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Abstract

Chagas disease (American Trypanosomiasis) is oneofmost significant health
problems in Latin America, both for its high moriydmortality rate and for its
difficult control because of the natural transmassihrough hematophagus triatomine
insects. As a consequence of migration waves ientedecades, the infection has
considerably expanded from rural endemic areagharucenters. The incorporation
of infected individuals into cities, most of whomeaasymptomatic and unaware of
their infected condition, increases the risk ofgemital or transfusional transmission.
The so-calledurban Chagas which involves only the human population, is an
emerging problem in American, European, Australemd Japanese cities. The
objectives of this work were to develop and appbkt@hastic model that will allow
researchers to explain the dynamics of the disi@asdoan scenarios and thus obtain a
higher degree of approximation to the real sanitsitypation. This model was
formulated as a continuous-time Markov chain. Weuded a stochastic differential
equation system by using the method of generatimgtions, using expressions of
conditional probabilities. This system provides #éxpected numbers of individuals in
each stage of the disease. Based on official dath laboratory and clinical
information, we run a simulation in Buenos Airety ¢Argentina).

Keywords: expected number, generating function, Markov ess¢ctemporal
dynamics.

1.Introduction

Chagas disease, or American Trypanosomiasis, issedawby the protozoan
Trypanosoma cruKinestoplastida, Trypanosomatidae). The incorpamnanto cities

of infected individuals -most asymptomatic and uasavof their infected condition-
increases the risk of spreading the infection. Shecalledurban Chagas which
involves only inter-human transmission — mainlythg congenital and transfusional
routes- is an emerging problem in Latin Americatiesiand in more than a dozen
countries in America, Europe, Australia and JapaRQ, 2010).

The natural evolution of the disease has been elividto three stages: acute, chronic
indeterminate and chronic with determinate pathplyHO, 2002; Storino, 2010).
Individuals in the acute stage show high periphblabd parasitemia, but, in most
cases, the symptoms are nonspecific and disappeatasmeously after two months.
Therefore, almost all the infected individuals eritee chronic indeterminate period,
which may last for 20-30 years or even for a lifeti Detection of infection at this
stage is limited because it is characterized bgdasymptomatic. It is estimated that
one-third of these individuals evolve towards theooic with determinate pathology
stage, which affects them in the productive stagtheir lives, with high morbidity
and mortality. The antiparasitic drugs available ased mostly until the first years of
the chronic indeterminatgtage because evidence about its action at theichnath
pathology stage is controversial (Mufioz et al. 2011

The main objetive of this work was to develop acktstic model for the dynamics of
Chagas disease in urban scenarios, which can lvategdo describe and forecast the
spread of the infection. The model proposed wasiexpm a real scenarid:his work

is a continuation of two graduate thegeabrizio, 2009, 2011)
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2. Materialsand Methods

The progress of the disease over time was modeded eontinuous-time Markov
chain because, when the present stage is knowpydbeability of any future behavior
of the process is not altered by additional knogéedabout the past behavior
(Bharucha-Reid, 1960; Karlin, 1975; Feller, 198Thus, the behavior in time
depends only on the behavior in the preceding tinte
The stage and the number of susceptible individaald individuals in the acute,
chronic indeterminate and chronic with determinpéthology stages were denoted
Hs(t) = Hs, Ha(t) = Ha, Hi(t) = H,, andHgp(t) = Hp, respectively. The number of
individuals in each stage was considered as a rndoiable, because the dispersion
behaves essentially as a stochastic process.niduel is based on the following
assumptions: (i) migratory movements are generéiedndividuals in any stage
(except by those in the acute stage because o$hbe duration of the stage) at
constant levels; (ii) birth rates of susceptibléiba are directly proportional tés, H,,
and Hp and birth rates of babies infected with cruzi are directly proportional to
infected individuals in both chronic stages; bitthmothers in the acute stage is not
considered because of the short duration of thtgesia) cure rates of individualda
andH,, rates of evolution of the infection and mortaligtes are proportional to the
number of individuals in each outlet compartmeny; the rates of transmission
through blood transfusion are directly proportiot@mlthe number of individuals in
each stage of the infection. Table 1 presents\thnete and their rates.
Thus, we define, for example, the probability afttbiof an infected individual in an
infinitesimal time ¢ + h) as
P{Hs(t +h)=Hg,Ha(t+h)=H,+LH (t+h)=H,, Hy(t+h) =H./Hs(t) = Hsv}

Ha(t) =HH () =H,, Hp(t) =H;

=h By H (1) +h BysH,(t) +o(h)
We considered:’{two or morechangesn (t,t + h)} =o0(h), so multiple events occur
with negligible probability and can be ignoredalihthe casesy(h) is an infinitesimal of

an order lower thah, i.e., Iim% = 0. The probability that the system is in any stage
h-0

at the timet + h is the sum of the probabilities of each of thecpsses postulated in
Table 1. Using conditional probabilities, we obttie following expression:
PHS,HA,H,,HP(t+h):
Hot+h) =Hg,H,(t+h)=H, H (t+h)=H H (t+h) =H./Ht)=Hs-LH,(t)=H,,
{Hl(t):HI'HP(t):HP }
PHsfl,HA,Hl Hp (t) +
{Hs(t+h)=Hs,HA(t+h)=HA.H|(t+h)=H|,Hp(t+h)=Hp/Hs(t)=Hs—lHA(t)=HA+l}
H @) =H, H.t)=H, '
PHS—].,HA+1,H, Hp ®+
P{Hs(Hh):Hs,HA(Hh):HA,H.(Hh):H|,Hp(t+h):Hp/Hs(t)=Hs-lHA(t):HA}
H,t)=H, +1H.(t)=H,
PHS—l.HA,H, +LHp )+
P{Hs(t+h)=HS,HA(t+h)=HA,H|(t+h)=HI,Hp(t+h)=HP/HS(t)zHS+:LHA(t)=HA—1,}
H ) =H, H.()=H,
PHS+ZLHA—LH| Hp (t) +
Ho(t+h)=Hg H,(t+h)=H, H, (t+h) =H Ho(t+h)=Hp /H(t) =Hg +LH, () =H,,
{Hl(t):HI'HP(t):HP }

PH$+1,HA,H|,HP )+
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Hs(t+h)=Hg H, (t+h)=H, H (t+h)=H, H.(t+h)=H,/Hs(t) =Hg,H,(t) =H, -1,
{Hl(t):HI'HP(t):HP }
Piota-zn, m, (1) +

Hs(t+h)=Hg H, (t+h)=H, H (t+h)=H, Hc(t+h)=H /Hs(t) =Hg,H,(t) =H, +1,
{Hl(t):Hl_lHP(t):HP }
as oy a0+

Hs(t+h)=Hg H, (t+h)=H, H (t+h)=H H.(t+h)=H,/Hs(t) =Hg,H,(t) =H, +1,
{Hl(t):HI'HP(t):HP }
R

Ha(t+h) = Ho, Ho(t+h) = H M, (+h) = H Ho(t+h) = Ho TG () = Ho, H (0 =
{Hl(t):Hl “LHp()=H,
Poo i 1r, (1) F

Ho(t+h)y=HgH,t+h)=H,,H, (t+h)=H, ,H(t+h)=H,/Hg(t)=Hg,H,({t)=H
{H|(t):H| +1Hp(t)=H, -1

A
A

PHS,HA,H|+1,HP—1(t)+
Ho(t+h)=HgH,(t+h)=H,,H {t+h)=H, ,H,(t+h)=H_/Hs({t)=Hg,H,(t)=H,,
{Hl(t):H|+lHP(t):HP }
PHS,HA,H|+1,Hp(t) +
H(t+hy=Hg,H,(t+h)y=H, H (t+h)=H, Ho(t+h)=H./H{t)=Hg,H,({t)=H,,
{Hl(t):HI,HP(t):HP—l }
PHS,HA,H|,HP—1(t)+
I:,{Hs(t+h): Ho H (t+h)=H,H {t+h)y=H, H(t+h)=H_,/Hg(t)=Hg,H,()= HA,}
H ) =H H.(t)=H, +1 .
PHS,HA,Hl,Hp+1(t)+
{1_[a)Si +ﬂSSHS(t) +ﬁSIHI (t) +ﬂSPHP(t) +yASHA(t) + 1/ISHI (t) +ySATAHA(t) + ySATIHI (t)
+ySATP(HS’ HA’ HI ’HP’t)+a)Se+5SHS(t)+ﬁAIHI (t)+ﬁAPHP(t)+yAIHA(t)+5AHA(t)
+oy +ypH, () + @ O H, (1) + g + oo + O H(DINLR, 4 4, (D) +0(D)

Table 1. Estimations of the parameters and referencesfoséleir calculation

Event Parameter References Estimation
Immigration ofHs individuals wy Censo Nacional de Poblacion132.051041
Hogares y Vivienda (2001),
WHO (2006)
Birth of anHg individual to an ﬂss Ministerio de Salud de [a0.000041
Hs mother Nacion (2009)
Birth of anHs individual to an ﬂSI Rissio et al. (2009); Freilij et 0.000038
H, mother al. (2010)
Birth of anHs individual to an ﬂsp Rissio et al. (2009); Freilij et 0.000019
Hp mother al. (2010)
Cure of arH, individual v, WHO (2002); Rissio et al. 0.000667
AS (2009); Freilij et al. (2010)
Cure of arH, individual % Andrade et al. (1996); Sosa-| 0.000018
1S Estani et al. (1998); Rissio et
al. (2009)
Evolution of anHg to an Hu Venta Gobierno de la Ciudad de 0.000003
individual by blood transfusion Buenos Aires (2012); WHO
from anH, individual (2002)
Evolution of anHg to an Hu Veat Gobierno de la Ciudad de 0.000009
individual by blood transfusion Buenos Aires (2012); WHO
from anH, individual (2002)
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Evolution of anHg to an Hpu V. Gobierno de la Ciudad de 0.000001

individual by blood transfusion SATP Buenos Aires (2012); WHO

from anHp individual (2002)

Emigration ofHs individuals s, Censo Nacional de Poblacién| 134.303938
Hogares y Vivienda (2001)

Mortality of Hg individuals 53 Ministerio de Salud de la 0.000029
Nacion (2009)

Birth of an infected individua ,8A| Rissio et al. (2009); Freilij et | 0.000002

to anH, individual al. (2010)

Birth of an infected human tp ,BAP Rissio et al. (2009); Freilij et | 0.000001

anHp individual al. (2010)

Evolution of anH, individual y WHO (2002) 0.015833

to anH, individual Al

Mortality of H, individuals 5A WHO (2002) 0.000446

Immigration ofH, individuals ) Censo Nacional de Poblacion| 6.255049
Hogares y Vivienda (2001)

Evolution of anH, individual Vi Storino (2010) 0.000096

to anHp individual

Emigration ofH, individuals w, Censo Nacional de Poblacion| 4.644155
Hogares y Vivienda (2001)

Mortality of H, individuals 5| Storino et al. (2010) 0.000029

Immigration ofHp individuals W, Censo Nacional de Poblacion} 0.695005

| .

Hogares y Vivienda (2001)

Emigration ofHp individuals W, Censo Nacional de Poblacion} 0.516017
Hogares y Vivienda (2001)

Mortality of Hp individuals 5P Manzullo and Dairraidou 0.000303
(1991)

Given the significance of each conditional prokghilconstituting the incremental
ratio on the right side of the equation and takingts (h — 0)on both sides, we

obtain the system (2) of Kolmogorov's forward edpre.

dP t
T" = P r O+ BesHe ~DPy v O+ BaH Pyt e (O

BeeHeRug1rmy i, O F Vas(HA+ DBy o, O+ 1s(H A DB v, ()
+ ySATA(HA _1) PHS+1,HA—1,H‘ Hp (t) + ySATIHI PHS+1,HA—LH‘ Hp (t) + ySATF’H PPHS+1,HA—LH‘ Hp (t)
+ a‘SePHSﬁLHA,H, Hp (t) + 6P(HS +1) PH5+],HA,H| Hp (t) +IBAI HI PHS,HA—:LH, Hp (t) + IBAPH PPHS,HA—:LH, Hp (t)
Va (H A +1) PHS,HA+1,H|—].HP (t) + 6A(H A +1)PHS,HA+].H‘ Hp (t) t PHS,HA,H‘ “LHp (t)
+ Vie (H| +1) PHS,HA,H|+1,HP (t) + a%ePHS,HA,H‘ +LHp (t) * G, PHS,HA,H, ,Hp—l(t) + a‘PePHS,HA,H, ,Hp—l(t)
+ 5P(HP _1)PHS,HA,H, ,HP+1(t) b +/BssHs +:35|H| +:35PH ptVasHa T VisH i * VsardHp + VsanH,
+ypH + o, O H + g +ap t 5PHP]PHS,HA,H, Hp ®
In order to obtain the expected number of individua each stage we used the

method of generating functions (Feller, 1980; Pmsky 1983; Casella and Berger,
2002). The generating function for this model afifeariables can be expressed as:

g(abcdt)y=  Da™b™cmd™R, o (1)
Hg,HaH, Hp

The expected values of the number of individualksaoh stage of infection are:

09 0¢ _0¢
E(Hs(®) = } » E(HA() =} E(H, (1) === and

) aa a=b=c=d=1 ) ab a=b=c=d=1 I aC a=b=c=d=1

0¢

E(H,(t)) = 3)
( P( )) ad:|a=b:c=d=1

The system that provides those expected values is:
00 0 0 0 d
aTZ = (s~ o) + (Bss — JS)TZ +(Vas — ySATA)Tz +(Bsi Vs ySATI)£ +(Bsp~ ySATP)Tg

p.3579
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00 0 0 0

a?‘g = (ySATA_yAS_yAI _5A)£+(VSATI +ﬁA|)£+(ysATP+ﬁAP)£

00 0 0

29 = (@) S (K= N

300 ey 95 00 4
o =@ty P -, (4)

Integrating equations (4) with respect to time gsethe expressions of the expected
numbers of individuals in each stage.

3. Results

The model proposed was applied to Buenos Airesgitiga), because this city is
assumed to have only human-transmission, ther@asahle information about the
values of the parameters, and it presents a cdrftanof infected individuals from
endemic areas, such as Northern Argentine provigees neighboring countries,
including Bolivia and Paraguay. We assumed thatnBseAires city was initially
inhabited by three million inhabitants, 111,0007¢8) of whom were infected with.
cruzi (Ministerio de Salud de la Nacién, 2009). We furtbssumed that, initially,
90% of the infected individuals wekg and that the remaining 10% wetg. Table 1
shows the estimated values of the parameters antbtihesponding reference sources.
The unit time considered for the parameter estimatwas 1 day. Figure 1 describes
the dynamics of the infection. Despite the linesticn assumptions, we did not
consider an excessive increase in population, evena period of 100 years: the total
population increased from 3 to 4.4 million peoplbe expected number &f, was
reduced not only by the favourable effect of tleatment and the non-appearance of
newH, but also by other removal causes such as emigratiortality or progression
of the disease increasing the numbeHsefindividuals. The number dfl; increased
during the first eleven years possibly by the pgssH the firstH,, but then decreased
possibly by the reduction ;. Therefore, it is demonstrated that if model paetars
are kept at their respective constant values, dpellption of Buenos Aires tends to an
endemic equilibrium point at valuestf =9, H; =12,200 andH, = 4,456.

Figure 1. Dynamics of the infection in Buenos Aires city
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4. Conclusions

We present a stochastic model formulated as aruanis-time Markov chain. The
model will allow researchers to explain the dynamaf Chagas disease in any
scenario where the infection is transmitted onlytly congenital and transfusional
routes. A simulation for the first moments as acfion of time was obtained using the
method of generating functions. In applying the elotb Buenos Aires city, we
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concluded that, by maintaining the parameters atoastant level, an endemic
equilibrium is established. While the percentageindécted individuals decreased
from the initial 3.7% to 0.4% in 100 years, thizgase is only by dilution (due to an
increase in the number bk). The important thing here is the establishmers stable
endemic equilibrium with about 16,700 chagasic feop
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