Transactions of the Nigerian Association of Mathematical Physics
Volume 3, (January, 2017), pp 93 - 98
© Trans. of NAMP
A Simulation-Based Study of Tuberculosis Epidemic in Ibadan, South Western Nigeria
!Egbetade S.A. and ?Ibrahim M.O.

!Department of Mathematics & Statistics, The Polytechnic, Ibadan
2Department of Mathematics, University of llorin, llorin.

Abstract

In this paper, we conduct a simulation experiment to assess the impact of
vaccine on the number of tuberculosis (TB) infections in Ibadan, South
Western, Nigeria. The analysis is based on a vaccine-dependent
mathematical model for which we imputed reported TB data from 1998-
2008 from all the treatment centers in Ibadan metropolis. Simulation was
run for 10 years while Maple 18 was used for the computations. Simulation
results showed a steady reduction in the number of infected and susceptible
individuals for each year in the simulation with increasing levels of vaccine
efficacy. The result of this paper provides useful tools in identifying
population group at a higher risk of infection, assessing therapy strategies
and estimating key parameters from TB data which in turn would aid
policy decisions on TB prevention and control.
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1.0 Introduction

Tuberculosis (TB) constitutes the main burden of infectious disease in humans especially in developing countries [1, 2].
Estimates by the World Health Organisation indicate that there are more than 9 million new active cases of TB and close to 2
million deaths per year (WHO, 2010). Despite the widely implementation of WHO directly observed therapy, short course
[3] and different TB control strategies, Mycobacterium TB infection continues to pose diagnostic and therapeutic challenges
and exert immense pressure on health care systems in Africa and Asian countries with large populations of infected
individuals [4]. This rise may be attributed to resurgence of multi-drug resistant TB strains, co-infection of TB and HIV and
the collapse of public health programs in these regions [5, 6].

Global TB progress recently released showed that the number of cases of multi-drug resistant tuberculosis (MDR-TB)
notified in the 27 high MDR-TB burden countries is increasing despite the Millennium Development Goal (MDG) target to
halt and reverse TB epidemic by 50% [7]. Despite some successes associated with using TB drugs, vaccines and some TB
prevention and therapeutic strategies, it is generally believed that there are critical gaps for TB care and control [8, 9]. New
drugs and new vaccines are urgently needed to replace the old ones which only inhibit or delay TB reactivation [10]. New
TB drugs and vaccines to prevent infection, achieve sterile eradication and treat all forms of TB should be designed to help
combat the global spread of the epidemic.

Over the last few decades, mathematical models have been widely applied to study the dynamics of TB epidemic. The
models have helped in understanding the interplay between variables that determine the course of TB infection, identifying
the highest risk group of contacting the disease and predicting optimal treatment strategies needed to achieve TB prevention
and control. In this paper, we develop a vaccination model for the epidemiology of TB. We simulate the model using
reported TB infection data in Ibadan, South Western, Nigeria to show the efficacy of vaccine (e.g. Baccile Calmette Guerin)
in reducing the populations of infected and susceptible individuals in the population. Simulation was carried out using Maple
18 [11].

2.0  Model Formulation
Let S, V, E, I, R. denotes the number of susceptible, vaccinated, exposed, infective and recovered class respectively. We
partition the vaccinated compartment into five subclasses of vaccinated susceptible(Vs), vaccinated exposed (V), vaccinated
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infected (V;), vaccinated protected (V,) and vaccinated recovered (V) individuals. Then, the proposed model is given by
§= 1-yA-n)r+qV —pBIS —uS

E =n(1—y)m—qV — (1= f)BIV/N — v

Yr - n(1—y)m - qV — (L= R = L)BIV,/N — ¥,
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Using the approach of Diekmann and Heesterbeek [12], the basic reproduction number R,, for the model is given by
Blul—n)+qlr— (A - f)A - 1) @
pu+ )+ u+e)
The detailed description of the model parameters are given in Table 1.
Table 1: Description of Parameters of the Model

Roz

Parameters | Description

recruitment rate

proportion of recruitment due to migration
proportion of immigrants that are vaccinated

rate of slow progression

rate of fast progression

natural death rate

death rate due to TB

transmission rate

detection rate of active TB

treatment rate of active TB

recovery rate from active TB

rate of waning of vaccine

efficacy rate of vaccine in preventing initial infection
efficacy rate of vaccine in preventing fast progressive to active TB

hShe m w AamE RO R INA

3.0  Numerical Simulations
The proposed model was fitted to 10 years TB data from all the 5 LGA’s in Ibadan metropolis. The data used for the study
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was obtained from the local TB treatment centers. The model was simulated for each year using the reported TB prevalence
(Table 2) as the initial amount of total active TB in the population. We imputed year-specific detection and treatment rates
(Table 3) for each simulation and all simulations run for 10 years. Parameter values were drawn from the TB literature
wherever possible (Table 4), otherwise they were assumed.

Simulation results showing the proportion of S,I,V,E,Vp,V,, Vs for each year of simulation are captured in figures 1-2.
Simulation was done for the two variants of the disease: disease-free equilibrium and endemic equilibrium. Maple 18 was
used for the computations.

In Table 2, TB indicators are obtained from treatment centres. “inc” denotes the incidence of active TB which is the number
of new TB cases in a year. “Prev” is the total number of active TB infection in a year. Both indicators are reported per 1000
population.

Table 2: Incidence and Prevalence rates of TB in Ibadan Metropolis

Year | 1998 | 1999 | 2000 | 2001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007 | 2008

inc | 248 | 247 | 244 245 | 243 [ 242 | 241 | 240 | 241 | 240 | 2.39

Prev | 163 | 1.61 | 160 | 1.60 | 1.59 | 158 | 157 | 157 | 156 | 156 |1.52

Source: TB Treatment centres in Ibadan metropolis
In Table 3, we have TB indicators showing detection and treatment rates. We use WHO indicator whole country all new

cases detection rate, d = i"—c (where N = 1000). The treatment success rate is denoted by s. We use WHO treatment

success rate WHO [8] glven by the formula s = d x - ne

Table 3: Detection and Treatment rates of TB in Ibadan Metropolls

Year | 1998 | 1999 | 2000 | 2001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007 | 2008

d 025 025 024 | 024 |023 {026 [0.24 [ 024 | 025 | 0.24 | 0.26

s 038 {038 | 037 | 038 |035 | 039 | 037 |037 |036 | 037 |0.40

Table 4: Parameter values used for the simulations

Parameters | Range Reference
T [0.2,0.6] Assumption
n [0.1,0.3] Assumption
v [0.002, 0.004] [13]
Ur [0.0025, 0.0042] | Assumption
U 0.1 [14]
p [0.0050, 0.0098] | [14]
I [0.238, 0.349] [13]
% [0.3,0.5] Assumption
q [0.24, 0.36] Assumption
fi [0.1] Assumption
f [0.1] Assumption
< [0.14,0.5] [14]

4.0 Results
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Parameter values were chosenas follows: f; = 0.09, £,= 0.01,y=03, Parameter values were chosenas follows: f; = 0.09, £,= 0.01,y=03,
n=01,7=02,q=024, u=0.1,v=0.002, p =0.005, f = 0238, n=01,7=02,q=024, u=0.1,v=0.002, p =0.005, p = 0238,
nr=00025 €= 05.d=025,5=038 py=0.0025, €= 05.d=025,5=038

DISEASE-FREE EQUILIRIUM
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Parameter values were chosen as follows: f1 = (:‘.9,f2 =0.1.y=03, Param eter values were chosen as follows: f1 =01. f2 =038.vy=03,
n=01,m=02,q=024 u=0.1v=0002, p=0.005, p= 0238, n=01,m=02,q=024 n=0.1v=0002, p=0.005, p= 0233,
pr=00025 €=05.d=0255=038 pr=00025 €=05,d=0255=038

Figure 1: TB Simulations for disease- free equilibrium showing the proportion of the population that is actively infectd. In
each graph, we assume different levels of vaccine efficacies while fixing other parameters.
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Parameter values were chosen as follows: fl =009, f2 =001, y=03, Parameter values were chosenas follows: f1 =001, f2 =0.09,y=03,
n=03m=06,q=1036, n=03 n=06,q=036,
p=0.12,v=0.004, p = 0.0098, = 0.349, =012, v=0.004, p= 0.0098, = 0.349,
pr=00042, e= 0.14,4d=0255=038 nr=00042 e= 014, 4d=0255=038
ENDEMIC EQULIBRIUM
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Param eter values were chosen as follows: fl =09, f2 =01 y=05, Parameter values were chosen as follows: f1 = {),l,f2 =09, y=03,
n=03m=106,q=1036, n=03 n=06,q9=036,
p=0.12,v=0.004, p=0.0098, = 0349, p=0.12,v=0.004, p=0.0098, = 0349,
nr=00042, e= 0.14,4d=0255=038 nr=00042 e= 014, d=0255=038

Figure 2: TB Simulations for endemic equilibrium showing the proportion of the population that is actively infected. In each
graph, we assume different levels of vaccine efficacies while fixing other parameters.
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5.0 Discussion of Results and Conclusion

In figurel, simulation results showed a steady reduction in the number of infected and susceptible individuals for each year.
This means that increasing the levels of vaccine efficacy would bring a more stable disease-free equilibrium for eradication
of TB disease. It is also apparent from the figure that 20 years mass vaccination will be very likely beneficial since all TB
infections die out during the 20 years period. Furthermore, simulations show that the number of infective decreases with
increasing vaccine efficacies. Another interesting feature is that the number of years for infection to go into extinction is
reduced when vaccine efficacy levels are varied. For instance, if f; = 0.01 and f, = 0.09, elimination year of TB is
projected to occur in 18 years while the infection is cleared in 13 years if f; = 0.1 and f, = 0.9.

Considering endemic equilibrium, figure 2 showed that the number of new TB infections increases in the initial years of
simulation before it gradually decreases. This suggests the effectiveness of the vaccine in the treatment of TB disease. From
the figure, elimination of TB can be achieved between 25-30 years. Moreover, nearly in all simulations, it is observed that
increasing the relative efficacy of vaccine (f;&f,) plays a significant role in reducing the number of infective and its
proportion to the total population. This indicates that larger values of f; and f, would make the endemic equilibrium
unstable and decrease the number of new infections so that disease eradication may be achieved in finite time.

In conclusion, these results suggest that active tuberculosis must be treated with vaccination at a fairly high rate especially in
high TB burden countries like Nigeria to ensure a steady reduction in the number of infected and active tuberculosis cases.

6.0  References

[1] World Health Organisation (2015). Global TB report. Available on line at: http://who/globaltbreport2015

[2] Mwenyeheri, T., Shaban, N., Hove-Msekwa, D., Chibaya, S.B., Ngaya, E. and Mfinaya, S. (2014). Formulation of
mathematical model for tuberculosis transmission in Zoonotic areas with existence of endemic endemic equilibrium.

Journal of Tuberculosis Research 2, 132-143.

[3] World Health Organisation (2010). Global B report Available on line
at:http://www.who.int/tb/publications/globalreport/2010/en/index.html

[4] Pawlowski, A., Jansson, M., Skold, M. Rotteberg, M. and Kallenius, G. (2012). TB and HIV co-infection. PL0oS
Pathog. 8(2), 1-6.

[5] Egbetade, S.A. and Ibrahim, M.O. (2012). Stability analysis of equilibrium states of an SEIR tuberculosis model.
Journal of the Nigeria Association Mathematical Physics 20, 119-124

[6] Desalong, D., and Koya, P.R. (2016). Modeling and analysis of malt-drug resistancetuberculosis in densely
populated areas. American Journal of Applied Mathematics 4(1), 1-10.

[7] World Health Organisation (2012). Global TB report. Available on line at www.who.int/tb/publications/factsheet
global.pdf

[8] World Health Organisation (2011). An international roadmap for TB research: towards aworld free of tuberculosis.
Available on line at: www.who.tb researchroadmap .org

[9] Zwerling, A., Shrestha, S. and Dowdy, D.W. (2015). Mathematical modeling and tuberculosis:Advances in
Diagnostics and Novel Therapies. Advances in Medicine 10, 2-11.

[10] Ibrahim, M.O. and Egbetade, S.A. (2015). Effects of vaccine efficacy on basic reproduction number of a vaccination
model of tuberculosis. Journal of the Nigerian Association of Mathematical Physics 30, 215-220.

[11] Maple 18 (2014). Waterloo Maple Inc., Ontario, Canada.

[12] Diekmann, O. and Heesterbeek, J.A.P. (2000). Mathematical Epidemiology of Infectious Disease. John Wiley &
Sons, Chichester.

Transactions of the Nigerian Association of Mathematical Physics Volume 3, (January, 2017), 93 — 98

97


http://www.who.int/tb/publications/globalreport/2010/en/index.html
http://www.who.int/tb/publications/factsheet%20global.pdf
http://www.who.int/tb/publications/factsheet%20global.pdf
http://www.who.tb/

A Simulation-Based Study of... Egbetade and Ibrahim  Trans. of NAMP

[13] Blower, S.M. and Gerberding, J.L. (1998). Understanding, predicting and controlling the emergence of drug-
resistance tuberculosis: a threshold framework. J. Mol. Med. 76(9), 624-636.

[14] Collijn, C., Cohen, T. and Murray, M. (2006). Mathematical models of tuberculosis:accomplishments and future
challenges. Proc. Natl. Acad. USA 103(18), 1-28.

Transactions of the Nigerian Association of Mathematical Physics Volume 3, (January, 2017), 93 — 98
98



