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A MODEL OF HIV-1 TRANSMISSION DYNAMICS AND OF
“THE DEMOGRAPHIC IMPACT OF HIV-1 INFECTION
IN DEVELOPING COUNTRIES

By December 1987, more than 73,000 cases of
AIDS had been reported to the World Health
Organization (WHO) by 129 countries. Of these
cases, 55,000 were in North America and nearly
9,000 were in Europe; on both continents, the
reporting of AIDS cases appears now o be fairly
accurate. On the other hand, only 8,600 cases of
AIDS had been reported by African countrics, but in
Africa, the identification and reporting of AIDS cases
is extremely poor. WHO estimates that, worldwide,
100,000 to 150,000 people are actually ill with
AIDS; the number of people infected by the human
immunodeficiency virus (HIV-1) probably ranges
beween 5 and 10 million. By 1992, WHO
anticipates that the number of people infected with
HIV-1 will have increased ten-fold, to 50 to 100
million people, or about 1.5 percent of the world's
population [voN REYN AND MANN 1987).

The potential epidemic of HIV-1 poses a serious
problem for the health care facilities of many
developing countries: already strained by the burden
of patients ill with malaria, malnutrition and diarrheal
disease, the addition of large numbers of patients
suffering HIV-1 related illneses to hospital wards may
stretch the health care systems to the breaking point.
Thus, for purposes of planning the allocation of
national resources to health care, estimates of the
poteniial magnimde of an HIV-1 epidemic are needed.
Such estimates are generated from models of the HIV-
1 epidemic.

The modeling of HIV.1 transmission dynamics is
rather difficult since the magnitudes of many
important behavioural, etiologic and epidemiclogic
factors are ynknown. Nonetheless, using simulation
models, the potential course of HIV-1 infection in
populations can be explored under a number of
plausible demographic and epidemiologic regimes
with the goal of ascertaining, in a broad sense, the
potential course of the spread of HIV-1 and HIV-1-
related illness, and of assessing both the short-run and
long-run demographic and economic impact of the
virus.

In this paper we study the effect of varying one
set of epidemiologic parameters—the rate of male-to-
female and female-to-male HIV-1 transmission per
coitus—over a broad range of plausible values; the
models are set in the context of a hypothetical
population which closely resembles that of an urban
area of central Africa. The first and second sections of
the paper contain brief discussions of the
epidemiology and the eticlogy of HIV-1 infection in
the context of developing countries. Next, the
mathematical details of a fully age-structured model of
HIV-1 transmission dynamics are presented; the
principal modes of HIV-1 transmission in the modsl
are heterosexual intercourse, vertical (mother-infant)
transmission, and ransmission through blood and
blood products. Following this, the specification of
the demographic, behavioural, etiologic and
epidemiologic parameters used in the simulation
models, which correspond to the age-structured model
of HIV-1 transmission, are given. Finally, the
results of two sets of simulation models are
presented; the sets of simulation models differ in the
vaues assumed for the efficiency of male-to-female
and female-to-male HIV-1 rransmission per coitus.

I. EPIDEMIOLOGY OF HIV-.1 INFECTION
IN DEVELOPING COUNTRIES

WHO has identified two epidemiologic patterns
of HIV-1 transmission (Table 1). The first, denoted
Pattern 1, involves transmission by homosexual
activity, by intraveneous drug use, and until 1985, by
transfusion with contaminated blood products;
heterosexual transmission and perinatal transmission
are relatively nnimportant in Pattern 1. Thus, this
pattern describes the modes of transmission of HIV-1
prevalent in North and South America, Europe, and
the Caribbean. In contrast, Pattern 2 involves
heterosexual transmission, perinatal transmission, and
transmission by contaminated blood; this epidemic
pattern predominates in Africa, and is evident to a
lesser extent in the Caribbean and Brazil,



TABLE 1. Characteristics of transmission patterns of HIV-1

Pattern 1

Pattern 2

Seroprevalence is low in the population at large, but
very high in the risk groups

Geographic regions
»  Americas
«  Eurcpe
«  Oceania

Primary modes of transmission
* homosexual/bisexual transmission

»  IVdruguse
«  contaminated blood products
(pre-1985)
Secondary modes of transmission

»  heterosexual transmission

*  perinatal transmission

Risk groups
+  homosexua! or bisexual men
¢ IV drug users
+  sexual partners of infected people
« infants of infected women

Seroprevalence is moderate in the population at large
since the risk groups are very large

Geographic regions
«  Africa

¢  Brazl
»  Caribbean

Primary modes of transmission
+  heterosexual transmission
*  vertical (perinatal) transmission
*  blood ransfusions

Secondary modes of transmission
= unsterilized needles
» homosexual transmission
« IV druguse

Risk groups
+  heterosexual people with > 1 parmer
» recipients of blood transfusions
«  infants of infected women

The differences in wransmission modes and risk
groups in Pattern 1 and Pattern 2 produce significant
differences in the manifestation of HIV-1 in the host
population, In populations characterized by Pattern
1, risk groups constitute a small proportion of the
total population: homosexual/bisexual men and their
partners, and intraveneous drug users. Thus, although
the proportion of people infected in these risk groups
may be very high—{for example, as much as 70
percent of the male homosexual population of San
Francisco may be infected with HIV-1—
seroprevalence in the entire population is quite low.
In contrast, under Pattern 2, the risk groups are
enormous: sexually active heterosexual adults and
their offspring. Thus, while the proportion of the
risk group which is infected may be moderate—
perhaps 10 percent infected—the proportion of the
entire population infected will be much greater under
Pattern 2 than under Paitern 1, since the risk groups

constitute a much larger share of the entire
population.

The presence of HIV-1 among individuals who
were neither homosexual nor intraveneous drug users
was first suspected in 1983 when black Africans
living in Belgium were diagnosed as having AIDS
[CrumEck £T AL 1984]. All patients presented cell-
mediated immunosuppression, clinically manifested
by a variety of opportunistic infections. In contrast
to American and European patients, most of whom
are male , the sex ratio of African AIDS was 1.7
males per female; furthermore, 90 percent of these
patients had no identifiable risk factors, such as a
history of blood transfusion, homosexual activity or
intravenous drug abuse {WHO 1986]. Retrospective
serologic studies and subsequent case reports
established that the virus may have been present in
Africa as early as 1959, The marked increase in
number of cases identified during the late 1970's and
early 1980's, suggests that frank AIDS was probably



rare in Africa until this time, as in Haiti and in the
United States [voN REYN AND MANN 1987; KANKI ET AL
1987].

In general, African patients present different
symptoms of AIDS than do Europeans and
Americans. Furthermore, the clinical manifestations
associated with HIV-1 infection vary in different
African populations according to the prevalence of
other agents which cause opportunistic infection;
virtually all cases of AIDS in Africa, however, appear
to be characterized by a profound weight loss, fever,
diarrhea, and generalized maculopapular rash. The
symptoms are similar to those of severe malnutrition;
hence AIDS is known colloquially as "slim disease.”
In contrast to American and European AIDS patients,
of whom 63 percent eventually develop Preumocystis
carinii pneumonia, only 14 percent of African
patients contract this opportunistic infection,
presenting more commonly oral candidiasis,
cryptococcal meningitis, and mucocutaneous herpes
virus infection [QuDeN ET AL 1986].

During the five years following initial infection
with HIV.1, it appears that 10 to 30 percent of people
infected with HIV-1 will develop frank AIDS. An
additional 25 to 50 percent will develop ATDS-related
illnesses, such as ARC or HIV-1 related dementia.
Recent studies have demonstrated age-related
differences in the mean (and the median) incubation
period, with 1.97 (1.90) years for infants and young
children (0 to 4 years old at infection), 8.23 (7.97)
years for older children and adults (5 to 59 years old),
and 5.50 (5.44) years for elderly patients (60 years or
more years old) {MEDLEY ET AL 1987]. Whether or
how cofactors or host susceptibility factors other than
age affect the incubation period for developing clinical
AIDS is unknown [CURRAN ET AL 1985], It appears
possible, for example, that conversion of a latent
asymptomatic HIV-1 infection to a productive HIV-1
infection may result from stimulation by a variety of
agents of CD4+ cells which harbor HIV-1 proviruses;
possible agents include cytomegalovirus {(CMV) or
Epstein-Barr virus (EBV), both of which are endemic

in Africa [SaLx 1987]. Recent studies have established

the susceptibility of EBV—transformed B lymphocytes
in vitro to a productive HIV-1 infection (BLUMBERG
ET AL 1987]. Thus it seems possible that repeated
stimulation of the immune system by other
infectious agents may improve the chances of
establishing a HIV-1 infection after exposure, and

may also shorten the incubation period from HIV-1
infection to the onset of frank ATDS [D'AqQuma ET AL
1987].

Data on HIV-1 seroprevalence from Zaire show a
bimodal age-specific curve, with a first peak among
infants (1 to 2 percent seropositive) and a second peak
(8-10 percent seropositive) among adolescents and
adults aged 16 to 29 years old.  Because of the
lengthy incubation period of HIV-1, the age-incidence
of frank AIDS is somewhat older than that of HIV-1
infection. The mean age of frank AIDS cases in
Kinshasa is 33.6 years (median, 32 years; range, 1.5
to 64 years); furthermore, the mean age of men with
AIDS is greater than the men age of women with
AIDS: 37.4 years and 30.0 years, respectively [MANN
ET AL 1986]. This pattern of sex and age distributions
of AIDS cases is consistent with patterns observed in
conjunction with other sexually transmitted diseases,
in both developed and developing countries: the
highest prevalence occurs among younger sexually
active women and older men [QUINNET AL 1986, QUINN
ET AL 1987].

Case-control studies have shown that AIDS
patients tend to have a significantly higher number of
heterosexual partners than do people without AIDS,
that men with AIDS are more likely to have had
sexual intercourse at least once with a prostitute than
are men who do not have AIDS (81 vs 34 percent),
and that the risk of infection increases with the
number of different sexual parmers per year {VAN DE
PERRE ET AL 1985]. As arisk group, urban prostitutes
show the highest seroprevalence (27 to 88 percent) of
HIV-1 antibody [KREISS ET Al 1986, PIOT ET AL 1987].

A history of other sexually ransmitted diseases
is an important risk factor for HIV-1 infectdon. In
studies among Nairobi prostitutes, HIV-1
seropositivity was significantly associated with
sexually transmitted diseases such as gonorrhea,
genital ulcers and syphilis [Kress T AL 1986]. A
study in Lusaka, Zambia also correlates seropositivity
in men to genital ulcers [MELBYE ET AL 1986]. It
appears that epithelial integrity is an important barrier
to viral transmission, and that diseases such as
gonorrhea which cause epithelial discontinuity are
risk factors for AIDS virus infecton [KrEss ET AL
1986].

A general history of the spread of HIV-1 through
the heterosexual population of Africa can be
constructed from these studies. Female prostitutes



served as a reservoir of HIV-1 in urban areas such as
Nairobi and Kinshasa [KRexss £T AL 1986, VAN DE PERRE
ET AL 1985, Pror BT AL 1987). The virus spread as
heterosexual men acted as vectors from one
community of prostitutes 1o another. As the infection
spread among prostitutes, the incidence of infection
among men who were patients in sexually transmited
disease clinics increased; ultimately, HIV-1 was
detected among pregnant women attending prenatal
clinics [PIoT ET AL 1987].

The recent rapid increase in reported AIDS cases
in Africa—from 5,857 cases by July 15, 1987 to
8,652 cases 5 months later—is due in large part to
improved surveillance and reporting procedures. In
all, 42 African countries file epidemiologic reports
with WHO; 37 of these countries have reported cases
of AIDS, The greatest number of cases has arisen in
central and eastern Africa, with 12 countries reporting
more than 100 cases each: Burundi, Central African
Republic, the Congo, the Cote d'Ivoire, Ghana,
Kenya, Rwanda, Tanzania, Uganda, Zaire, Zambia and
Zimbabwe. Because of the lengthy incubation period

between HIV-1 infection and the onset of frank (and -

hence reportable} AIDS, current case reports of AIDS
do not accurately reflect the present distribution or
prevalence of the virus.

II. ETIOLOGY OF HIV-1 INFECTION IN
DEVELOPING COUNTRIES

The human immunodeficiency virus has been
isolated from blood and serum and from semen,
cervicovaginal fluid, breast milk, tears and saliva.
Detailed studies of HIV-1 transmission patterns have
established three basic modes of transmission of the
virus: sexual, parenteral and perinatal.

Sexual wansmission occurs among homosexual
and bisexual men, and among heterosexual men and
women. The risk of infection from a single
heterosexual contact with an HIV-1-infected person
depends not only upon the type of sexual activity but
also on the susceptibility and infectivity of the
partners. It appears that, in the absence of other risk
factors such as genital ulcers, male-to-female sexual
transmission of HIV-1 may be more efficient than
female-to-male HIV-1 transmission [PADIAN 1987],

Perinatal transmission may occur by any of three
routes. The virus may cross from maternal blood to
the placenta and infect the fetus in utero. The virus

may be acquired at birth as the infant is exposed to
maternal blood and vaginal fluid. Finally, the infant
may be infected in the posmatal period by close
personal contact or, possibly, by breast-feeding,
although the relative contribution of this last route of
transmission is probably small [MELER ET AL 1987,
WHO 1987). The proportion of infants infected by
each of these routes is unknown; however, it appears
that both symptomatic and asymptomatic infected
women can transmit HIV-1 to their infants, and that
the risk of transmission may increase with each
subsequent pregnancy (or equivalently, with the
increased duration of maternal infection) [PioT ET AL
1987]. Between two and 15 percent of pregnant
women in central and east Africa may be seropositive,
Thirty to 65 percent of the infants born to women
infected with HIV-1 express HIV-1 antdbodies at
birth; some of these infants will have an active HIV-
1 infection, while others will simply be expressing
passively acquired maternal antibodies to HIV-1 [Pror

ET AL 1988]. '

Parenteral transmission of HIV-1 occurs by the
transfusion of infected blood or blood products, or the
use of unsterilized contaminated needies, syringes and
other skin-penetrating instruments, The contribution
of parenteral transmission to the dissemination of
HIV-1 is difficult to quantify, since very often other
risk factors are present. Recipients of a single unit of
infected blood appear to have an 89 percent or higher
risk of infection. Studies among hemophiliacs who
received coaguiation factor VIII contaminated with
HIV-1 show seroprevalence rates as high as 74 to 86
percent; lower rates of infection are seen among those
treated only with cryoprecipitate. Simple needle-
puncture, rather than blood transfusion, appears much
less efficient in HIV-1 transmission: dam on health-
care workers sustaining needle-stick injuries while
treating AIDS patients suggest that the risk of
infection is less than 0.5 percent per puncture [QUINN
ET AL 1986).

Susceptible children appear to acquire HIV-1
infection by intramuscular injection with needles
which have not been properly sterilized. In developing
countries, ill infants and children are often given
intramuscular injections or are rehydrated
intravenously at clinicswhich reuse needles and
syringes without adequately sterilizing their injection
equipment. In one study, seropositive infants (mean
age 10.6 months) in Kinshasa, Zaire had received on



average 44 medical injections, vaccinations excluded,
as opposed o their seronegative counterparts who had
received considerably fewer injections [MANN AT AL
1986]. The large number of injections received by
small children reflects the belief prevalent among
many people that injected medicines are far superior
to ingested medicines. For example, of 50 mothers
in Kinshasa, 84 percent regarded parenteral medicine
as more effective than oral medicine for their children
[Quoay ET AL 1986).

In contrast, there appears to be no significant
association between HIV-1 seropositivity and
childhood immunization, which reflects the
widespread use of properly sterilized equipment in
immunization programs, the low number of
vaccinations given per child, and the general absence
of traditional medical practices in these programs
[Von REYN AND MANN 1987, MANNET AL 1986).

The risk of HIV-1 transmission through blood
transfusion is directly related to the prevalence of
HIV-1 in the blood donor population. Anemia
associated with malaria, especially among children, is
the illness most frequently treated by blood
transfusion in hospit2lized and emergency ward
patients in Africa. Since blood units are not
routinely stored at rural health clinics, a compatible
donor is sought for each patient requiring a donation.
HIV-1 antibody screening is not routinely available;
blood is transfused are administered shorily after
donation. In Zaire, 62 percent of all blood
transfusions are given to children with malaria; such
transfusions are considered an essential component in
the treatment of severe pediatric anemia. Blood
transfusion is, therefore, an important mode of HIV-1
transmission among children in Africa: in regions
where HIV-1 is endemic, the proportion of healthy
adults who display serological evidence of HIV-1
infection ranges from 4 to 30 percent, thus
suggesting that a comparable fraction of blood doners
may be infected [GREENBERG ET AL 1988, MANN ET AL
1987]). The high rate of AIDS in infants due to
transfusion suggests that the infection in the perinatal
period may be especially virulent, possibly due to the
immaturity of the immune system [CURRAN ET AL
1985].

In addition to HIV-1, other retroviruses have now
been isolated which may account for immune
deficiency syndromes: a second human retrovirus,
HIV-2, was identified in 1985, HIV-2 is endemic in

West Africa, where HIV-1 is less prevalent. HIV-2 is
genetically and antigenically closely related to simian
immunodeficiency virus (SIV) and to HIV-1.
Approximately 40 percent of the genomic sequence of
HIV-2 is identcal to that of HIV-1 and 70 percent is
identical to that of SIV. HIV-2 is also very similar
to HIV-1 in terms of morphology, ceil trophism, in
vitro cytipathic effect on CD4* cells, and overall
genetic organization,

On the other hand, the viral proteins of HIV-2 are
highly divergent from those of HIV-1; thus, for
example, HIV-2 antibody—positive sera recognize the
core proteins of HIV-1 but not the envelope
glycoproteins, and vice versa. As a result, sera from
individuals with antibody to HIV-2 may not
concurrently react in the serological assays used
commonly for HIV-1,

HIV-2 has been isolated from patients with ARC
and AIDS, which would indicate that it may
contribute to immune deficiency disease in humans. It
appears, however, that the pathenogenicity of HIV-2
differs from HIV-1: HIV-2 has not been associated
with the immunologic abnormalities observed in
prostitutes infected with HIV-1. Epidemiological data
suggest that HIV-2 infects populations similar to
those infected by HIV-1, and is most commonly
spread by heterosexual transmission [P1oT ET AL 1988,
KANKI ET AL 1986, KANKI ET AL 1987].

II1. A FORMAL MODEL OF THE
DYNAMICS OF HIV-1 TRANSMISSION BY
PATTERN 2

The model of the dynamics of HIV-1 infection
and related illness presented here is a discrete model:
individuals are classified by age (in single years) and
sex, behavioural group (pediatric, adolescent but not
yet sexually active, sexually active with many
partners, sexually active in a stable union, or no
longer sexually active), and epidemiologic status
{susceptible, infected and infectious, or clinically ill).
Four sets of assumptions underlie the model:
demographic, behavioural, etiologic, and
epidemiologic.

Fertility is described by a schedule of age-
specific fertility rates, and morality is described by a
schedule of age and sex specific mortality rates. It is
assumed that the fertility and non-AIDS related
mortality schedules do not change over time: the
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FIGURE 1. Schematic diagram of the model of HIV-1 transmission dynamics (notation: see TABLE 2

and text)



TABLE 2. Variable definitions and notation

Subscripts
a age (in years)
t calendar time (in years)
k time spent infected or ill
Superscripts
s susceptible
i infected and infectious (but not
presenting clinical illness)
A presenting severe HIV-1 related
illness
Demographic parameters
Ja age specific fertility rate at age a

g1S g3 male and female age specific schedules
of transition from not sexually active
to sexutlly active with many partners

22§, 222 male and female age specific schedules
of transition from sexually active with
many partners to sexually active in a
stable union

835,832 male and female age specific schedules

' of ransition from not sexually active

to sexually active in a stable union

®, age and sex specific mortality rate
from causes other than AIDS

W number of women age a at time 7 in

at
the population
M, , number of men age z at time ¢ in the
population
B, number of births at time ¢
Epidemiologic parameters
,; case fatality rate from HIV-1l-related
disease at age a, k years after
developing clinical disease
Yak rate of developing clinical HIV-1-
related disease at age a, k years
following infection with the virus
&t proportion of prostitutes infected at

time t

Exogeneous probabilities

Px; probability that a seropositive mother
bears an infected child

px; probability of female to male
heterosexual transmission

Px3 probability of male to female
heterosexual transmission

Pxy4 probability of infection by innoculation

with a contaminated needle
pXs probability of infection from a unit of
blood containing HIV-1

Endogeneous probabilities
pi, probability that s unit of blood contains
HIV-I at time ¢

P2, probability that a needle used for an
injection is contaminated at time ¢

p3, probability that a female sexual partner,.
randomly chosen at time f, is infected

P4, probability that a male sexual partner,
randomly chosen at time f, is infected

Level of activity
T, proportion of children age a receiving at
least one blood transfusion
NI average number of blood transfusions per

a
year among children age 4 receiving at
least one transfusion

N2, average number of injections per year
among children age a

N3, annual number of visits to 2 prostitute
by a male age a, not in a stable union

Ne¢, annual number of randomly selected
sexuzl partners of a male age a, notin a
stable union

N3, annual number of randomly selected

sexual partners of a female age g, not in
a stable union

N6 annual number of visits to & prostine
by a male age a in an otherwise
monogamous stable union

N7 annual coital frequency of a stable couple
with wife age a, husband age a+J




population is demographically stable. In the absence
of fatal HIV-1-infection, the model reduces to a
standard population projection model based on a
Leslie matrix.

The behavioural assumptions in the model are
simple, and yield four exposure classes of adults: not
yet sexually active, sexually active with many
partners (including, for men, with prostitutes),
sexually active in a stable union with one partner (and
for men, with prostitutes), and no longer sexually
active because of illness or widowhood We assume
that many of the adolescents in the population enjoy
a period of sexual activity before entering a stable
union; during this period, sexual partners are chosen
at random from the population of peopie who are
sexually active with many partners. All people
eventually progress to a stable union. Some people
never experince a period of sexual with multiple
partners, but rather move directly from sexual
inactivity to a stable sexual union. Finally, for
simplicity we assume that once a union is dissolved
(by widowhood) the remaining parter does not
remarry and is no longer sexually active.

The etiologic assumptions which govemn the
spectrum of the disease, or the progression from
susceptible to infected to ill to dead, are also very
simple. We assume that people exist in three distinct
epidemiologic states: susceptible; infected and
infectious but without clinical manifestation of
infection (indexed by elapsed duration of infection, k);
and ill, by which we mean that they are easily
identified as AIDS patients and that their behaviour
consequently changes (in particular, they are no
longer sexually active and are no longer used as blood
donors). The eventual transition from infected to ill,
and from ill to dead, is assumed to be inevitable: all
those infected with HIV-1 and who do not die from
some other cause eventually die from ATDS.

An important aspect of this model is that,
within a given exposure class and at each age, people
are homogeneous with regard to their behaviour, their
infectivity (if they are infectious) or their
susceptibility (if they are susceptible).

The model presented here is completely age-
specified: not only do fertility and mortality vary
with age, but, in this framework, important epidemic
and etiologic factors can also vary by age. Thus we
do not need to assume that fertility is described by the
crude birth rate, that the force of mortality is the same

at all ages, that the exposure to the risk of infection
is the same at all ages, or that the spectrum of the
disease is invariant by age.

1. Pediatric HIV-1 Infection and the
Development of Clinical Disease

The course of HIV-1 infection and related illness
in children appears to be quite different than in adults.
In this model, we assume that there are two modes of
HIV-1 transmission to children: vertical (perinatal)
transmission, and iatrogenic transmission. We
assume that the marginal risk of a child born to an
infected mother being infected by her breastmilk is
negligible and can thus be ignored. Once infected, we
assume that children develop clinical illness more
rapidly and die more quickly than do adults [MeDLEY
ET AL 1987].

a. Perinatal transmission of HIV-1

In the absence of H},V-l infection in the
population, the annual number of births at time ¢ is
given by

49
B,= z fa'Wﬂ

=15

where f is the fertility rate of women age a, and W,
is the number of women age a at time rin the
population. We assume that women who have
developed clinical HTV-1-related illness are no longer
sexually active and thus are no longer bear children,
so that children are borne only by susceptible and
infected women at the same rate, f,. The distribution
of births between susceptibie and perinatally infected
infants is given by

B =

¢

B," +B"'

X 49

49
=2f¢.wﬂ' + (I‘P‘f)z fowmi
=15 kwl aml¥

X 49

s oY S Wl

k=l a=l5

where px; is the probability that an infected mother
bears an infected child. The upper limit on the
incubation period is denoted x. The first two terms



