ ZO,ZUJJ=0
Pryossldoss) ifzyg, =1

The ikelihood for cases (observed cases: ¢f,) accounts for 2 1 lineage present in country | and year t and
under-reporting of cases, €; :

(1 =af) +a,Pric, =01+ +N;)  ife, =0

Pric;,1z.;) =
H(Cia|Zss {a,*,Pr(c.ﬂﬁ—j) ife, >0

where:
€ ~ Beta(a,,b,) : E(e)=08,0, =0.1

a,'_,=l—Hl—a,,_u
v

Ny = Z}’u.uo
v

N, — Poisson(A;;),

Au = Z Auu '
v

Yois ~ Poisson(Ay A7 ;)

where:

Crr
log(A,;,) ~ Normal (103 [—zm F—s ] m)



Forward equation:

(b"::“ =Pr(zyy; = k|zyj-) = 8)

o

Pr(zys; = Kklyri) = Z ‘p';,f,P"(zuu-l =g8lyie-1)
g0}

Yous = Pr(¥uselzogs)
k
“.f.u - “Eu-l q’ﬁufpuu

Ay = Pr(zy; = lzyi0. = 8)

where a,,;; Is the forward probability of presence and, as above, ®,,;, is the transition probability, which is
the probability of introduction/re-introduction (establishment) into country i at time ¢ and ¥, is the

observation process, as outlined below.

Backward algorithm & forward-backward algorithm:

Boss (k) = Pr(yy a1 12015 = k)

Boir-1(8) = Pr(yoisr|20is = 8)

Priyoisrr|zess = l)""(?:lzu,u = k)(Pr(zv“ =klzyje =8)

o

X
= BoisWois ‘pﬁu

pf-“ =Pr(z,;; = klyi.1)

= 0ty i 1 (KB s (K)
P’(’l:‘r)

= @y 1K)y 14 (K)
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