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Abstract

. The sex industry has been implicated in the spread of HIV across the world. In this
article we propose a simple theoretical model consisting of two core groups of interact-
ing heterosexual populations. One of the core group consists of male truck drivers and
the other group consists of female sex workers. The truck drivers need for entertain-
ment and female companionship make them use the services of the female sex workers
in stop-over towns near major transportation routes. The resulting co-mingling of
these sexually active, high-risk populations not only explains high prevalence of HIV
in truck drivers and female sex workers and the subsequent spread of the disease in
general population, but also points out the magnitude of the problem and the urgency
of introducing effective controls. Our model assumes (i) a low level of condom use
among the trucking population and female sex workers, (ii) high level of HIV in both
truck drivers and female sex workers, and (iii) continuous recruitment in both groups

- when losses due to AIDS or natural factors occur. We give the complete analysis of the
disease free and endemic equilibria. With that we also show the effect of reducing HIV
cases in both groups by lowering of HIV transmission rates (e.g. by using condoms).

1 Introduction

The sex industry is a major factor in spreading of the human immune deficiency (HIV)
across several countries in sub-Saharan Africa and Asia (e.g. Hiesh and Chen, 2003,
[HC03]). In Nigeria studies have identified “bridging” populations such as long distance
truck drivers, commercial motor cycle riders and the uniformed services who are the pri-
mary clients of female sex workers as major contributors to the spread of HIV in the

-general population (Idoko, 2004, [104]). The female sex workers are considered as one of

the risk groups driving the epidemic because of their high HIV levels and exposure to mul-

- tiple partners while the truck drivers are at elevated risk because they spend many nights
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away from home and their need for entertainment and female companionship makes them
use the services of the female sex workers in stop-over towns near major transportation
routes. Although sex workers are often subject to great deal of stigma and exploitation,
the industry has continued to thrive because of extreme poverty and falling standard of
living in Nigeria. Thus, the female sex workers enter the profession out of necessity and
only quit when they can. On the other hand, truck driving is a lucrative profession which
unskilled males are willing to take, when such opportunities present themselves because
of enormous material and monetary benefit associated with it by local standards. Though
the truck drivers are engaged in legitimate businesses, they are often seen as a “bridge”
population, or the one through which HIV reaches the larger population, particularly peo-
ple who are considered at-lower risk. Most of the truck drivers have wives and other sexual
partners in their communities who are always at risk of HIV infection by the truckers. In
1991 a study of truck drivers’ sexual cultures was conducted in which the truck drivers
reported an average of 6.3 current sexual partners (sex workers), 12 sexual partners during
the previous year and 25 partners besides their wife during a lifetime (Orubuloye et al.,
1993, [Or93]). A similar study of truck drivers between 1999 and 2001 (Ogboi et al, 2001,
[Og01]) found out that the prevalence of HIV infection among truck drivers in Nigerian
transit towns was 54 percent as compared to 17 percent in the non-transit towns. A
number of studies have documented similar findings across sub-Saharan Africa. Studies
of an area along a major highway in Uganda have founid an HIV prevalence of 35 percent
among truck drivers, and 37 percent of truckers estimated having more than 50 female
sexual partners during their lifetimes (Von Reyn, 1990, [VR90]).

The spread of HIV has reached an epidemic proportion in Nigeria and its impact
on the transport industry is especially significant when considering that truck drivers are
largely transporting goods from the rural areas to major urban centers. In addition, young
men and women are being lost to AIDS in their productive years. In 2001, an estimated
number of adults and children who died of AIDS was 170,000 (Epidemiological Fact sheets,
2002 update). Thus, most efforts at the understanding the dynamics of the AIDS epidemic
within risk groups have been targeted at the two core populations, namely, the truck drivers
and female sex workers. For instance, Orubuloye et al in [Or93] considered the role of high-
risk occupations in the spread of AIDS among truck drivers and itinerant market women
in Nigeria along the Ilorin-Ibadan-Lagos highway and concluded that occupation demands
had resulted in a network of multiple partners. Sunmora 2005, [S05] investigated sexual
practices and barriers to condom use among truck drivers in Nigeria and concluded that
the use of condom among the truck drivers was only 9 percent, though about 70 percent of
them knew about condom HIV preventative measure. On the other hand, condom usage
is generally acceptable by female sex workers (Orubuloye et al, 1999, [Or99]), but their
clients sometimes insist on non usage, thus placing the sex workers as well as their clients
at risk of contracting HIV.

In this study, we consider via mathematical modeling the role of transactional sex as
it affects the dynamics of HIV/AIDS within these two core groups as a first step on our
study on its implication on the general population.
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The paper is constructed as follows: in the next section we formulate the main model,
after which we analyze the disease-free equilibrium and the endemic equilibrium in Sec-
tions 3.1 and 3.2, correspondingly. In Section 4 we study the dependence of the basic
reproductive number and the endemic equilibrium on given parameters, in particular, for
the latter we include hypothetical simulations of effects from decreasing transmission rates
(by using condoms), see Figure 1 and 2 as well as Table 2. Section 5 describes the data.
we have gathered and parameter estimation we use. The next to last section contains
conclusions, discussion, future work, and we conclude with acknowledgments in the last
section.

2  Model formulation

For our model we consider a scenario in which the two core groups are experiencing the
epidemic (we show that this corresponds to data gathered, refer to Section 5) and act
as a reservoir through which the disease spreads in the general population. The model
considers the two core groups only and consists of epidemiological processes, namely, the
acquisition of infection by the truck drivers and female sex workers, losses in both groups
due to AIDS (and natural factors) but an immediate recovery in both groups by the
recruitment of new members because of the economic benefits.

2.1  Assumptions

e Sex with clients other than truck drivers by females sex workers is not considered.

e Low or non-existent condom usage by the truck drivers who patronize the services
of the female sex workers. ’ :

e Random mixing between the two groups.
e Transmission rates are constant over the life of the disease.

e Bach of the core groups have losses due to AIDS but the populations size of both
core groups remain fixed, since each truck driver and sex worker gets replenished
immediately.

Let Sy, and Sy denote the number of susceptible truck drivers and female sex workers
respectively. Let Ip, and Iy be the number of infected male truck drivers and females sex
workers, respectively; and A,, and Ay be the number of truck drivers and females sex
workers who have developed AIDS, correspondingly. We derive the following system of
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differential equations which describes the above dynamices.

$m = timDm +YmAm = imSm — BiSm Ak

Sy = pgNp+vrAp—usSy— BaSs=

I = BiSmgs ~ (vm + pm) I

Iy = BaSrig= ~ (v +ps)l Y
Am = YmIm — (Ym + pim)Am

Ap = yplp— (b + pp)As.

Here, the total populations of truck drivers is Ny, = Sy + Ip + Ap, and commercial sex
workers is Ny = Sy + Iy + Ay. We denote the total number of susceptibles and infected
by K: K = Sy + Iy, and Kf =Sf—}-If.

The parameters used in the system (1) are indicated in the table:

Symbol | Description

b1 Rate at which female sex workers infect truck drivers
Bo Rate at which truck drivers infect female sex workers
L, Natural mortality rate of truck drivers

1% Natural mortality rate of sex workers

Um Rate at which truck drivers are lost due to AIDS

Yy Rate at which sex workers are lost due to AIDS

Y. Rate at which infected truck drivers progress to AIDS
vf Rate at which infected sex workers progress to AIDS

Table 1: Model parameters

Since we assume the constant number of workers in both groups (N = const and
‘N, = const), the above equations reduce to

Sm = ,UmNm + '@[)m(Nm - Km) - ,umSm - ﬂlSmTI{f;

Sy = prNy+vbp(Ny— Kg) — pgSs — Sy

. (@)
I, = ,Blsm% - ('Ym + Nm)jnz

Iy = BaSpgm — (vp+pp)ls

This system is analyzed in the paper.
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3 Analysis

We start our analysis with finding biologically meaningful equilibria of system (2), by
setting the left-hand side .of (2) equal to zero.

0 = A,U‘mNr;‘z + Y (Nep — K) — = B15m K_f
0 = ppNy+9s(Ny—Ky)— ugSy— BoSe g
0 = & Sme (’)’m + ,Um)Im

0 = BaSp — (v +u5)ls.

3.1 The Disease Free case

First we study the case when the population is free from HIV infections, i.e. I, = Iy = 0.
In this case from (3) we obtain the disease free equilibrium Ey = (Np,, N§,0,0). We
compute the basic reproduction number using the next generation operator (e.g. Castillo-
Chavez et al, 2002, [CCCO02] or Diekmann et al, 1990, [D90]), which is

B152 .
\/(7m + .Um) Y5+ Mf) (4)

The Jacobian matrix at the disease free equilibrium Ey is

~(m +m) 0 ~tm ~Pr1 .
I 0 ~(Wr+u)  —Bant ~5 (5)
0 0 '"('7m + ,U'm) ,61‘]]\\{;—7;' ’
0 0 Ban = (77 + py)

The characteristic equation for this case is
A+ P+ pm) (A + Y7 + 15) (A + Ym + ) (A + 75 + p15) = BiB2] = 0. (6)

All eigenvalues are negative if and only if 8162 < (Ym + tm) (77 + pf). This implies that
the disease free equilibrium is locally stable when Ry < 1 and unstable otherwise.

3.2 Endemic equilibrium

In order to determine the endemic equilibrium we substitute S,, = Ky, — I;, and S ;=
Ky — I in the last two equations of system (3), multiply by K¢ and Ko, correspondlngly,

and obtain
ﬁleIf - ﬁlImIf - (’)’m + /-Lm)KfIm =0,
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BoK sl — Bolplm — (¢ + pg) Kl =0,

which, after eliminating Kn{y term in both equations and Canceling I, (since I, # 0),
amounts to

Ym F b B2 B2 v
Is+ K= Ky — Iy, 7
f R At el (7)
Solving for Iy in (7) (and similarly for Ip,),we get the following expressions
If = Cfo, (8)
I = Cme7 (9)
where
_ B1B2 ~ (ym + ,Um)(’Yf + lj'f) (10)
Bi(vf + us + o) ’
_ BB = (ym + pm)(vp +py)
Cm = . (11)
182(’Ym + pim + /31)

Substituting ¢, and ¢y for the I/ Ky, and If/Kj in the ﬁrst two equations in (3) we
obtain the expression for Iy and I, at the endemic equlhbnum

- (pr+ 1ﬁf)cf '
b= T 0= Gorem it ip) (12)
i ‘ (,um + '@bm)% - (13>

™" (W + (1= cm) (Bres + pm) (1 = Cf)
where 0 < ¢y, ¢, < 1. The values of Sy, and Sy are determined by

~ 1—Cf~
Sy = Iy,
f cr f
_ 1—c. -
§p=-_Cmj
Cm

Denote this equilibrium by E = (Sm, 5S¢, Im, I;). The linearization of system (2) at the
interior equilibrium F, gives the following characteristic equation

Bicy + tm + A 0 Yn 0
ZIJ_L .
0 Bacm + pg + A 0 y —o. (14)
—Bicy 0 YmCf + pm + A 0

0 —Bacm 0 ’Yf'*‘/if—l-/\

This is equivalent to

[(ﬂz% +pp+ A vyt pp+ )+ ﬁzl/)f‘ccf;n
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C .
(ﬂlcf + tm + /\)(7m + o + ’\) + ﬂl":bm'cT_fl = 0.

Equating to zero each factor in the left-hand side of the above equation, we have

c

A2 + (ﬁlcf"i' 2m + 'Ym)>‘ =+ (ﬁlcf + /J"rn)(’)(m + ,U"m.) + ﬁlwm'c‘f‘ = _O, (15)
m
. ) cm

X2+ (Baem + 2uf + Yr)A + (Bacm + 1g) (vr + pg) + ﬁzlbf; =0. (16)

The solutions are

Alg = *% ((,Blcf + 2pm + Ym) £ \/(ﬁle - Ym)? — 4ﬂ1¢m—:f:)

and

A34 = —% ((ﬂzcm +2pf +5) £ \/(ﬁzcm —y5)2 — 4ﬁ2¢f%) .

To establish conditions under which the real part of all )\; (i = 1,2, 3,4) is negative, we
consider ¢y, ¢m > 0. For brevity denote Aj o = —%(b + \/ﬁ) Then

b8 = (Bics + 2pm + m)? > (Brem)? + 72 > (Bicy)? + 2 — 281 Ym — 4ﬂ1¢mzc—f— =D.
(e
Therefore, b2 > D, and so A1,2 < 0. Similarly A34 < 0. )

Observe that all entries in E are positive. This is seen from the fact that all parameters
involved are positive and 0 < ¢, ¢f < 1. Therefore, for example, the denominator in (13)
is positive (similarly, in (12)) and the whole quantity is non-negative as well.

Here, we remark on the range of ¢,, and cy. Positivity of these coefficients is insured
when Ry > 1. By the definition of Ry, we have the following inequality

B1B2 = (Ym + pm) (vs + Br)- (17)

This shows that in our current model the disease-free equilibrium is unstable and HIV
spread is growing (monotonously or oscillating) to the endemic equilibrium, existence of
which is guaranteed by (17). Note that (17) also implies negativity of eigenvalues for
the endemic equilibrium. Therefore, in order to get rid of the disease (i.e. to make &
coincide with Ey or become negative and thus biologically impossible), the condition on
the parameters must be '

' B1Ba < (Ym + pm) (75 + 1)

For further convenience, we rewrite E. Denote by 7y, the number of secondary infec-
tions an infected male truck driver causes in females in a disease-free population over the
length of time a truck driver is both employed and infected, and by r; the corresponding
value for infections caused by females (HIV transmitted from males-to females). That is,

_ P _ b
=——— and 15 = .
Ym + Hm Yr+ Ly

Tm
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Observe that the basic reproductive number is the geometric mean of the above values
Ry = /T - 77. Rewriting the endemic equilibrium value (13) for I, in terms of r, and
T, we obtain ‘ .

Tm7f—1

IL,= (pin + wm)"f(rm*l-ﬁl/ﬁz)
mwe Br/Bers+1  Trrp—1 v
Pm + r_f(rm+ﬁ1//32)('61 rm(rs+02/B1) + bm)

N, (18)

or equivalently, in terms of Ry
Rg—1
(bm + Pm) Ro+B2/(s+77)

= Ba/ (s +vs)+1 Ro—-1
Ym + Ro+B2/ (s +7r5) (B Ro-f-ﬁl/o(um‘l"‘/m) + um)A

I, N,,.

The expression (18) will be used to analyze the dependence‘of I, on parameters. A similar
expression can be obtained for I;.

4 Sensitivity Analysis
4.1 Local sensitivity analysis of the Basic Reproductive Number

In this section, we use sensitivity analysis to compute the sensitivity indices of model
parameters through local derivatives (for examples see [AHO05] or [C04]). This approach
gives a local measure as the sensitivity can change when the values change.

Consider the basic reproductive number

B152
(Y + o) (75 + 115)

Ro(B1, B2, Yms Yfs bms fhf) = \/

Suppose 6p is some perturbation to the parameter p where p is any of the six parameters:
B1, B2, Ym, ¥, Mm and py. Let dRy be the resulting perturbation to Ry. Then the
normalized forward sensitivity index is defined by

SRy ,0p
Qp = 7%—/ )
0 P
) : e p 9Rg : L
provided Ry, p # 0 and in the limit is equal to —E——a—p— A linear approximation of the -
0

perturbed value Ry in terms of the sensitivity is
op
Ro(p+dép) ~ {1+ Qp? Ry,
where the sensitivity indices of the six parameters are computed as follows:
1 1
Qs (RO) = 5 and  Qpg, (Ro) = bR

330



1 Ym

Ry) = ———" _ = -0.3869,
1 vy
Qv (Ro) = —=——— = —0.3681,
v (Ro) 2 (75 + 1f)
1 pm
Ry) = —=—"1" = _0.1131,
Qum( 0) ‘ 2(’)’m+ﬂm)
and 1
1
Qu,,(Ry) = —=——"—— = —0.1319.

~ Therefore,

Ro(p + 6p)/Ro ~ = (ﬁ@l + 5&> 0386907 _ 036812 _ 0.1131%%m _ 0.1310%4.
2\ 6 b2 YFm Y5 e L

It is obvious from the above expression that the basic reproductive number is less sensitive
to changes in the rate at which the infected are being removed due to AIDS and the natural
mortality rate than the rates of HIV transmission (in both classes).

4.2 Sensitivity Analysis of the Endemic Equilibrium

We study dependence of the endemic equilibrium on HIV transmission parameters (f),
since in previous section we showed that Ry is most sensitive to them, and in practice
only these parameters could be changed. The quéstion we answer is how the lowering of
transmission rate (for example, by truck drivers wearing condoms, assuming that condoms
offer complete protection against infection) effects the HIV cases in both groups.

Suppose that s% of truck drivers wear condoms while interacting with female sex
workers. This implies that the HIV transmission rate will decrease by s%, or equivalently,
the transmission rates in both directions (from females to males and from males to females)
will be reduced as G]'** = k - ,Bfld, where £k = 1 — s and ¢ = 1,2. This implies that the
-values 7, and ry will be changed to

new

Tm

=k-rm and 77 =k.ry.

Without loss of generality, consider the truck driver group. Then, modifying (18), the new
value I¢" of the infected truck drivers in the endemic equilibrium (assuming that £% of
them will not wear condoms) will be

kz'l'm’l'f—l

rew ('u'm + ¢m)k7’f(k7‘m+ﬁl7ﬁ2) N, (19) :
mo b + ELETIEL_ (1 Rror—1 ) m :
, M T Ty (krm+51]B2) L Ko (krp4+82/P1) | Hm
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Thus, we have a function I, (k), where 0 < k < 1, and in order to determine the effect
from wearing condoms by truck drivers in the endemic population, we study the following

quotient _
_ In(k)
J(k) = ——fm(l).

The left hand side in the above expression indicates the fraction of the initial endemic

number of infected truck drivers. To obtain the percentage decrease in endemic HIV cases

among truck drivers, we calculate P(s) = (1 — J(1 — s)) - 100%.
The results for the available data (see Section 5) is given below. First, we show the
dependence of P on s for truck drivers and sex workers by graphs.

% decrease in HIV among truck drivers

ol . "
/ L
. , K
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% Decrease in HIV among sex workers
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In these graphs the two curves show the high and low estimates due to the following
ranges in data: (i) the transmission rates §; and (; have ranges, and (ii) different sources
show that on average the number of contacts for a female sex worker can vary between 6
and 30 contacts per week and for truck drivers between 3 and 6 contacts per week (see

more details in Section 5).

In the table below we write the numerical values of effects of hypothetical usage of
condoms by truck drivers. '
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% of Truck Drivers % decrease in HIV cases % decrease in HIV cases
wearing condoms among Truck Drivers among Sex Workers

10% 3-6% 5%

20% 6-14% 10-11%
30% 10-21% 16-18%
40% 15-30% 23-26%
50% 21-40% 31-35%
60% 28-51% : 40-45%
70% 38-64% 51-58%
80% I 51-83% . 64-79%
90% 70-100% 80-100%

Table 2. Effect of condom use on HIV cases

Interpretation: If 50% of truck drivers use condoms, HIV cases will be reduced among
them by 21-40% and among female sex workers by 31-35%.

Question: What percent of truck drivers would need to wear condoms in order to
reduce the prevalence by half (50%)?

Answer: According to data we have gathered (see Section 5) and sensitivity analysis
(Section 4), we calculate the value s when P(s) = 50%, obtaining that 59-79% condom
usage by truck drivers will reduce HIV cases among truck drivers by half (50%); similarly,
64-69% condom usage among truck drivers will reduce HIV cases in female sex workers by

50%. ’

5 Parameters and Data Estimates

In this section we estimate the various parameters used in our model. We describe the .
model parameters and derivation of them. Due to unavailability of quality data, we try
~ to make the best estimates as possible but in some cases they might be crude.

- CoNTACT RATES. The rates of infectious contact, 81 and f;, depend on the total
number of contacts per person per year, and the probability of transmission per contact
(e.g. [Mo01] and [KZ05]). The risks of infection from sexual transmission are quantified
using epidemiological studies called “partners studies” (e.g. [BG94]). Since most truck -
drivers are clients of sex workers, it is appropriate to consider the rate at which truckers
are infecting the sex workers. Combining data from [R97], [M94] and [L91], we obtain a
range for the per contact probability of female to male transmission of 0.003 — 0.010, and
a range for the per contact probability of male to female transmission of 0.006 — 0.080.
From [Or93}, [Or99] and [FHI2000], we gather that on average the range of contacts for a
truck driver with sex workers is 3-6 times per week and the range of contacts for a female
sex worker with truck drivers is 6-30 contacts per week. We calculate the parameters §;
and (B as follows '
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e (1 = (probability of transmission from female to male per contact) x (number of
contacts per week) x (52 weeks per year) = (0.003-0.01) x (3-6) x (52) = 0.468-3.12.

e (32 = (probability of transmission from male to female per contact) x (number of
contacts per week) x (52 weeks per year) = (0.006-0.8) x (6-30) x (52) = 1.872-124.8.

NATURAL MORTALITY RATE. The non-AIDS related death rate u,, of truck drivers
is related to the life expectancy of a healthy truck driver without AIDS, and the average
mortality rate is the reciprocal of the average lifetime of a healthy truck driver following
recruitment. According to the World Health Report, 2002 [EPS02], the life expectancy of
a healthy Nigerian is 51 years and on average truck drivers joint the profession at 22 years
[Or93]. This means that the average life time of a healthy truck driver is 29 years and the
natural mortality is jt, = 1/29 = 0.034. Similarly, we define the natural mortality rate u¢
of female sex workers to be the reciprocal of the average remaining life time of a healthy
female sex worker following recruitment. Orubuloye, et al., [Or93] estimates the average
age of a female sex worker at 20 years and the average age at the onset of sexual activities
is 14 years. We assume that the average age of starting as a sex worker is 16 years and
the remaining life time of a healthy female sex worker is 24 years. Therefore, the natural
death rate of female sex workers is uy = 1/24 = 0.0416.

AIDS-RELATED REMOVAL RATES. The rate of progression to AIDS remains a con-
tentious issue in Nigeria and other parts of Africa. Medical experts says that it takes less
time to develop full blown AIDS once an individual is infected because of poor health
facilities combined with high level of poverty. However, we are not aware of any research
to substantiate the claim. In Hyman (1999), an estimate of 8.6 years was assumed as a
mean duration of infection. Since +;;! and 'y;l are AIDS related death for truck drivers
and sex workers per year, we assume that since a larger number of HIV infected cases
do not get treatment, the same rate of progression to AIDS following infection for both
groups which is 0.116 per year.

DISEASE INDUCED DEATH RATES. This is the death rate due to the disease. We
compute the death rate due to the disease by considering the reported AIDS related
deaths for the country over a period of six years, 1994-1999 [NIMR2000] for both males
and females. We then compute the ratio of number of deaths due to AIDS per year
to the number of reported AIDS cases that year and take the average over the six year
period. The calculated values of 1,=0.1474 and 1;=0.1998 with a range of 0.09-0.189
and 0.132-2.08 for males and females respectively.

6 Discussion

Models of the type used in this study are crude at best. We have made a number of simpli-
fying assumptions, among the usual (homogeneous population, random mixing, constancy
of rates, etc.) we assume that the core population’s interactions with the larger population
does not significantly effect the dynamics of the disease, we have assumed that the popula-
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tion size is constant over the period of interest and that recruitment exactly matches losses
due to retirement and death to name a few. In addition, due to the paucity of data for this
part of the world, we sometimes had to resort to little better than “best guess” for some
parameter values. Official sources are frequently inconsistent, confusing, or sometimes
- unreliable from year to year. However, even in light of all this, the results of interest from
this model seem rather robust. We find that the more truck drivers would use condoms
the more the benefits in terms of reducing disease prevalence. These benefits increase
in a non-linear way, i.e. higher usage of condoms would result in even larger reductions
in disease than would be expected from projecting the reductions at lower levels. This
indicates that a concerted effort made at education and encouragement of truck drivers
to use condoms and female sex works to insist on use of condoms would have increasing
benefits as such a program progresses. Brlngmg “traditional health care providers” into
~such a program by providing financial incentives could have even greater impact. Future
work should consist of both collecting better data and refining parameter estimates as
well as including non core group components of the population as it would give better
understanding the spread of the disease in general population coming from these high risk
core groups. '
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