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ABSTRACT. The sex industry has been implicated in the spread of HIV across
the world. In this article we propose two models, the first consisting of two
core groups of interacting heterosexual populations, and the second one with
the two core groups linked to the general population. The core groups in the
first model consist of male truck drivers and female sex workers. The result-
ing sexual activities between these two groups is responsible for HIV/AIDS
fast spread in these two groups. These high-risk groups influence the disease
spread in the general population and a simplified version of such dynamics is
described in our second model. We explore the potential impact of high levels
of infection on the general population. Furthermore, we show potential results
of prophylaxis.

1. Introduction

The spread of HIV has reached an epidemic proportion in sub-Saharan Africa
and Asia [8], in particular, in Nigeria [9]. In 2001, an estimate of the number of
adults and children who died of AIDS in Nigeria was 170,000 [8]. The sex industry
is identified as a major factor in fast spreading of the disease. In Nigeria studies [13]
have identified major contributors to this spread: long distance truck drivers, com-
mercial motorcycle riders and the uniformed services who are the primary clients
of female sex workers the group which is also a contributor because of the exposure
to multiple partners.

Our main objective is to look at the impact of core group behavior on HIV
prevelence in the general population, Efforts at understanding the dynamics of the
HIV/AIDS epidemic within risk groups have targeted two core populations, namely,
the truck drivers and female sex workers, see [20], [10], [14], or [19]. For instance,
I.O. Orubuloye et al.[20] concluded that occupation demands of truck drivers and
itinerant market sex workers in Nigeria along the Ilorin-Ibadan-Lagos highway had
resulted in a network of multiple partners.that resulted in these occupations be-
ing of particularly high-risk with respect to the spread of HIV/AIDS. The typical
scenario is truck driver spend many nights away from home and frequently make
use of the services of the female sex workers in stop-over towns near major trans-
portation routes. Although sex workers are often subject to great deal of stigma
and exploitation, the industry has continued to thrive because of extreme poverty
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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. Although the truck drivers are en-
gaged in legitimate businesses, they are often seen as a “bridge” population, or the
one through which HIV reaches the larger population, particularly to people who
are considered at lower risk. Most of the truck drivers have wives or other sexual
partners in their communities who are thus 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 [20]. A similar study of truck drivers between 1999 and 2001 [19] 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. Studies
of an area along a major highway in Uganda have found 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 [27].

Another important issue is an insignificant prevention of the disease. Sunmora
2005 [26] 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 the importance
of condoms as an HIV preventative measure. On the other hand, condom usage is
generally acceptable by female sex workers [21], but their clients sometimes insist on
non usage, thus placing the sex workers as well as their clients at risk of contracting
HIV.

In the general population prevalences are estimated to range from 3.5 to 8
percent in the adult population (ages 15-49) with the average holding at about 5
percent between 1999 and 2003. The rates among men and women is approximately
the same among this age group[8]. The rates of use of commercial sex workers
among adult men ranges from 8 to 11% at least once per year compared to reported
truck drivers’ extramarrital and casual sex (which we assume to be mostly with sex
workers due to logistics) of 72-92% [18], [23]. For sub-Saharan Africa the fraction
of the female population that are sex workers varies an order of magnitude between
lows in the city to highs in rural towns that are along major transportation routes,
but on average the figure is about 1-2% for an entire country [18]. The fraction
of population that are truck drivers is about twice this or 2 to 4% [18], [20], [21],
and [23]

In this study, we first model how the role of transactional sex affects the dy-
namics of HIV within the two core groups. In the second part we look more closely
at the interactions between the core groups and the general population and make
some observations about the strength of “network” connections between the core
groups and the general population.

The paper is constructed as follows: in the next section we formulate the main
model, and we fully investigate the stability of the endemic equilbrium in section
3. 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 project
the impact of condom use on the prevalence of disease in the subpopulations and
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show that there is a multiplicitive effect of prophylaxis for the general population.
Section 5 connects the core and non-core populations. We assume that the risk of
HIV infection in the general population is directly tied in to core prevalence. We
reformulate the equations for infection in the general population (under specified
conditions) in terms of just the core groups. This approach was selected since the
parametrization of the model for the general population requires data that is not
available. Section 6 describes the data we have gathered and parameter estimation
we use. We make some rough calculations to estimate the dilution of infectivity
due to the limited circle of contacts possible between even highly sexually active
individuals. Last section contains conclusions, discussion and future work.

2. Core Group Model

We start with considering a simplified scenario in which the two core groups are
experiencing the epidemic (we show that this corresponds to data gathered, refer
to Section 6). The model considers the two core groups only - male transportation
workers (truck drivers) and female sex workers. Individuals removed from both
groups due to retirement, natural mortality (or other factors), and AIDS are con-
sidered to be replaced immediately through the recruitment of new members from
the general population. In other words, we assume that the economic conditions
are such that the supply of workers exceeds the demand.

The following assumptions are made in this model:

Sex other than between truck drivers and sex workers is not considered.
No condom use by the truck drivers or female sex workers.

Random mixing between the two groups.

Transmission rates are constant over the life of the disease.

Recrutment to the core groups is of uninfected persons only.

Each 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 replaced immediately. We assume that the AIDS cases are highly
symptomatic so that progression from HIV to AIDS removes individuals
from the sexually active core groups.

Let Sy, and Sy denote the number of susceptible truck drivers and female
sex workers respectively, and let I,,, and Iy be the number of infected male truck
drivers and females sex workers, respectively. Both new truck drivers and new
sex workers are recruited at the same rate as they are lost, this assumes that the
supply of available workers is always adequate and there is a minimal time required
to train a person. The losses from the system are due to natural mortality (u’s)
retirement (p’s) and removal or death due to progression from HIV to AIDS(v’s).
We assume that the onset of AIDS results in a person being unable to continue
working as a truck driver or sex worker. New infections are caused exclusively by
heterosexual contacts between susceptible core group members and infected core
group members (the rate of infection given by the 8’s). The following system of
differential equations describes HIV dynamics in this simplified two-sex mixing core
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FIGURE 1. A compartmental diagram for the system of equations

in (2.1).

population.

Sy = ((us +pr) Ny +75Ig) = (g + ps) Sf = Brmsvm 28-St

Sm = (ttm + pm) Nm + YmIm = (ttm + pm) Sm — 6fm’/f1{7_ff5ma
Iy = Bmsvmn=Sy — (v + 1y + 01,
Im = ﬂmefjif—j;Sm — (’ym + m + pm)Im

Here, the total populations of truck drivers is N,, = S, + I,, and commercial sex
workers is Ny = Sy + If. The parameters used in system (2.1) are described in
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Table 1.

Symbol | Description

Btm Rate at which female sex workers infect truck drivers
per susceptible truck driver

Bmf Rate af which truck drivers infect commercial sex workers
per susceptible sex worker

L natural mortality rate of truck drivers

Wy natural mortality rate of sex workers

Pm retirement rate of truck drivers

Pf retirement rate of sex workers

Um turnover rate of uninfected truck drivers (= @y, + pim)

Py turnover rate of uninfected sex workers (= py + py)

Ym Rate at which infected men progress to AIDS

o7 Rate at which infected women progress to AIDS

vy the fraction of adult females that are sex workers

Um the fraction of adult males that are truck drivers

Table 1. Model parameters.

Since we assume a constant number of workers in both groups (Ny =const. and
Ny, =const.), the above equations can be reduced to the following model

It = Bgvmap= (Ng = Ir) = (v + 9p)I,

; I

Im = /BmefN_ff (Nm - Im) - (7m + wm)Im

Using the assumption that the population size is constant, we reformulate 2.2 in

terms of proportions of the respective core groups that are infected. Therefore, let
X = ]{,—ff and Y = ]{,—’"m, and substituting ¢ for g+ p we have

(2.2)

X = BmsvmY (1= X) = (7 +95)X,
YV =Bmrvs X (1=Y) = (Ym + ¢m)Y-
This system (2.3) is analyzed in the next section.

(2.3)

3. Core model Analysis

There are two equilibria of system (2.3): a disease free equilibrium Ey = (0,0)
and an endemic equilibrium F; with X > 0and Y > 0. We compute the basic repro-
duction number using the next generation operator at the disease free equilibrium
E; =(0,0) (e.g., [4] or [7]). We find that

Bmfﬁfml/ml/f
3.1 Ry = .
(31 ’ \/(wmwm)mwf)

The basic reproduction number Ry represents the number of secondary infec-
tions generated by a typical individual from the core population of susceptibles Sy
and S, at the disease free (Ey) equilibrium. The local and global stability of the
disease free equilbrium (Fjp) is thoroughly investigated in [14] for a structurally
similar model and they show that it is globally stable for Ry < 1. Here we analyze
the stability of the endemic equilibrium(F; ).
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The endemic equilibrium F; = (X,Y) is

X = Bmf,gfmym”f — (Ym + "»Z}m) (’Yf + ¢f)
BimVs (BmgVm + 75 +Vr)

V= Bmf,gmeme - (7m + 7/Jm) ('Yf + ¢f)
IBmem (Bfml/f + Ym + wm)

The values of ff, S'f I,,,and S,, are given by

(3.2a)

b

3.2b

(ﬁj {}:)NZNf’ and ?f:(l—{z)Nf,
I[,=VN,, and &, (I—Y)Nm.

Linearized Jacobian of (2.3) at E; is

_ BimVs(BmsVm+ys+¥s) BmsVm (Vi) (BrmVs+Ym+¥m)
J— BfmVi+Ym+¥m BimVs(Bmsvm+re+iy)
Brm Vs (Ym+Ym)(Bmsvm+75+¥5) _ B Vm (BimVi+vm+im)
Bm s Vm (BfmVs+vm~+1m) Bmfvm+vr+vr

Denote by r,,¢ the number of infections an infected male truck driver causes
in females in a disease-free population before the first infected female is removed
from the sexually active population (e.g., by progression to AIDS, or death, etc.)
and by 7., the corresponding value for infections caused by females. That is,

= —ﬂmfym and ryg, = —ﬂfmyf .
vr+ wf Ym + wm

Note that this is not strictly analogous to the biological definition of the basic

(3.4) T'mf

reproductive number since the basis of comparison is not the time before the in-
fecting agent has recovered but the time before the first infected has recovered.
Observe that the basic reproductive number is the geometric mean of the above
values Ry = \/fmy - Tfm. Make the substitutions for 8, vy and Bfpvm,

. R2

X =y +vp) (Y (1-X) - X)

Y = (Ym + ¥m) (’rme(l_Y) -Y).

Rewriting the endemic equilibrium value X and Y in terms of rp, ¢ and rpy,, we
obtain

v . TmfTim—1
X= Tim(Tmyp+1)
(35) 7 T —1
Y — mfTfm
Tmf(rem=+1)

The eigenvalues of the Jacobian always have negative real parts when the determi-
nant of J is positive. Observe that

_ | Brgm (Brmvs + v + ¥m)* + BrmVs (Bmgvm + 75 + )
frace (J) B ( (ﬂmfl’m + vy +¢f) (/Bfml/f + Ym +¢m)

_ T'mf (Tfm-l—l) Tfm (Tmf+1)
B <ﬂfmyf (Tfm (rmy + 1)) Vi <7°mf (rpm + 1)))

is always negative, and since
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det(T) = BmsBrmvmvs — (v +01) Ym + ¥m)
6m,fﬂ,meme <M)

TmfTfm

BimgBrmVmVy 2
= R% (RO - 1) 3
the endemic equilibrium is locally stable when Ry > 1. Also there are no complex
eigenvalues (and thus, no periodic solutions or spiral sinks). For there to be complex

eigenvalues

(trace (J))* < 4det (J),

which is
<ﬂfml/f7“mf (Tfm + 1) ﬁmfvmrfm (T'mf + 1))2 < 46mfﬂfml/ml/f (Tmefm—l)
Trm (Pmy +1) Tmg (Ppm +1) '

When Ry > 1, this is equivalent to
(36) ( TmfTfm 4ﬁmfﬂfm1/myf

P - 1) P g (7t 1) rrm(rms ) V)
e (Bsmvs (Fofiteiay) + Bmsom (52557 ))

TmfTfm

Furthermore, the left hand side
r R?
< m T fm ) =20 >
TofTfm — 1 R§—1
Now on the right hand side we can rearrange to get

4

( BrmvVs (Tmf(rfm+1)) + BmfVm (Tfm(rmf“l‘l)))z’

V BV \7fm(Pms+1) V Bimvs \rms(rim—+1)

which is of the form 2~ the denominator of which is a minimum (equals 4)
aTa

(a+3)

when a = 1. That is

4
1> 5
1
(a+3)

Thus, we always have

4

1> 2
( [Brmvy (rmf(rfm+1)) + [BintVm (rfm(rmf-i-l)))
BmfVm \Tfm(Tms+1) BrmVe \Tms(Tfm=+1)
Hence,
< TmfTfm ) >1 2 4Bmfﬂfmym’/f
TmfTfm — 1

g (rpm+1) m(rms ) V)2
(5mef (_:hi(:fnﬁ_l)) + BmfVm (—:Lf(:f,iﬂ)))
which contradicts inequality (3.6), thus (trace (J))* is always greater than 4det (J)
and no complex eigenvalues exist for the stable endemic equilibrium. Global sta-
bility of the endemic equilibrium can be demonstrated for Ry > 1. We change

coordinates of the system to put the origin at the endemic equilibrium.  Let
U=1-X/XandV =1-Y/Y then

-1 -1
X:M(l—U) and Y:M(l—‘/).
Trm (Tmy + 1) Tof (Tfm + 1)
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Making the substitution r,,; = R%/r¢m, we obtain
o (R3+rsm)  (R3—1)(1-U)
0=y +w9) (-0) - - v) (G - L5000 )
2_ —
V = (i + ) ((1 ~V)-(1-0) (33“*%” _ (1) V>)) .

(R3+7sm) (R3+7sm)

(3.7)

(rgm+1) . (R§+7sm)
L = U 1%
o (7f + ¢f) * (’Ym + wm)

Pg, = —V(R-1)(A-U)(m+1)

For V > 0 then Lg, >UandwhenRg>1=>L<UFOrV<0wecanmake
the substitution 74, = R%/ry,; and by symmetry we have that when U > 0 then
Lg, > 0 and when Ry > 1 = LE1 < 0. When both X > X and Y > Y then we

let U = X/X —1and V =Y/Y — 1 and the Lyapunov function (same as above)
yields

Lp, =~V (RS —1)(U+1)(rym+1)
Thus these facts plus the local stability gives global stability of the endemic equi-
librium when Ry > 1

4. Sensitivity Analysis

In this section, we carry out a sensitivity analysis on Ry. For our measure of
sensitivity we use the normalized sensitivity index (elastisity) of Ry with respect
to each of the eight parameters (see [11] or chapter 9 in [5] for an excellent review
of methods). This approach is a local measure of changes in Ry when parameter
values change by a small amount.

The basic reproductive number is a function of six parameters

RO(ﬂmf7ﬂfm7Vf7Vm77mafyfa¢m7¢f) = \/(’Ymﬂr;if;:;l:—f’(/)f)

The sensitivity indices of each of the eight parameters are:

Brm OBy 1 Pmg ORo 1
Ro 0Brm 2 Ro OBms 2
l/_maRo _l and l/faRo _1
Ro Ovy, 2 Ry Ovy 2

TYm aRO 1 TYm

0 Tm_ —_.3869,
RO 67m 2 (7m + 'djm)

v ORo 1y

0 S 03681,
Rodv; 2y +4y)
d)m a]%0 1 '(/)m
Tm 0 S Tm . 0.1131,
Ry a¢m 2 (Ym + ¥m)

and OR, 1

Yol L Wr _ 431,

Rodvy — 2(vs +4y)
From the above it follows 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

turnover rate than the rates of HIV transmission (in both classes).
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The study of the dependence of the endemic equilibrium on HIV transmission
parameters () will allow us to look at the impact of transmissions rate (for example,
by truck drivers wearing condoms, assuming that condoms offer complete protection
against infection) in reducing the HIV cases in both groups.

Suppose that a fraction 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 so that BT = k- 3¢/, where k = 1 —s,
and i = mf or fm (we use the same k for transmission in both directions). Hence,
the values r¢,, and r,,; will change to

(4.1) Tim = k- -Tpm, and Tpp = k-7,

Without loss of generality, consider only the truck driver group. Substituting (3.5)
in (3.3) we modify the expression using (4.1), the new value I"¢* of the infected
truck drivers at the endemic equilibrium (assuming that a fraction & of them will
not wear condoms) will be

(4.2) few = Ermirim =1
m krmf (k?”fm +1)

ms

Thus, we have defined a function fm(k) where 0 < k < 1. In order to determine the
effect from wearing condoms by truck drivers in the endemic population, we focus
on the quotient

(4.3a) I (k) = F—=.
And similarly for sex workers we have
(4.3b) Jr(k) = L2

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 (Section 6) is given below. The dependence
of P on s for truck drivers (P,,) and sex workers (Py) is given in Figure 2.
This graph shows the high and low HIV prevalence estimates due to variation
in transmission rates based on 95% C.I. (see more details in Section 6). Selected
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FIGURE 2. The effect of condom use by truck drivers on prevalence
of HIV in the core populations.
values are given in Table 2.
% of Truck Drivers % decrease in HIV cases % decrease in HIV cases
wearing condoms among Truck Drivers among Sex Workers
| 10% | 4-12% | 3-11% |
| 20% | 10-27% | 7-24% |
| 30% | 16-46% | 12-42% |
| 0% | 25-70% | 19-67% |
| 50% | 37-100% | 29-100% |
| 60% | 53-100% | 45-100% |
| 70% | 79-100% | 74-100% |
| 80% | 100% | 100% |
| 90% | 100% | 100% |

Table2. Effect of condom use on HIV cases
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Interpretation: If 50% of truck drivers use condoms, HIV cases will be re-
duced among them by 37-100% and among female sex workers by 29-100%.

What percent of truck drivers would need to wear condoms in order to reduce
the prevalence by half (50%)? According to data we have gathered and sensitivity
analysis (Section 4), we calculate the value s when P(s) =32 - 59% condom usage
by truck drivers will reduce HIV cases among truck drivers by half (50%); similarly,
33 - 62% condom usage among truck drivers will reduce HIV cases in female sex
workers by 50%.

5. General Population model

In this section we couple the core population with the general population. The
aim is to assess the impact of the core on the spread of the disease on the general
population. We assume that the role of HIV infection in the general population is
directly tied in to core prevalence. This assumption is plausible since the core has
sexual partners in the non-core population, and thus, any measure of sexual activity
and disease transmission in the core group has a direct, albeit obscure, effect on
the general population. We introduce a model that connects the general population
and core groups, see Figure 3. Under some plausible assumptions the parameter
space can be effectively reduced. Let the disease transmission rates between the
different groups be defined as in Table 3.

‘ \ ‘ females males ‘ females males ‘
from \ to —
1 general pop. general pop. sex workers. transport.
| females general pop. || | ﬁflml | | Bflm‘z |
| males general pop. || ,Bmlfl | | ﬁmlﬂ | |
| female sex workers. || | f2ml | | f2m2 |
| males transport. || ,Bmzfl | | ,Bm2f2 | |

Table 3. Infection rates disease transmission between various subpopulations.

Note that here By2f2 and Bram2 are equivalent to 3, r and B¢, respectively from
the isolated core model. We assume that the rate of progression to AIDS is the
same for males and females (y; = v, = ). We also use the same value of uy for
sex workers and women in the general population and the same value of p,, for
truck drivers and men in the general population.

For model including both males and female in core and non-core groups is as
follows. Let Sp,1 and Sy denote the number of susceptible males and females in
the general population respectively, and let I,,; and Iy; be the number of infected
males and females in the general population respectively. Let S,,» and Sys denote
the number of susceptible truck drivers and female sex workers respectively, and
let I,,» and Iy; be the number of infected male truck drivers and females sex
workers, respectively. The parameters pgo and py,2 are the rates of retirement. We
assume that the entire population is well mixed N,, and N; are now the entire
population of sexually active males and females respectively. The dynamics of
the core group is the same as in system 2.1 except that there is an additional
source of infection from the general population (again only heterosexual contacts
are assumed). The dynamics of the general population mirrors that of the core
group so that losses due to retirement from the core group are gains to the non
core groups, and the uninfected non-core groups are the source of replacement
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workers.  Overall recruitment to the general (sexually active) population is at
constant rate A and consists of uninfected non-core individuals only. The following
system of differential equations describes the demographic and HIV dynamics in
these subpopulations.
Sp1 =Ky — (ﬂmﬂf\}"—; + Bmas1 f(;"—j) Sp1+ pp2Sye
= ((us + ps2) N2 +vIg2) = usSpr
Iy = (ﬂmﬁk"—; + Bm2f15\77n_:) Ser+ pradp2 — (pg +7) Ir1,
: I I
St = A — (BflmlNL; + Bram1 NL;':) Sm1 + pm2Sm2
- ((Nm + sz) Npa + 'YIm2) — fmSm1,
; I I
I = (ﬁflmlNL; + ﬂmel NL?) St + pmadma — (,Um + '7) I,

Sp2 = (g + pg2) Nz + vIf2) — (ﬁmfzg{,"ﬁ +ﬂm2f25\}”—j) Sf2
— (g + pr2) Syas

Ity = (ﬁmfzf\}”—; + Bm2f25\7/n_j) Spa — (g + pra + ) Ig2,

Sz = ((ftm + pm2) Nz + YIma) — (Bf1m2§\/}_; + BmeQ%_j) Sma
- (Nm +pm2)Sm2a

P I Lo _

Ia = (ﬁfmz Ny T Brame N,) Sma = (Hm + pm2 + ) Ima.

The total subpopulations are

Npi=Sp+ 11, Npo = Spa+ 1o,
le :Sm1+Im1a Nm2 :Sm2+Im2a
Ny = N1+ Nya. N = N1 + Nia.

The rates of change of the total subpopulations are
Npv=S8p+1p = Ny = pg (Npo + Npo) = (I + I2)
Nyt = Sf? +If‘2 =A, - Hm (le +Nm2) - 'Y(ImQ + Iml);
Nf2 = ng -I—Ifg =0,
Nm2 = Sm? + Im2 =0.

Note that if the recruitment is constant (on the time scale of interest), there will
be an equilibrium such that in the disease free population we have

i (Nfl + Nfz) = Ay,
. (le + Nm) =Ap.
Once the endemic equilibrium is reached, we have
s (Nfl + Nﬁ) +7 (ffl + ffz) = Ay,
L (le + Nm) + 7 (fmz + fml) = A,

If we assume that the general population reaches equilibrium quickly in the disease
free state, and does not change much due to the disease (an appropriate assumption
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when the prevalence is low in the general population and the general population is
large relative to the core population), then we have

Nfl —Sfl +If1~0 Nfg—ng-i-Ifz—O
Nt = St + Iy = 0, Nma = Sma + Ima = 0.

The total subpopulations are constant and we can reduce the system to

I = (/Bmlfl L+ Bma A’r’”—m) (Ny1 — Ifl) (g +) Iy + prala,
Iy = (ﬁflmlN—f + Brami %) ml — — (Wm +7) Im1 + pmaLme,
jfz = (ﬂmlka"—"i + 5m2f2NL> (Nyo = Ipa) — (g + pra + ) Is2,

Iz = (ﬂf1m2§\];_; + ﬂfzmzN—f) (Nm2 = Im2) — (pim + pm2 +7) Im2

(5.2)

To re-express the above as fractions of the subpopulations, we let

_ In _1f_2 _ Im _ Ino
Xl—Nfl-, X2_Nf2’ K—lea and YVZ_N

The proportions of the subpopulations by gender is

_ Npa _ Nyo _ N, _ N,
Vi1 = Ny V2T N, Vml T o and vy = JPR

Then we have

X1 = Brmrs1VmiY1 + Bmapivm2Ye) (1= X1) — (puy +7) X1+ pp2 N“2X2
Y1 = Brimivin X1 + Bromivea Xo) (1 = Y1) — (pm +7) Y1 + pmzN—lemz-,
Xo = (Bmis2vm Y1 + Bmapavm2Y2) (1 — Xo) — (up + pr2 +7) Xo,

Yo = (Brimevin X1 + BramavraXo) (1 = Y2) — (ptm + pm2 +7) Y.

(5.3)

We note that the terms pf2 N 2 X5 and pmz Y m2 are very small for Nigeria (on

flie order of 104 — 10~? whereas fhe smallest of he ofher terms are ~ 1072).
Substituting ¢y for uy + py2 and ¥y, for w, + pme, we have

Xi = Bmis1ivmi Y1 + Bmap1vm2Y2) (1= X1) — (uy +v) Xa
Yi = (Brimivin Xi + BramivpaXa) (1= Y1) — (pm +7) Y1,

5.4
(5:4) Xo = (Bmifami Y1 + BmagavmaY2) (1 — Xo) — (¥5 + ) Xo,
Yo = (Brimevin X1 + BramavaXo) (1 — Y3) — (¥ + ) Ya.

Define

Tmifl = 7621;])\;\7;, Tfiml = 7@21;];%7

_ BmiraNm1 _ Brim2Nna

55 'mif2 = W) Ny * Tfim2 = Wm+ )Ny
(5.5) _ Bm2s1Nm2 _ Bsam1Ny2

Tm2f1 = Gudy )Ny TF2mL = (ot N

_ Bm2r2Nm2 _ BramaNy2
T'm2f2 = @ )N T12m2 = [ty )N,
These parameters are interpreted as the number of new cases within each subpop-
ulation before the first case in that subpopulation recovers (when the disease is
introduced to a disease free subpopulation) times the fraction of that subpopula-
tion (sex specific). By using the second generation operator analysis for the core
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population, we find the basic reproductive number for this system

Ry = \/% (PfimiTmif1 + TmifaT f2m1 + Tfim2Tm2f1 + Pm2f2r fam2)

(5.6)

X\/l-i-\/l-i- A(rmif1Tm2r2—Tm1f2"m2f1)(Tf1m2Tf2m1—Tf2m2Tf1m1)

(Pf1m1Tm1f1 T mif2T fom1+T fimerm2f1+rmaser fama)>

The endemic equilibrium is the solution of the four equations

15()131 = 7‘m1f13~/1 + rm2f1}~/2:
5.7) 15/7.1}:1 :_Tflml)z:l + szml)?m
o5 = mif2Y1 + rmapaYs,
E = ’I"flmgXl + T‘fzszz.

Since the fraction of the general population that is infected with HIV is about 0.05
in Nigeria, we assume that the fractions of the general population that are infected

(Xland 171) are small, and thus,

ot —1

X, ny TI2m2rm2s2

(5 8) 27 oma2(Fmas2t1)’
. 172 ~ _Tfzm2Tmaf2—1

~ rmofa(Tromat1)?

which is the same equilibrium as in the analysis of the isolated core groups. Using
these values for a quasi-steady state analysis gives us the following expression for
the general population equations

X1~ (uy +7) ((Tmlflyl +rm2f1)~/2) (1-Xy) - X1) ;

(59) Vi & (ftm +7) ((Tfllel + szsz) (1-Y1) - Yl) -

Assumption of a low disease level in the general population gives

X1~ (uy+7) ("“m2f11~/2 (1-Xp) - X1) ,

5.10 . -
(510 Vi % (i +7) (rgom %o (1= Y1) = 11).

Integrating (5.10), we obtain
ax, N
Vst ~ s+,

dY, o~
f Tf?leQ_(erleZ“l‘l)Yl ~ f (Nm T 7) dt‘

(5.11)

The equations in (5.11) have solutions

~ Tm2f1f/2 _ rm?jIYQ —(rmg,'l).’g—l-l)(u/—i-'y)t
Xim (Tm2/13.’2+1) + <X1 (to) (rm2f1§.’2+1)> € ’

(5.12)

~ Tj2m1~X2 _ Tj2m1~)22 —(Tf2m1X2+1)([Lm+’y)t
" (Tf2m1X2+1) + (Yl (to) (Tj2m1X2+l)> € '



16 S. TENNENBAUM, T. G. KASSEM, S. ROUDENKO, AND C. CASTILLO-CHAVEZ

Putting these values back into the original equations and letting the core groups
vary with time, we obtain
(5.13)

) X

X w (g ) [(rmagn [z o

+ (Xl (to) — mzfi'r—;éjrl) e_(Tf2m1X2+1)(I’«m1+’Y)t:| + erﬂYQ) (1-X;) - Xl} :
(

m Y-
m+7) [(T'flml [(7‘7:2;1%*'

+ (i (o) = 2Bl ) em(rman Vet ekt oy X0 ) (1= 1) = Vi

The general population dynamics are now expressed as a function of the core group.
A further simplification of the above equations is

X; ~ (g +7) ((Tmlfl (%) Xo +7“m2f1Y2) 1-X;) - Xl) ,

G ) ((rrim (7o2227) Yo 4 rpoma Xo) (1= Y1) = V3 )

T'f2m1 T'm2f1 ) «, 7

The terms | ————— | and | ——————— | can be regarded as the “strength
<7’f2m1X2+1) <7’m2f1Y2+1

of the network coupling the core group of one sex with the non-core group of the

same sex. Hence, for the endemic equilibrium we have approximately

Tmaf1Ya (1 +rf2le2) + Pt 17 fam1 Xo

(5.15a) X = - - —
(1 + Tm2f1Y2) (1 + 7“f2m1X2> + i 1T f2m1 X2

7 rom1 Xo (1 + 7’m2f15~/2) + T fimiTmas1 Yo

&

(5.15b) Y . . —.
(1 + 7’f2m1X2> (1 + T'm2f1Y2) + T im1Tm2r1Y2

We define the relative potential force of infection!

_ Tmif1 _ Bmis1Nm1 _ Trim1 _ BsimiNjs1
(5’16) ¢mf T Tm2s1 Bm2r1Nm2’ and ¢fm T rrom1 BramiNg2©
Thus,
. Tmaf1Ya (1 + TmeIX‘Z) + G fTmaf1T f2m1 Xo
(5.17a) X; = — - —,
(1 + Tm2f1Yz) (1 + 7“f2m1X2) + GmfTm2s17 r2m1 X
. 7 fam1 Xo (1 + rm2f1}72) + GrmT rom1Tm2s1 Yo
(5.17b) Y1 =

(1 + rf2m1X2) (1 + 7’m2f1f/2> + ¢fmrf2mlrm2f11>2

IThese parameters suggest a measure that can be used as an index of the degree that a
core group has influence on the general population. In this case we would define the indicies

P (Bm +vm)Bm2s1 Nm2 (rf+7f)Brami N2
m (Wm+1m)Bm1f1 Nm1 (¥5+75)Brim1Ng1 "
numbers at the potential maximum number of infecteds for the respective subpopulations. But

see [16] for other ideas with respect to vector bourne diseases (e.g. vectorial capacity).

and sy = These are the relative reproductive
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Assuming that ¢,y and ¢rp, are small (much less than I), we get

. Y:
(5.18a) X, o~ m2nt2
14+ rpenls
. o1 X
(5.18b) v, o~ L2
1+7p2m1 X
When the relative rates of infections are very small, we obtain
(5.19a) X, = Tmzfl?z,
(5.19b) Vi~ 7romiXo.

PREVENTION sTUDY. We look at the effects of condom use by truck drivers
on decreasing HIV prevalence in the general population. In this case we make the
following substitutions rpofrs — kTmag2, Trome — krpamz, and rpopr — krmafri.
Here, all rates of infection involving truck drivers are multiplied by the factor k.
We substitute equation (4.2) in the modified equation (5.19a) to obtain

~ E*rmagarfoms — 1
m2f1 krm2f2 (k?”fzmz + 1)

Again, in order to determine the effect from wearing condoms by truck drivers in
the general population, we focus on the quotient

Xpew (k)

Xpew (1)
where Jp,2(k) is the same as from the core group model 4.3a. The left hand side in
the above expression indicates the fraction of the initial endemic number of infected
women in the general population. To obtain the percentage decrease in endemic
HIV cases among truck drivers, we calculate Pry(s) = (1—J¢1(1—5))-100%. We find
that there is a substantial decrease in the prevalence of HIV in general population

women beyond that of the decrease in the prevalence among sex workers (compare
Figure 4 with Figure 2). For males in the general population we have

(5.20) Xrew (k)

(5.21) Ty (k) — kJpa(K).

k*rmagarfome — 1
krgoma (krmags + 1)

(5.22) Ve (k) & 7 f1me

In this case we obtain the quotient

e (k)
vy (k)
where Jro(k) is the same as from the core group model 4.3b. The reduction in
the male general population is the same as for female sex workers since that is
the main source of disease in this group. However, without non-core males using
condoms there is no additional effect of reduction in the transmission of HIV from
sex workers to their clients, the only effect is that of reducing the probability of

encountering an infected sex worker.
Under the hypothesis that all men use condoms, we obtain the quotient

_ %new (k))
yyew (k))

In this case the results are dramatic, see Figure 5.

(5.23) Tt (k) = = Tpa(h).

(5.24) Tt (k) = kJpa(h).
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% Decrease in HIV Cases in the General Population
Due to Condom Use by Truck Drivers
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’
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,—high est. male

% decrease in HIV cases (P)

" = 4.46
Tw =2.04

0 10 20 30 40 50 60 70 80 90 100
% of truck drivers using condoms (5%)

FIGURE 4. The effect of condom use by truck drivers on prevalence
of HIV in the general population.

We now have a curve which is almost linear, meaning that effects of condom
use on the general population are significantly greater than the effects within the
core groups.

% of All men % decrease in HIV cases % decrease in HIV cases
wearing condoms among general pop. men among general pop. women

10% 13-20% 14-21%
20% 26-40% 28-42%
30% 38-60% 41-62%
40% 51-80% 55-82%
50% 65-100% 68-100%
60% 78-100% 81-100%
70% 92-100% 94-100%
80% 100% 100%

90% 100% 100%

Table 4. Effect of condom use on HIV cases
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% Decrease in HIV Cases in the General Population
Due to Condom Use by Men in Both Core & Non-core Groups

100
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"high est. female /"'

.= high est. male

% decrease in HIV cases (?P)

T =4.46
T =2.04

i

0 10 20 30 40 50 60 70 30 90 100
% of all men using condoms (5%)

FIGURE 5. The effect of condom use by all men on prevalence of
HIV in the general population.

Interpretation: If 50% of all men use condoms, HIV cases will be reduced
among the men in the general population by 65 - 100% and among women by 68 -
100%.

What percent of men would need to wear condoms in order to reduce the
prevalence by half (50%)? A range of 25 - 39% condom usage by all men will
reduce HIV cases among men in the general population by half (50%); similarly,
24 - 36% condom usage all men will reduce HIV cases in women in the general
population by half.

6. 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 our best estimates may be rather crude.

CONTACT RATES. In general the parameters B, and B, are roughly the
reciprocal of the average length of time to become infectious with HIV from the
time a person first becomes at risk (taken from the time entering the core group) if
all encounters were with infected individuals. One approach to estimate these rates
is to look at the behaviors and risks of the infection for the different groups. The
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rates of infectious contact, sy, and fB,,f, depend on the total number of contacts
per person per year, and the probability of transmission per contact ([18] and [14]).
The risks of infection from sexual transmission are quantified using epidemiological
studies called “partners studies” (see [3]). 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 [24], [17] and [15], 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 [20], [21] and [9], 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. Calculating 5 as the
probability of transmission per contact X number of contacts per person per time,
we have

Bfm = (0.003 x 3contacts/week x 5H2weeks/yr., 0.01 X 6contacts/week X 52weeks/yr.)
= (0.468 years™', 3.12 years™ '),

or it would take on average between 4 months to about 2 years to become infected

for truck drivers if all sex workers were infected.

Bms = (0.006 x 6contacts/week x 52weeks/yr., 0.08 x 30contacts/week x 52weeks/yr.)
= (1.87 years™', 124.8 years™') ,

or it would take between 3 days and 6 months to become infected for sex workers

if all truck drivers were infected. We compare this to estimates made from fitting
simulation output to data on prevalence in sex workers and truck drivers.

Vear Sex Workers Sex Workers Sex Workers Truck Drivers
(Rural) (Urban) (Avg.)

1987 0.35% 0.35%

1988 1.25% 1.25%

1989 1.7% 1.7%

1990 4.3% 4.3%

1991 12.3% 12.3%

1992 11.5% 9.9% 10.7% 1.6%

1993 15.4% 15.4%

1994 21.4% 29.1% 25.2% 4%

1995 24% 33.3% 28.7%

1996 54.7% 30.5% 42.6%

2000 54%

Table 5. Percent prevalence in core groups (data from [8], [19] and [9])

We estimate the combined parameters B¢,,vf and B, fvy, and use these values
throughout this paper. Model output (see 6) from just the core groups (system 2.3)
yielded estimates of Bf,,vy = 0.3824£0.125 (95% CI)? and By, vy, = 1.635 £ 0.595

2The joint model parametersfBs,, vy and By, fvm (for system 2.3) were fit to the data by min-
imizing the weighted sum of squared residuals between simulation output (numerical integration
using Runge-Kutta 4 with a time step of 0.1) and the data. We used weights equal to number of
data points available for fitting a particular differential equation, thus ”sex worker” data received
weights of 10 while ”truck driver” data received weights of 3. These 13 data points were used
to estimate the 2 joint parmeters above. The other parameters of system 2.3 were calculated as
described in the sections on turnover rates and AIDS removal rates and held as constant in the
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(95% CI). If all partners were infected it would take between 1/2 to 1 year for
sex workers to become infectious themselves and between 2 and 4 years for truck
drivers. Or at estimated year 2000 prevalence it was taking from 1 to 2 years for
sex workers and 3 to 5l for truck drivers to become infectious. Dividing Bfp,vy
and By, rvm by Brm and B,y we have vy = i ~ 0.21 and v,, = ng ~ 0.025 but
both of these values are bigger than the actual estimates of the fractlon that each
group comprises in general population. One also would expect that the estimates
from the population process (model fitting) would be lower than the rates based on
individual behavior (even if averaged) since the individual based calculation doesn’t
take into account the limited circles of contacts that any particular individual may
have even among these promiscuous groups and the hierarchy of cliques that further
reduce the effective number of contacts. For example, even though a truck driver
may have 3 different contacts in a week, these may be the same preferred woman
(sex worker) each week. At some level there must be some base clique size where
transmission rates are maximum within the clique but subsequently diluted by
the limited contacts between cliques. The population level rate then would more
reflect the transmissions that are occurring as a “small-world network” process.
The effective population for commercial sex workers is about 5% of the actual

population (%) , whereas the effective population size for truck drivers is about
80% of the actual population (%), where the .01 and .02 are the fractions of the

population that are comercial sex workers and truck drivers respectively [18], [20],
[21], and [23].

TURNOVER RATES. The rate at which truck drivers retire, die or are otherwise
removed from the profession for any reason other than HIV is p,, According to the
World Health Report, 2002 [8], the life expectancy of a healthy Nigerian is 51 years
and on average truck drivers joins the profession at 22 years [20]. This means that
the length of the career of a healthy truck driver might be an average maximum
of 29 years , however, due to any number of causes (changing jobs, moving, illness,
etc.) many leave the profession before that time. Therefore, we take the average
length of time spent in the profession as 20 years, and the natural turnover rate
is ¢, = 1/20 4+ 1/51 = 0.07. Similarly, we define the natural turnover rate ¢; of
female sex workers to be the reciprocal of the average time that a female sex worker
spends in the profession following recruitment. Orubuloye, et al., [20] estimates the
average age of a female sex worker at 20 years, and the average duration of time
that a woman spends as a sex worker is about 4 years (we assume this average
includes losses due to mortality), therefore, the natural turnover rate of female sex
workers is ¢y = 1/4 = 0.25. For the general population g, = py =1/51 = 0.02.

AIDS-RELATED REMOVAL RATES. The rate of progression to AIDS remains a
contentious 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)[12]an estimate
of 8.6 years was assumed as a mean duration of infection. Since 7,,! and *yf_l are

minimization algorithm. Standard errors on the parameter estimates were obtained by concur-
rently evaluating the time derivative of the sensitivity equations along with the model (see [25]
and [2]) and using the output to estimate the covariance matrix of the model parameters following
standard practice [1]. These errors are only errors from the fitting procedure and do not include
the propagation of error from the removal rates or estimates of the data themselves.
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Simulation Output and Data for Core Group Model
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FIGURE 6. Estimate of rates of infection from fitting system (2.3) pa-
rameters to data in Table 3.

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.

7. Discussion

In this paper we examine the disease dynamics of HIV in two ways; first with
the core group isolated from the main population, and second with both the core
group and the main population linked. Our initial model takes into account the role
of transactional sex in the spread of HIV in a heterosexual population consisting
of two core groups: the female sex workers and the male truck drivers. These two
sub-populations are then linked to the non-core general population in two ways.
First, they both recruit from the non-core population. Second, they have other
sexual partners who are at risk of contracting HIV that belong to the non-core
population such as wives, boyfriends, girlfriends and so on.
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Due to the paucity of data we relied on very rough estimates for some of the
parameter values. Official sources are frequently inconsistent or at times unreliable
from year to year. For instance, data on sexual activity of the core groups is thin
yet there is some, on the other hand, there is almost no data for sexual activity
within the main population and between the main population and the core groups.
However, we do know that the level of activity is the highest within the core groups
and we know that the level of infection in the general population is much lower than
in the core groups. This enables us to consider a model of spreading disease in the
general population (with two groups of females and males) with transmission rates
relative to those in core groups. We find that even such an approach gives estimates
on lowering the spread of the disease in the general population by controlling the
spread in the core groups. Future work should consist of collecting better data, and
refining parameter estimates. It would provide further understanding of the spread
of the disease in general population and the ways to control it.

From what we were able to obtain from our analysis with available data from
Nigeria, we make the following observations. First, transactional sex plays a signif-
icant role in fuelling the epidemic in the two core populations with Ry = 3.0 & 0.6.
In order to reverse the spread of the disease within these two core populations, it
would be sufficient to concentrate towards lowering the transmission probabilities
of the female sex workers and their customers B¢, and B,,7. This can be achieved
if concerted efforts are made towards ensuring that more truck drivers and female
sex workers use condoms. We established that if truck drivers used condoms be-
tween 30 to 60 percent of the time HIV cases among truck drivers and female sex
workers would reduce by as much as 50 percent. Obviously, the more truck drivers
use condoms, the more the benefits in reducing the disease will take place. These
benefits increase in a nonlinear way, i.e. higher usage of condoms would result in
even larger reductions in the 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 workers to insist
on condom use would have increasing benefits as such a program progresses. Even
more remarkable is the effect that use of condoms by just truck drivers would have
on the prevalence of HIV in the non-core population of women. There is a multi-
plicative effect of both reducing the prevalence of HIV (in the long term) among
the core groups, thereby decreasing the likelihood that a woman in the general
population that has sex with a truck driver will be having it with someone who is
infected, and also decreasing the likelihood that truck driver doesn’t use condoms
(in the case that he is infected). When all men use condoms at the same rate the
same effect is seen in the non-core men by virtue of the fact that they are protected
from infected women (obviously).

In addition, the removal rates v, v¢, pm, and puy which appeared in the
denominator of the basic reproduction numbers account for the removal due to
onset, of AIDS as well as for the removal due to death of the truckers and retirement
of female sex workers. Hence, an increase in the retirement of female sex workers
or loss due to AIDS of both groups will result in a loss of infected individuals in
the sexually active population. Furthermore, “traditional health care providers”
should be brought into the health care programs to educate their clients on the risk
of the disease, since they influence significantly the individuals using their services.
These might also have the potential of reducing the spread of the disease on a long
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time scale. Modern public health measures through periodic monitoring and/or
random testing could be of great benefit if infected people could be convinced to
have transactions only among themselves (with little loss of income on the sex
workers part). However, this seem unlikely since the perceived opportunity costs
of quarantine and the stigma of advertising the disease would be high. Part of the
problem is educating and even convincing (sex workers, in particular) that the non-
AIDS life hazards, like having enough to eat today does not outweigh the risk from
AIDS ten years from now, and that there is a future that they can look forward
to that, at least, makes it worth their while to take precautions and that those
precautions will not constitute a lose of earnings.

The preliminary analysis of the general population indicates that even moder-
ate use of condoms could possibly result in substantial decreases in HIV prevalence.
For example there is the possibility of essentially eliminating the disease from the
general population if just 50% of the male population used condoms (with the most
optimistic transmission rates) . We also note (again) that the uncertainty in the
data makes this a very tenuous statement since for extremely high estimates yield
only 65-68% reduction in prevalence for the same usage. However, it is notewor-
thy that we can make any such evaluation without the need for any additional
information about the rates of infectiousness within the general population or even
between the core and the non-core groups other than knowing that the prevalence
(as a fraction of the population infected) in the non-core groups is substantially
lower than in the core groups.

Finally, we would like to restate that our conclusions are based on a highly
simplified model under the assumption that the relative size of the core is small, and
levels of prevalence in the general population low. However, the fact we assumed no
demographic change (over the time scale of interest) imply that over a longer time
scale this last assumption would likely overestimate the current situation. Limited
data, particularly on sociological parameters force us to make crude models based
on rough simplifications. However, we believe that the message is clear and obvious,
HIV can be contained in Nigeria.

ACKNOWLEDGMENTS. The research on this project has been partially sup-
ported by grants from the National Security Agency, the National Science Founda-
tion, the T Division of Los Alamos National Lab (LANL), the Sloan Foundation,
and the Office of the Provost of Arizona State University. All authors are thankful
to the Mathematical and Theoretical Biology Institute (MTBI) for taking part in
summer school 2005 at Los Alamos, NM where the initial research for this paper
was done. Titus G. Kassem is grateful to the University of Jos Carnegie Partnership
Committee and Dr. Carlos Castillo-Chavez sponsoring his visit to Arizona State
University. We wish to acknowledge with thanks the useful comments of Christo-
pher Kribs-Zaleta and Bajoun Song. Special thanks to Ariel Cintrén-Arias and
Priscilla Greenwood for their helpful discussions and advise on parameter estima-
tion and confidence intervals. The authors are solely responsible for the views and
opinions expressed in this research; it does not necessarily reflect the ideas and/or
opinions of the funding agencies, Arizona State University, or LANL.

References

[1] R. C. ASTER, B. BORCHERS, AND C. H. THURBER, Parameter Estimation and Inverse Prob-
lems. Elsevier Academic Press. Burlington, MA, 2005.



(22
(23]

(24]

THE ROLE OF TRANSACTIONAL SEX TN SPREADING HIV IN NIGERIA 25

H. T. BANKS, AND H. K. NGUYEN, Sensitivity of dynamical system to Banach space param-
eters. CRSC Tech Report, CRSC-TR05-13, North Carolina State University Feb. 2005; I.
Math Anal. Appl. (to appear).

R. BROOKMEYER AND M.H. GAIiL, AIDS Epidemilogy: A Quantitative Approach. Ozford
Unawversity Press, 1994.

C. CASTILLO-CHAVEZ, Z. FENG & W. HUANG, On the computation of Ro and its role in global
stability. in: Mathematical Approaches for Emerging and Reemerging Infectious Diseases: An
Introduction. C. Castillo-Chavez with S. M. Blower, P van den Driessche, D. Kirschner, A.
A. Yakubu (Eds), IMA Vol.125, Springer-Verlag, New York, pp. 229-250, 2002.

H. CASWELL, . Matriz Population Models, 2% ed. Sinauer Assoc.,Sunderland, MA, 2001.
G. CHOWELL, C. CASTILLO-CHAVEZ, P.W. FENIMORE, C.M. KRIBS-ZALETA, L. ARRIOLA
AND J.M. HYMAN, Model Parameters and Outbreak Control for SARS. Emerging Infectious
Diseases, vol.10, No.7, July 2004.

O. DIEKMANN, J. A. P. HEESTERBEEK & J. A. J. METZ, On the definition and computation
of the basic reproductive ratio in models for infectious diseases in heterogeneous population,
J. Math. Biol. 28:365-382, 1990.

Epidemiological Fact Sheets on HIV/AIDS and STI, 2002 update; UNAIDS/WHO:2002,
Nigeria, www.who.int/emc-hiv/fact_sheets/pdfs/Nigeria-EN.pdf,2002.

HIV/AIDS Behavioral Survellance Survey, Nigeria 2000, report and data sheets, Family
Health International; www.fhi.org/en/HIVAIDS/pub/survreports/bssnigeria2000.htm, 2000.
Y. Hsien. AND C. H. CHEN, Modelling the Social Dynamics of a Sex Industry: Its Implications
for Spread of HIV/AIDS. Bulletin of Mathematical Biology, vol.66, p.143-166, 2004.

J. R. Hicks, Value and capital. Oxford University Press. Oxford, England, 1939.

J.M. HyMAN, JIA L1, AND E. A. STANLEY, The differential infectivity and stage progression
models for the transmission of HIV Math. Biosci. Vol. 155, pp 77-109, 1999.

J.A. Ipoko, The plague among us: where is the cure? University of Jos Inaugural Lecture
Series, 16, 2004.

C. KRiBs-ZALETA, M. LEE, C. RoMAN, S. WILEY, C.M. HERNANDEZ - SUAREZ, The effect of
the HIV/AIDS epidemic on Africa’s truck drivers,MBE Journal, vol.2 (4) ; p.771-778, 2005.
A. LAZZARIN, A. SARACCO, M. Musicco AND A. NicoLosI, Man-to-woman sexual transmis-
sion of the human immunodeficiency virus. Risk factors related to sexual behavior, man’s
infectiousness, and the woman’s susceptibilty. Italian Study Group on HIV Heteroserual
Transmission. Archives of Internal Medicine, Vol. 151 No.12, December 1, 1991.

G. MACDONALD, The epidemiology and control of malaria. Oxford University Press, London,
1957.

T.D. MASTRO, G.A. SATTEN , T. NOPKESORN, S. SANGKHAROMYA, I.M. LONGINI JR., Proba-
bility of female-to-male transmission of HIV-1 in Thailand. Lancet, Vol 343 (2004) 07, January
22, 1994.

L. MorisoN, H.A. WEIss, A. BUVE, M. CARAEL, S-C. ABEGA, F. KAONA, L. KANHONON, J.
CHEGE AND R. HAYES, for the study group on the heterogeneity of HIV Epidemics in African
Cities “Commercial sex and the spread of HIV in four cities in sub-Saharan Africa”, AIDS ,
15(suppl.4), pp. S61-S69, 2001.

S. J. OcgBol, K. SaBiTu, P.U. Agu, H.O. OgBO1 AND O. AYEGBUSI, Prevalence of HIV
Transmission in Nigerian Transit Towns Among Long Distance Drivers. Laboratory Survey;
www.aacc.org/ia/transit_towns.pdf, 2001.

1.0. ORUBULOYE, P. CALDWELL AND J.C. CALDWELL, The Role of High-Risk Occupations
in the Spread of AIDS: Truck Drivers and Itinerant Market Women in Nigeria. International
Family Perspectives, 19: 2, 1993.

1.O0. ORUBULOYE, AND F. OGUNTIMEHIN, Intervention for the control of STDs including HIV
among commercial sex workers, commercial drivers and students in Nigeria. The Continuing
African HIV/AIDS Epidemic, ed. 1.O. Orubuloye, J.C. Caldwell and J.P.M. Ntozi. Canberra:
Australian National University, pp. 121-129, 1999.

B. OsoTiMEHIN, HIV/AIDS in Nigeria Today. National Action Committee on AIDS, Abuja
Nigeria. http://www.naca.gov.ng, 2005.

C. PANCHAUD, V. W00G, S. SINGH, J. E. DARROCH AND A. BANKOLE, Issues in Measuring
HIV Prevalence: The Case of Nigeria.African Journal of Reproductive Health6(3):11-29, 2002.
R.A. ROYCE, A. SENA, W. CATES AND M.S. COHEN, Sexual Transmission of HIV. New Eng.
J. Med., 336(15):1072-1078, 1997.



26 S. TENNENBAUM, T. G. KASSEM, S. ROUDENKO, AND C. CASTILLO-CHAVEZ

[25] E. SuiM, H.T. BANKS, AND C. CASTILLO-CHAVEZ, Seasonality of Rotavirus Infection with
its Vaccination. In:Modeling The Dynamics of Human Diseases: Emerging Paradigms and
Challenges.(This volume.) Gumel A. (Chief Editor), Castillo-Chavez, C., Clemence, D.P. and
R.E. Mickens, 2005.

[26] A.M. SUNMOLA, Sexual Practices, barriers to condom use and its consistent use among long
distance truck drivers in Nigeria. AIDS Care, 17(2):208-221, February 2005.

[27] C. F. Von RYEN, Epidemiology of HIV infection in Africa. AIDS and Society, April-May:3,8,
1990.

DEPT. OF ECOLOGY AND EVOLUTIONARY BIOLOGY, CORNELL UNIVERSITY, ITHACA, NY

Current address: Dept. of Mathematics and Statistics, Arizona State University, P.O. Box
871804, Tempe, AZ 85287-1804

E-mail address: setl@cornell.edu

DEPARTMENT OF MATHEMATICS UNIVERSITY OF JOs, P.M.B. 2084 Jos, NIGERIA

Current address: Dept. of Mathematics and Statistics, Arizona State University, P.O. Box
871804, Tempe, AZ 85287-1804

E-mail address: kassem@math.asu.edu

DEPT. OF MATHEMATICS AND STATISTICS, ARIZONA STATE UNIVERSITY, P.O. Box 871804,
TEMPE, AZ 85287-1804
E-mail address: svetlana@math.asu.edu

DEPT. OF MATHEMATICS AND STATISTICS, ARIZONA STATE UNIVERSITY, P.O. Box 871804,
TEMPE, AZ 85287-1804
E-mail address: ccchavez@asu.edu



