pture travel patterns in real-time and sometimes the patterns change due to
itself. Further, epidemics are themselves stochastic in nature (Johansson et al.,

014).

- In 2013 Pan American Health Organisation (hereby called PAHO) in collaboration with

- the US. Center for Disease Control and Prevention (CDC) published new guidelines on

Chikungunya. PAHO recommends that countries must maintain the capacity to detect and

confirm Chikungunya cases, manage patients and implement social communication strategies

to reduce the presence of mosquitos (PAHO, 2013). PAHO then published the cumulative
number of Chikungunya cases for all the countries in the Americas.

To understand and predict the spread of the Chikungunya disease we model the infected

case counts using SIR compartment models for the different countries. We also consider the

travel between countries and incorporate infected people traveling from one to the another.

2 Data on Chikungunya Transmission in the Americas

Countries affected by Chikungunya in the Americas are required by PAHO to maintain
a record of the progress of the disease since December 2013. The countries maintain a
record of the number of suspected, confirmed and imported cases of Chikungunya in their
country. The suspected and confirmed cases are counts for autochthonous (locally acquired)
transmissions. Autochthounus cases are those cases which are native rather than descended
from migrants or colonists and hence their presence in a country signifies the presence of the
virus in the mosquito population of the country. In addition to collecting the raw counts,

PAHO computes the incidence rate of the disease in every country, that is, it reports the

number of confirmed autochthonous trarsmissions per hundred thousand population.
PAHO maintains the weekly record of ile sumulative counts for all the countries in

Americas on their website (www.paho.com}. Churrently {ifty-one countries in the Americas

have been affected by Chikungunya and se the data consists of the cases reported weekly in
each of these countries since December, 2013.

There are usually errors in the reported cumulative infected cases either due to misdiag-
nosed cases or miscounting. These errors are usually corrected in subsequent weeks. As a
result of these corrections, sometimes the cumulative count reported decreases. For examplg

_on-plotting the difference in the cumulative counts of consecutive weeks for Colombia and
: French Guiana, we noticetin-Figure-1, that the number of infected | cases is negative at week ’ﬂ-z i
- 45 and week 30 for Colombia and French Guiana respectivelwf'gince we do not know if-the [*8 :
- error was made the-previous week or-the-current week, we just assume zero new cases in :
 thaD week-instead of negative count.
¢ @ week wirth ;

: IYIethods o

sed two different-typesof models to-model the number of infected cases of (
‘multi-country SIR model and a multi-country ARIMA model. ,




Figure 1: Confirmed new cases per epidemic week in Colombia and French Guiana. The
count at week 45 for Colombia and at week 30 for French Guiana are negative due to error.

W\“ La&

country SIR and ARIMA models have-been discussed in subsections 3.1 and 3.3 respectively.

We used the multi- COlll"ltlY SIR compartment model to understand the spread of the dlSEB.SE S o .,J
It lact The model helps us “Understand whether Chikungunya will cause an epidemic. Offe S r))

: countr_¥ ARIMA model was considered for a-different-reason;namely; in order to.estnnatec?(

thé nimber of infected cases in-the—future- In this section, we also consider ::axtensx(c’)‘:g'P
of the simple SIR com;)artment model, gmen— subsection 3 2, that includes 1 e}fnps 1tq,heﬁ( Qgeu‘n‘
populatlonwfgﬁ‘gbﬁdno% have necessary data on the mosqm 0 po ulationVive 3’0 nt use this Lyt

model. ,De{&pite this it 15 d;sL /yabe c/( this $ectio 1ti S

can bée /x/fendeﬂ ‘o incor pO/é\ﬁ Jii%eS ; - j P
5 b c coumb
‘Iﬁ—@l—d—@i—%@—fﬁ@h@r the d\, namics of the dlsease -m—?lns—seet‘ieﬂ, Lﬁ.&‘f&%r i\gf(a oc cf
for S\R fgoll [aP:
people travelling from one country to another. ——I-n'thE‘S*I'R—con-rpartmeﬂ{—medZimg-we ea
A\ different SIR compartment mo f‘d for each country and include a variable for people travelling
¥ between the infected comp ments of the dl erent countries. The optimum model is found

by minimizing the sum of squared errors m estimating new infected cases per - eek | Hl'rn are q,vo..’a“c
the)countnes The data 101 the movement comes from flight itineraries\ Pelejore

assume the number of people traveling every week wonstantdue,taunmdwdatan

In the ARIMA modeling, the travel betweex?zé countries is incorporated by considering

multi-variate ARIMA models. The number of infected cases of Chikungunya in each country

is considered to be a variable. Hence cersidering-a-multi-variate model explains the influence

that a country has on another country in sﬁ(ading the disease. 5
e

Co T T TR e G R N i o R O o e e S —
!
0 50 150 R
| | | ] 1 ¥
(o]
o
\o
0 §
(o]
N
(s}
/
\0
Confirmed cases h
-500 500 1500
1 I 1 1 1

s Al e SR R

SR AIARAE  T  B ed

3.1 Multi-Country SIR Compartment Model

Compartment models are one of the most commonly used methods for modeling epidemics
The method is founded upon differential equations and was introduced by Kermack
McKendrick in the early 1900s (Kermack and McKendrick, 1927). These models
a base mathematical framework for understanding the complex dynamics of dise
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tion which unphes that people make contact at random a.nd do not usually 1
subgroup.
The SIR model is a compartment model that considers three compartments callecf )
tible (S), Infected (I) and Removed (R). Individuals belong to the susceptible comp
if they are susceptible to the infection. They belong to the infected compartment
are already infected and to the removed compartment if they are neither infected
ceptible. The italic letters, S, I and R are used to denote the populations in S,
compartments respectively. The italic letter N is used to denote the total populafaﬁh ﬁhﬂ.ﬁ'
18, 94 I R ="N; A
ACCO{J‘B / Naw/only people in the susceptible (S) compartment can get infected in the populm e
Lot his ov  Also they get infected only when they come in contact with an infected person (with some
Jg,sdf" probability). Hence the rate at which people get infected is proportional to the rate of con-
tacts between susceptible and infected people, that is, it is proportioanl to SI /N. Once ﬁhe
suspectible people are infected they leave S compartment. Hence the rate at which suscep-
tible people get infected is also equal to the rate at which the S compartment’s popula.tmn'

decreases. Therefore, !
(:{J as oc _ﬂ (MUML) : \a 4[:;
leti g be o Leoy oy ®F
‘va-lf—ﬂ is-defined-as the contact rate, whmh takes into account the probability of getting
the disease in a contact between a susceptible and an infecti sub]ecythen becomes the
proportionality constant in the-abeve-relation. ¢4vaTiou (
Mnsidering the infected (I) compartment, we notice that the population increases

as the infected people from S compartment move to the I compartment. But some of ﬁhe- G

infected people also recover from the disease and hence are removed to the R compartment.

7 is considered as the recovery rate, indigating the average proportion of infected people who :
recover every instant. Hence 7y can gs{cl?e seen as the inverse of the average reoovery !
Then the change in the population of I compartment can be given by,

() % = —ﬁ-SI g oi)
P e

The people who recover just move to the Removed (R) compartment. Hence
a:emua.f‘%deﬁned by the following differential equationsg (;ac_a Sig ?twlbi

a4




where, b e
/3 is the contact rate,
7 is the recovery rate,
S is the number of susceptible people,
I is the number of infected people,
R is the number of removed people, |
N is the total population. e
The basic reproduction number, R, = g is defined as the expected number ofnar
infections from a single infection in a population where all people are susceptible. Therefote
having a value of Ry > 1 indicates an epidemic where the infection peaks and eventually dies
down and a value of Ry < 1 indicates that the infection will die out without an epidemic.
We model every country with a different compartment model and include travel between
the infected compartments of different countries. Due to the unavailability of weekly travel
data between the countries, we assume that the number of people who cross borders be-
tween a pair of countries is constant per week, We also-assume that the populations of the
countries remain constant over time. Hence movement between the susceptible and removed Gt
compartments of different countries is inconsequential to the dynamics of the disease. We o ‘S’D
-als0” assume that thovement is homogeneous, that is, the ratio of people belonging to the |
different compartments among the people who cross borders is same as the ratio of people
belonging to the compartments in the country. K ‘#Ssumed that there is no migration
between countries and so the number of people traveling from country i to j is the same as
the number of people moving from jtoi.

Therefore the cross-border SIR compartment model for countries i = 1,2,...m is charac-
terized by the following differential equations:

fi,g, f’rjl'
T e ———, 'Ii
at Ni Sl
ff[l ﬁi

|

H
J=1,5#i =14 7
dR;
dt %
where 3, v;, S;, I;, R; and N, are defined as before for country i = 1,2,..,m and r :
denotes the number of people traveling between any two countries i a.nﬂj i
CHIKV is transmitted by mosquitos but the cross-border SIR com oy

not really take into account the mosquito population. To inco:
tion we could consider a compartment model which

s
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3.2  Multi-Country Ross-Macdo
fectious Diseases




s

G

e R et R SR

rrrT—

" T CREDZLIN S~ T
— e SR R iU e [ T R
e e 3 L o A o A i

considers homogeneous human and mosquito population and perfect mixing within the p o I;’-.Hﬁ*."' :
lations and between the mosquito and human population. It also assume constant population
of the humans and mosquitos. The model is given by:

W T
dly _ SpAn (3)
E-_GC(NM IM)NH M

where,

a is the mosquito biting rate,

b is the mosquito to human transmission probability, per bite

¢ human to mosquito transmission probability, per bite

7 human recovery rate: inverse of average duration of infection in humans,

0 mosquito death rate: inverse of average duration of mosquito infection. Iy number of
infected humans,

Ny total number of humans in population,
Iyr number of infected mosquitos,
N total number of mosquitos in population.
We couldbé&“s\;éémga Ross-Macdonald model for each co

| travel between the infected compartments of the countrie
. for the system would-be

try and then incorporate the

s, hen the differential equations
lf\’/\l/t‘", /“JfC VA

dly; Nyi — Iy = Iy = In;
— = ably; —atee = Tk E i
it Ne: jzzu BT
dl : Ty
= aci(Nyi — Ingg ) ——= — &I 4
(H LG\ LV 0 M )‘NHi M ( )

| where the a, b;, c;,5;, 6;, Ny, I iy N, Iyg; are as defined in (3) for country i = 1, 25

is as defined in (2) for the cross-border SIR compartment model. O‘ngo

i
Due to the lack o on mosquito population, we do not use. this approach for the

s M Ty

f data
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3.3 Autoregressive

Integrated Moving Average (ARIMA) Model

While the previously discussed compartment models used Differential gluations, a different

ts is an ARIMA model which uses data at previous time
RIMA models are used to fit time series data ei
predict future points in the series (forecasting). Lhey &
are applied in some cases where data show evidence of non-stationarity, where an initial
differencing step (corresponding to the “integrated” part of the model) can be applied to
reduce the non-stationarity (Box and Jenkins, 1990) : |
Non-seasonal ARIMA mo

P, d, and q are non-

dels are generally denoted by ARIMA (p, d, q.:);.Whei»" ‘
Degative integers, p is the order of the Autq Tegressive

i
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where L is the lag operator, the a; are the parameters of the au ore
the 6; are the parameters of the moving average part and the &, a.re
terms &, are generally assumed to be independent, identically dlst b
from a normal distribution with zero mean. ¥

The above can be further be generalized as follow§

P q
1-N el | (1- L)' X, =5+ 1+Za1-_‘ﬂ'

1=l =1
ihls—deﬁnes an ARIMA (p,d ,q) process with drift §/(1 — >°0_, ). |
orecasting a time . We use multivariate ARIMA models to expla.m h

between the countries.
Q. ress

4 Results

4.1 Exploratory Data Analysis

cumulative confirmed cases in the Amerlcas from Epldexmc week.
8th to 15, 2015. The counts drop from 31,223 t0 8,790 in a w

the cumulative counts henceforth.

On taking a difference of the cumula
cases per week, it is seen that due to t.
is way higher than in any other week see
a new set of cumulatwe counts were st




