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SUMMARY

The paper describes the development and analysis of a mathematical model of the spread and
demographic impact of HIV in heterosexual communities in developing countries. The model extends
previous work in this area by the representation of patterns of mixing between and within different age
and sexual activity classes in a two sex structure. Summary parameters are derived to represent different
mixing patterns, ranging from assortative via random to disassortative, as are methods to ensure that
particular mixing patterns between different age and sexual classes (stratified on the basis of rates of
sexual partner change) meet constraints that balance the supply and demand for sexual partners as
AIDS induced mortality influences the demographic structure of a population. Analyses of model
behaviour rely on numerical methods due to the complexity of the mathematical framework, and
sensitivity analyses are conducted to assess the significance of different assumptions and different
parameter assignments. Simulated patterns of HIV spread across the two sexes and various age classes
are compared with observed patterns in Uganda. The principle conclusion of the study is that the
pattern of mixing between age and sexual activity classes, combined with the assumptions made to
balance supply and demand between the sexes have a very major influence on the predicted pattern of
HIV spread and the demographic impact of AIDS. The paper ends with a discussion of future needs in
model development and data acquisition.

1. INTRODUCTION

both within and between different countries (Piot ef al.
1991; Quinn et al. 1990; Anderson ¢t al. 1991; WHO
The pattern and rate of spread of the human immuno- Collaborating Centre on AIDS, March 1992) (figure 1).
deficiency viruses (HIV-1 and HIV-2) varies greatly The World Health Organisation’s Global Programme

(a) The HIV pandemic
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Figure 1. Prevalence of HIV-1 in low risk men and women in urban settings, in different developing regions of the
world, 1989-1992. The overall prevalence for a particular country is the most recent serological survey from among
childbearing women (or blood donors if data from childbearing women is unavailable) from surveys within the U.S.

Bureau of Census, HIV data base.

on AIDS initially categorized the HIV epidemic in
different countries according to the estimated time at
which the virus entered the country and the particular
risk groups (male homosexuals, intravenous drug users
(IVDUs) and heterosexuals) first affected (i.e. Pat-
terns I, IT and III) (WHO Global Programme on
AIDS, April 1991). However, the initial patterns have
altered over time and much heterogeneity in spread is
apparent even within countries initially designated to
a particular pattern. For example in pattern I coun-
tries (infection focused in male homosexuals and
IVDUs) the virus has begun to spread in the hetero-
sexual population but to varying degrees with rapid
spread in some poor urban areas in the United States
and very limited spread as yet in many Western
European countries (e.g. Sweden and the United
Kingdom). Within pattern II countries (infection
focused in heterosexuals) the prevalence of infection
continues to rise in most regions (e.g. Uganda, Kenya,
Tanzania) but in some areas such as Kinshasa, Zaire,
infection levels are reported to have attained a low
endemic state at around 69%,-8%, of the sexually active
population (figure 1). There is much uncertainty
surrounding these supposedly ‘endemic’ patterns due
to the paucity of carefully designed longitudinal
cohort studies of HIV spread, particularly in Africa,
but also in India, Southeast Asia and South America.

The notion that the epidemic has attained an
endemic equilibrium in some communities has led

Phil. Trans. R. Soc. Lond. B (1993)

some researchers to describe the epidemic as consisting
of three major phases representing an early silent
phase of slow spread, a rapid epidemic phase and an
endemic plateau in seroprevalence (Garcia-Calleja et
al. 1992). This is far too simplistic a view as in reality
the epidemic is formed from a series of waves of
infection representing transmission within and be-
tween different risk groups (e.g. perhaps defined on
the basis of rates of sexual partner change). A number
of studies have indicated that the overall epidemic
may even be multi-peaked if mixing between the
different groups is limited (Jacquez et al. 1989; Boily
& Anderson 1991; Gupta et al. 1989). A wide range of
factors determine the overall shape of the epidemic
curve. These include the presence of other sexually
transmitted diseases (STDs) that act as co-factors in
the transmission (Plummer et al. 1991), poverty
promoting commercial sexual activity (Prual e/ al.
1991), the supply and acceptability of barrier contra-
ceptives (Lamptey & Goodridge 1991), social disrup-
tion created by armed conflict (Smallman-Raynor &
CIliff 1991), patterns of mixing between sexual activity
classes and different geographical locations (Anderson
et al. 1991) and the manner sexual activity changes
with age in the two sexes and patterns of sexual
contact between age classes (Anderson et al. 1992).
The relative importance of each of these and other
factors in promoting HIV transmission varies widely
in different societies. Such heterogeneity makes pre-
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diction of the pattern of the epidemic in the coming
decades extremely difficult. However, mathematical
models can be used to generate insights into how these
different factors combine to shape the epidemic in a
manner akin to the protocol adopted by an experi-
mental scientist. One or a few factors can be allowed
to vary in the model structure while the rest remain
constant in order to pinpoint the influence of each
factor on the shape of the epidemic. More generally,
they can be used to determine what needs to be
measured to improve understanding, to gain a quali-
tative impression of the potential demographic impact
of AIDS in defined localities and, most importantly to
generate insights into the potential effectiveness of
different intervention strategies, either used in isola-
tion or in combination (Rowley et al. 1990). At
present they cannot be used to produce precise
quantitative predictions of the future trends as there
are many gaps in our knowledge, particularly con-
cerning patterns of sexual behaviour and how these
may change in response to the emerging epidemic.

This paper extends previous work to consider in
detail the influence of mixing patterns between sexual
activity and age classes of the two sexes on the shape
and demographic impact of the epidemic. We begin
with a brief review of published work on modelling the
AIDS epidemic in developed and developing coun-
tries before detailing the structure of our model and
the key assumptions embedded in it. Parameter
assignments are then discussed before turning to
patterns predicted by the model under various
assumptions concerning the degree of assortative (like-
with-like) or disassortative (like-with-unlike) mixing
between age and sexual activity classes (defined on the
basis of rates of sexual partner acquisition). The final
section compares model predictions with observed
trends in sub-Saharan Africa and considers future
research needs and further refinements to the struc-
ture of the model. Throughout our aim is to improve
understanding of how different factors influence the
pattern and impact of the epidemic.

(b) Different approaches to predicting the spread
of HIV

The numerous factors that determine the spread of
HIV and the paucity of our knowledge of many of
these (i.e. patterns of sexual behaviour) argues that
model development should be an iterative process
with complexity added in a stepwise manner as
knowledge accumulates so that the role of each factor
in determining spread is fully understood. Unfortuna-
tely many involved in debates concerning the likely
spread of HIV in the coming decades fail to appre-
ciate the different roles of various models. Short-term
prediction over one to a few years, based on extrapola-
tion using a suitable mathematical function that
describes past trends, is often helpful. However, this
approach is unlikely to be reliable in the longer term
because past trends may be described equally well by
a variety of different mathematical functions (e.g.
exponential, logistic, etc.; Anderson ¢! al. 1987), each
of which generates different projections for the future.
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Models of the transmission dynamics of HIV are
necessarily more complex in structure and require
detailed information on a variety of epidemiological
and behavioural variables about which we know little
at present. They may be able to make qualitative
projections about the likely shape of the epidemic in
coming decades but they cannot be used to make
quantitative predictions. Their main use is to broaden
understanding of what factors are important in deter-
mining observed pattern. This is not always well
understood by public health specialists as illustrated
by a recent paper by Chin & Lewanga (1991) on
AIDS case projections in which they describe
transmission models as ‘explanatory’ but then proceed
to criticize their power to make ‘reliable’ projections.

Projections by the World Health Organization and
other international or .national agencies are often
based on so called ‘tactical’ models which use simple
mathematical functions to project into the future
given information on past trends. Unfortunately, most
reports containing projection of future trends based on
these simple models rarely detailed the precise
assumptions on which they are based or the sensitivity
of outcome to changes in these assumptions.

A good example of this problem is provided by the
‘epi-model’ developed by the WHO Global Pro-
gramme on AIDS (Chin & Lwanga 1991; Garcia-
Calleja et al. 1992; Soro et al. 1992), projections from
which have received wide publicity in the press. The
model is essentially a gamma function for the preva-
lence of infection with time given by t#~1e~!/(p—1)!
where p is set at 5 (the assumed shape of the epidemic)
and to make projections three pieces of empirical
information are required. These are an estimate of the
point HIV prevalence in a particular country or
region, an assessment of the time to when extensive
spread of HIV commenced and information on the rate
of progression from infection to AIDS (the incubation
period distribution). The simplicity of the model is
appealing; but are the assumptions upon which the
model is based correct? For instance, is the shape of the
epidemic gamma in form? Many factors will influence
the precise nonlinear pattern of the epidemic and it
seems highly unlikely that the gamma function will
suffice as a description. Further problems arise in the
assignment of parameter values and the method
employed to fit the gamma distribution. Little is
understood of the incubation period of AIDS in
heterosexual adults in developing countries and even in
developed countries only one half of the full distribu-
tion has yet been observed. A sensible fit of the gamma
distribution is not possible on the basis of a guess on
when HIV commenced and a single estimate of the
prevalence of HIV at one instance in time. The point
highlighted by this example is the fragility of the
assumptions and parameter estimates contained within
simple as well as complex models. Simplicity and ease
of comprehension and use by the non-specialist should
not be confused with accuracy of prediction.

At the other end of the complexity spectrum are
the sophisticated simulation models of Auvert (AID-
STECH Family Health International 1991) called
SIMULAIDS and the Inter-agency Working Group
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(IWG) model (AIDSTECH Family Health Inter-
national 1991), which are being used by the WHO
to help identify AIDS control programme targets
(Culotta 1991). SIMULAIDS is a hybrid stochastic-
deterministic model where chance events in transmis-
sion and demographic changes are simulated by
monte-carlo methods. The model describes events in a
population of 200000 individuals, stratified by their
age, sex and the types of sexual relationship they
participate in, and mimics complexities such as vari-
able infectiousness over the incubation period, the
influence of cofactor STDs on the likelihood of HIV
transmission probabilities defined per type of sexual
act and the definition of casual, commercial and
regular sexual partnerships. The IWG model includes
similar detail within a deterministic compartmental
framework. Both models require large arrays of data
inputs to specify the values or range of values for the
large number of parameters they contain. When the
outputs of those models are discussed in in-house
reports (or when released to the press) no detail is
provided of the precise mathematical structures of the
models or the sensitivities of output to assumptions
and parameter variation. Of particular significance in
this context is the failure to discuss what assumptions
are made concerning patterns of mixing (=sexual
contact) between different strata of the population
such as age, sex, sexual activity class and geographical
location. A body of research on this specific area has
emerged over the past 5 years and it is now under-
stood that mixing patterns are major determinants of
observed pattern (Jacquez et al. 1989; Gupta et al.
1989; Anderson e/ al. 1992).

(e) Mathematical models as epidemiological
research tools

Much of the mathematical research on the epidemio-
logy of HIV and AIDS is not orientated towards the
prediction of future events in specific populations. It is
aimed more generally at improving understanding of
observed pattern. This body of work is published in
the reviewed scientific literature (as opposed to in-
house reports) and hence assumptions on which the
models are based and parameter assignments are open
for scrutiny and comment (Anderson ¢t al. 1986, 1992;
Jacquez et al. 1988; Dietz & Hadeler 1988; Busenberg
& Qastillo-Chevez, 1991; Hethcote & Van Ark 1992).
Its foundation can be traced back to the work of
Yorke and colleagues on the epidemiology and control
of gonorrhoea in which a deterministic compartmen-
tal framework was developed to describe the transmis-
sion dynamics of STDs (Yorke ¢t al. 1978; Hethcote &
Yorke 1984). A particular feature of this research was
the recognition of heterogeneity in sexual activity by
the division of the population into two groups, namely
a small fraction who changed sexual partners fre-
quently (the so called ‘core’ group) and a majority
who change partners infrequently, if at all. In the
context of HIV this work was first extended by
Anderson and colleagues (1986) for a single sex
population (male homosexuals), to consider random

Phil. Trans. R. Soc. Lond. B (1993)

Modelling the heterosexual spread of HIV

or proportional mixing in a population finely stratified
according to sexual activity (rate of sexual partner
change). Various developments rapidly followed
including the representation of transmission events per
sexual act (Kaplan 1990), the representation of sexual
activity by rate of partner formation and dissolution
(Dietz & Hadeler 1988), the relaxation of the assump-
tion of proportionate mixing to mirror disassortative
and assortative patterns (Jacquez ¢t al. 1988; Gupta
et al. 1989; Busenberg & Castillo-Chevez 1991), the
explicit treatment of heterosexual transmission (May
& Anderson 1987; Hethcote & Van Ark 1992), the
role of cofactor STDs in the transmission of HIV
(Anderson & May 1988), the melding of epidemio-
logical and demographic processes in a single mathe-
matical framework (Anderson et al. 1988; May ef al.
19884,5) and the gradual introduction of more com-
plex patterns of mixing to mirror contacts within and
between sexual activity classes, age classes and geo-
graphical locations (Anderson et al. 1992; Anderson et
al. 1991).

A particular area of interest has been the develop-
ment of models to assess the potential demographic
impact of AIDS in defined populations (Anderson et
al. 1988, 1991, 1992; Bongaarts 1989; John 1991;
Garnett & Anderson 19935). Varied conclusions have
been drawn from such analyses and some controversy
has surrounded early predictions that AIDS has the
potential to induce population decline some decades
after the commencement of HIV spread even in
communities with high net growth rates prior to the
introduction of the disease (Anderson et al. 1988;
Bongaarts 1989). However, as more complexity has
been added to these models, and as more is under-
stood about the factors that determine the spread of
the virus, the consensus of opinion is moving towards
the view that AIDS has the potential to cause
population decline in badly affected areas but the
severity within countries in Africa, South Africa, India
and Southeast Asia will be very variable due to much
heterogeneity in sexual customs and mixing patterns
(Anderson and May 1992; Garnett & Anderson
1993b).

2. METHODS

We extend previous work in this area to take explicit
account of mixing or contact patterns between and
within heterosexual populations. The mathematical
framework is an extension of published work (see
Anderson ef al. 1989, 1991, 1992), it is deterministic
and compartmental in structure and it describes
epidemiological and demographic events in an age-
structured population of males and females. To ease
understanding of the methods section Table 1 pro-
vides a glossary of the symbols used to describe
variables and parameters, plus estimates of the para-
meters employed. The following subsection (§25)
provides a very brief review of the data sources on
which these estimates are based.

The model consists of a system of partial differential
equations to describe changes in the numbers of
susceptibles (X), of infecteds (Y) and of individuals
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with AIDS (4) of both sexes with respect to time ¢ and
age a. It has the following structure:

0Xy(at) 0Xy(ant)
P + T [Aulast) + (@)1 Xu(ast), (1)
6Y1[ 7t aYllcl :t
251 )4 aia ) M) Xlat)
— [(a) + w(a) ] Yiulart),  (2)
Y, (at) 0Yy(ant
giﬂ ) /;35 ) Yo-1)(@) Y _1yu(ast)
- [’)}S(d) + f"k(a)]Yxkl(a:t)7 (3)
04,/(a, 04,/(a,
ual) | S8D ) Yt

= [mla) + a(a)] Au(at). (%)

Here X;,(a,t) denotes the number of susceptible indi-
viduals of sex £, sexual activity group /, age a at time ¢.
Sexual activity groups are defined on the basis of rates
of sexual partner change per unit of time (n in total).
Once infected individuals pass via three states (s = 1,
2 and 3) to denote disease progression prior to
developing AIDS. This division of the infected but
non-AIDS variable Y into three categories is made to
mirror variable infectiousness over the incubation
period of AIDS (Blythe & Anderson 1988), with
patients moving from a state of high infectiousness via
a state of low infectiousness back to a state of high
infectiousness just prior to the development of AIDS.
The other subscript labels on Y,(a,t) are as defined for

v
)\k[(lt =I
T

m=1

Xy(a,t) and they also apply for the AIDS compart-
ment, Ay(a,t). The total population at time ¢, N(¢#) is
given by

N(t) =

2 3|1 (w0 37
k=1(= =
Note that the flow of individuals from Y to 4 is based
on the assumption that all who acquire infection
eventually develop AIDS, It is possible that some
small fraction of infecteds may not progress to AIDS
within their natural lifespan but as yet the magnitude
of this proportion is unknown.

Susceptibles acquire HIV infection at a sex, sexual
activity group, age and time dependent rate Ay(a,t)
and enter the first stage of infection Y (a,f) where
s = 1. They pass through the three stages of infection
at a stage and age dependent rate y,(e). Individuals
are removed from the population at an age- and sex-
dependent per capita mortality rate wi(a)(year~1) and
those who have AIDS also have an additional age
dependent mortality rate a(a) (year ).

The per capita force of infection (Ay(a,t) susceptible ™ !
year ') determines the rate of spread of the virus and
is defined as follows:

Phil. Trans. R. Soc. Lond. B (1993)

Z Chin(@,@',t) Prim(@sa”)

w(a,t) + Ap(a, t)> da:|. (5)

Au(ant) =

3
n Z ﬁ:k /cm a t )
m l m\ & — ’
mgl clcl a, a pkl ( »a )Nk'm( , ) _ Ak’m(a ,t)

!

da’,

(6)
where ¢y,,(a,a’,t) is the rate per year at which someone
of sex k, sexual activity group [ and age a acquires new
sexual partners of the opposite sex in the activity
group m, of age &’ at time . The dependency on time
is necessary to take account of differential mortality
due to AIDS in the different sexual activity classes
and consequent adjustments in behaviour to balance
supply and demand for sexual partnerships (Anderson
et al. 1992). The term py,(a,a’) is the probability that
someone of sex £, sexual activity class [ and age a will
have a sexual partner of the opposite sex in the
activity class m of age a’. The proportion of those
partners that are at a particular stage of HIV
infection is given in equation (6) by Y,,.(a,¢)/
(Npm(@'st) — Apn(a’,t)) where Yy, (a’,t) is the number
of individuals of sex &', activity group m and age 4’ in
infection stage s at time {, and N, (a’,t) is the total
number of people of sex &', activity group m, age a’ at
time ¢ It is assumed for simplicity that those with
AIDS are not sexually active. In some communities,
however, it may be that those with AIDS are still
involved in sexual partnerships due to economic and
social pressures. This could easily be included in the
model by changing equation 6 to:

Y (BuYunla®)) + ﬂAkAk’m(alat)]
=2 L da'. (7)

Nk’m(a/7t)

The transmission probability defined per partnership
from an infected of sex £’ in stage s to someone of sex £
is given by the constant ;. The integral over age and
over sexual partnership classes is from 7, the age of
commencement of sexual activity, to ¥, the age of
cessation of sexual activity.

Within the model defined by equations (1)-(5) each
individuals age is specified as a continuous variable.
However, to ease numerical analyses, those who are
sexually active are divided into seven 5-year age
classes with 7 = 15 years and ¥ = 50 years. Hence,
for computational purposes the force of infection is

defined as:

3

Z (B Ysemi(t))

Awlat) ) P ki m . (8)

Z Z cklmy

i=1m=1

The initial numbers in each sexually active class at
time ¢t = 0 are:

Xui(0) = Ni(0) — 1, 9)
Yy(0) = 1, (10)
A;(0) = 0. (11)

Those initially infected provide a seed for the epidemic
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Figure 2. Predicted relationship between the transmission
probability defined per partnership and the number of sexual
acts per unit of time as defined by the model of Jewell &
Shiboski 1990 (solid line) (transmission probability =1 —exp
[—exp (—2.3+0.22 In (acts))]) and a model that assumes a
constant probability of transmission per sexual act, §, with
the overall probability per partnership based on the com-
pounding of a series of independent acts (see May &
Anderson 1988) (6 set equal to 0.1 (dashed line), 0.003
(dotted line) and 0.001 (dot-dashed line)).

and are evenly distributed throughout the population.
N,; the initial size of each subpopulation is defined by:

N (0) = _f Ny(a’,0)da’, (12)
where:
Ny(d',0) = Ny(0,0)(1 — ertl@+@), (13)

Here w is the per capita growth rate prior to the
introduction of HIV. N,,(0,0) is the size of the current
birth cohort, which throughout simulations is the sum
of the boundary conditions for all the state variables at
age a = 0. These are:

7

X(0,8) = {my Z (0:X2,,(1))

i=1

+ ; (1= 8)Y0u(0))), (14)

7 3
Y1,(0,8) = {inw Z <9i Z (&Kzz:‘)): (15)
and

Akl(oa':> = 07 (16)

where k£ =2 implies women, {, is the sex ratio of
individuals at birth, 0, is the per capita yearly fertility
rate of women in age group ¢ and 9, is the probability
of perinatal transmission when a mother is in the stage
s of infection. The proportion #, divides infants into
the sexual activity classes they will eventually move
into if they survive to sexual maturity. These classes
only become operational above the age T and below
the age . It is assumed that those women with AIDS
do not produce children. This assumption can quite
easily be relaxed.
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(a) Parameter assignments

The complexity of the model gives rise to a large
number of parameters for which numerical assign-
ments are required in order to explore the properties
of the structure by numerical methods. Because the
focus of this paper is on patterns of sexual contact
between different age and sexual activity classes the
parameters that determine them will be varied in the
numerical analyses. The remaining epidemiological
parameters are assigned values which are largely
based on empirical studies in developed countries due
to the paucity of information from regions of the
developing world in which the virus is spreading
rapidly.

(1) Probability of transmission through sexual contact

The horizontal probability of transmission via pene-
trative sexual intercourse between men and women
(By4) is a key parameter in the determination of the
magnitude of the force of infection, Ay(a,t). The model
defines the parameter per partnership and as a
function of sex (k) and of the stage of infection (s)
(equation 7). Perhaps the most controversial aspect of
this definition is that of a fixed probability per
partnership as opposed to the more logical definition
of transmission likelihood per sexual act. The reasons
for our choice are in part due to the nature of
available data, in part due to desire to keep the model
as simple as possible and in part on theoretical
grounds. In early studies of the transmission within
partnerships (where one partner acquired infection
via infected blood or blood products), no clear
relationship was reported between the likelihood of
transmission and the number of penetrative sexual
acts within the partnership (Peterman ¢t al. 1988; May
& Anderson 1988). In most studies the duration of
sexual contact is ill defined but in the paper of
Peterman et al. (1988) very few partnerships reported
less than 20 sexual acts over period of the study. In a
more recent analysis of transmission in 159 partner-
ships where 24 partnerships reported fewer than 10
sexual acts, the transmission probability per partner-
ship was found to increase as the number of sexual
acts increased but to plateau rapidly to a constant
value after a relatively few sexual acts (Jewell &
Shiboski 1990). This is not what would be predicted
by treating the number of acts per partnership per
unit of time as a Poisson process with a constant
probability of transmission per act (May & Anderson
1988) as depicted in figure 2. Other variables such as
stage of infection (i.e. time since acquisition of HIV)
confound the interpretation of these studies, as does
heterogeneity in the number of acts per unit of time.
Hence, observations indicate that more complex
models are required to mimic the rapid saturation of
the probability to a constant value as the number of
sexual acts rises (Jewell & Shiboski 1990; Kaplan
1990).

Most studies of discordant partnerships (one
partner initially infected) record the probability of the
other partner being infected without reference to
either the number of acts, the duration of the period
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Table 1. Glossary of variables and parameters plus numerical values of the parameters used in the numerical analysis

symbol meaning units values
subscripts
] age groups
Lm sexual activity groups
k sex
) stage of infection
state variables
Xula,t) susceptibles number
You(a,t) infected number
Ap(a,t) AIDS cases number
Nu(a,t) total population number
biological parameters
Aa(a,t) force of infection rate per capita per year varies
ys(a) rate of transition between infection stages per capita per year
for a<t years s=1, 2 and 3 1.5
for a>1t years s=1 2.0
for a>1 years s=2 0.154
for a>17 years s=3 1.0
o(a) AIDS associated death rate a<t and a>1 per capita per year 1.0
im transmission probability per partnership
from men to women 0.2
from women to men 0.1
3 perinatal transmission probability per birth 0.35
demographic parameters
wr(a) death rate per capita per year table 2
0; birth rate per woman per year table 2
e sex ratio at birth 1
behavioural parameters
Crm(a,a’st) mean rate of sexual partner change per year varied
Prnla,a’) probability of mixing varied
& proportion of adults in sexual activity class varied
T age at start of sexual activity years 15
v age at end of sexual activity years 50

of sexual contact post acquisition of infection by the
index case nor measures of viraemia (related to
infectiousness) in the index patient. The available
data is therefore largely in the form of estimates of the
transmission probability per partnership. A good
example of this type of study is provided by a recent
paper from the European Study Group on Hetero-
sexual Transmission of HIV (1992), which reported
on transmission between 159 couples in which women
were the index case and 404 couples in which the man
was the index case. In these partnerships 129, of men
became infected and 209, of women, figures in good
agreement with the weighted mean values calculated
in a review of published studies (Anderson et al. 1991).
The European study also provided further evidence
that the stage of infection influences the likelihood of
transmission. This particular aspect has been a focus
in a number of theoretical studies (Anderson 1988;
Blythe & Anderson 1988; May & Anderson 1990) and
variations in the value of f;; over the incubation period
of AIDS is a feature of some of the more complex
simulation models described earlier. In the absence of
good data on how the value f; varies over the
incubation period, we make use of the available data
and assume that the value is constant over the period

Phil. Trans. R. Soc. Lond. B (1993)

but higher for transmission from men to women (0.2)
than from women to men (0.1) (see table 1).

A growing body of evidence suggests that other
STDs may enhance the likelihood of HIV transmis-
sion, particularly in developing countries where infec-
tions such as chancroid and gonorrhoea are much
more prevalent than is typically the case in developed
countries (due to the dearth of diagnostic and treat-
ment facilities in poor countries) (Cameron & Padian
1990; Laga et al. 1991). As such our estimates of S
(0.2 for k=1 (male to female) and 0.1 for £ =2 (female
to male)) based on data from developed countries in
partnerships where other STDs were not prevalent,
are likely to be underestimates of the true values in
many communities in the developing world. Con-
versely, our definition of a fixed transmission proba-
bility per partnership is likely to overestimate the
likelihood of transmission to and from those with high
rates of partner change who have few acts with each
partner unless there is a strong positive association
between acts per unit of time and partners per unit of
time. Recent large scale surveys of sexual behaviour in
developed countries suggests such an association exists
(May & Anderson, 1988) but data is limited at
present.
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Table 2. Median period from HIV infection to AIDS calculated in different studies

number in median incubation period
reference study population cohort (years)
Hendrik et al. (1992) homo-/bisexual men in Amsterdam 348 7.3 t0 9.2
Farewell et al. (1992) homo-/bisexual men in Canada 159 7.66
Taylor et al. (1990) homosexual men in a multi-centre study 1907 9.5
Bachetti (1990) from prevalence and diagnosis patterns 9.8
Longini et al. (1989) varied risk factors in San Francisco 603 8.3
Lui et al. (1988) homo-/bisexual men in San Francisco 84 7.8
Anzala et al. (1991) female prostitutes in Nairobi, Kenya 3.5

(i) Vertical transmission

The probability of transmission from an infected
mother to the foetus, the neo-nate or the young infant
is again difficult to quantify. A key problem is the
diagnosis of HIV infection in infants. It is made
complicated by the presence of maternally derived
antibodies and the resultant need to establish whether
or not the virus is present in the infant using
polymerase chain reaction (PcR) techniques (Ryder &
Hassig 1988; European Collaborative Study 1992).
Furthermore, as in the case of horizontal transmission
the likelihood of the virus passing from mother to
infant appears to depend on the stage of infection in
the mother, with transmission more likely if the
mother shows symptoms of immunodeficiency. A
recent review of studies in sub-Saharan Africa by
Ryder & Temmerman (1991) based on births to 1175
mothers from Zambia, Rwanda, Burkino Faso, Kenya
and Zaire gave a range of 0.3 to 0.39 with a mean
(weighted according to sample size) vertical transmis-
sion probability of 0.37. In all model simulations we
employ a value of 0.35.

Interestingly, the reported values from studies in
African populations are much higher than those
reported in developing countries. For example, the
extensive European Collaborative Study (1992) of 721
children born to HIV infected mothers gave a proba-
bility of 0.14 infections per live birth. The difference
in magnitude could be a consequence of the fact that
most mothers in the European Study were in the
relatively early stages of the incubation period or it
could be a consequence of differences in patterns of
breast feeding or birth practices. Recent work has
suggested that the virus may be transmitted via breast
feeding (Dunn et al. 1992).

Aside from the likelihood of passing infection from
mother to child, other factors of relevance to assess-
ments of likely demographic impact of AIDS include
the likelihood of a live-birth in HIV infected women
by comparison with uninfected women, and the
quality of care to a new born infant provided by
infected women in the late stages of the incubation

period of AIDS (Ryder et al. 1989).

(i) The incubation period of AIDS
The period between initial infection and the de-
velopment of AIDS is long and variable. There are

two key problems in accurately assessing the average -

duration of the incubation period. First, it is often
difficult to establish precisely when those infected with

Phil. Trans. R. Soc. Lond. B (1993)

HIV actually acquired infection. Second, the epi-
demic is quite recent, which means that the full
probability distribution for progression to AIDS has
not yet been observed in any single cohort of infected
persons. It is still not yet clear what proportion of
those infected will eventually progress to AIDS (Hen-
driks et al. 1993; Farewell et al. 1992). Estimates of
mean incubation periods may be obtained in cohort
studies of those infected by blood or blood products, or
by prospective studies of high risk individuals who are
uninfected and by observation of if and when infection
is acquired. In many studies of the distribution,
summary statistics are derived on the basis of fitting
specific probability distributions such as the Weibull
or gamma to observed data which records part of the
distribution (the largest study of gay men in San
Francisco now provides 13 years of observations but
the pattern of progression to AIDS has changed over
time due to improvements in the management of HIV
infection and changes in the definition of the disease
AIDS). Which particular probability distribution is
the best mirror of the true distribution will emerge as
the data accumulates (Hendriks et al. 1993).

Table 2 provides a summary of the information
recorded in some of the better studies of the incuba-
tion period distribution for which a median period has
been derived. Other studies of the hazard function for
progress to AIDS are present in the literature for gay
men (Hessol ¢t al. 1989) and for haemophiliacs
(Brookmeyer & Goedert 1989; DeGruttola & Laga-
kos, 1989; Lee et al. 1991) and much debate surrounds
the interpretation and representativeness of such data
(Bacchetti et al. 1992). Here we take a crude figure for
the average incubation period of 8 years, which seems
a reasonable estimate for different risk groups in
developed countries. A more detailed analysis appears
unwarranted given the paucity of data from Africa.
Only one study has been reported from Africa and this
is of a small sample of female prostitutes in Nairobi in
which the median period from infection to AIDS was
44.6 months (Anzala et al. 1991). Many researchers
now believe that the mean incubation period of AIDS
in poor communities in developing countries is much
shorter than that reported in developed countries due
to malnutrition and the continual insult of a wide
range of infectious agents (Webster e al. 1989; Small-
man-Raynor & CIiff 1992). We opt for an optimistic
value of 8 years for the mean period and this, in
conjunction with the assumption of three stages of
infection with exponential distribution of waiting
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times in each (average periods of 6 months, 6.5 years
and 1 year) gives rise to the incubation period
distribution depicted in figure 34 (distribution) and 34
(hazard function). Once AIDS has been diagnosed, life
expectancy is thought to be about one year or less in
Africa. The period is lengthening in many developed
countries due to better treatment and management of
opportunistic infection plus the use of zidovudine
(Reeves 1989). However, these advances in patient
management will not have much effect in developing
countries. A mean rate of progression to death of one
year is used in the model, which is probably an
optimistic estimate.

(iv) Incubation periods and mortality rates in infected infants

Recorded rates at which infants progress to AIDS
and then on to mortality are variable. The probability
of survival of an infected infant appears to be strongly
dependent upon initial symptoms of HIV infection,
and possibly, on the stage of foetal development when
the HIV virus was transmitted from the mother.
Among 94 infected French infants the probability of
survival to 3 years was 0.48 in the third of patients
who had early onset of opportunistic infections or
severe encephalopathy, but increased to 0.97 in those
with either no symptoms, bacterial infections or
lymphoid interstitial pneumonitis (LIP) (Blanche et al.
1990). These results are similar to those reported from
an earlier study of 172 children in a Florida hospital,
where the 179, initially diagnosed with LIP (median
age at diagnosis 14 months) had a mean survival time
from diagnosis of 72 months, whereas, the 99 initially
diagnosed with Pneumocystis carinii (median age at
diagnosis 5 months) had a mean survival time of only
one month (Scott et al. 1989). Similarly, among 215
infected infants in New York 209, progressed to AIDS
in the first year of life followed by 8%, for each year
thereafter (Auger et al. 1988). In a more recent study
of 529 Italian children the mortality rate was 8.99, in
the first year but 3.59%, per year thereafter, until the
age of 8 years when it again increased (Tovo e al.
1992).

The mortality rates in these studies are all low in
comparison to those observed in studies of infected
infants in African communities (table 3), but mor-
tality rates in these studies still appear to depend upon
symptoms of infection. Studies in Africa are on the
whole smaller in scale and less focused on infection in
infants. For example, in a study in Zaire the mortality
of infants of HIV infected mothers, rather than HIV
infected infants, was compared with mortality in
infants of uninfected mothers (Ryder et al. 1989). The
probability of survival after 1 year was 209, less in
those with HIV infected mothers. If we assume that
359, of infants are infected with HIV this implies that
over half die of AIDS after only one year. However,
the study showed that the increased risk of mortality
in infants with infected mothers was due to the
influence of morbidity in the mother on infant care
irrespective of whether the infant was infected or not,
as well as mortality associated with HIV infection in
the child. In Africa, rates of mortality are likely to be
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per capita risk of progressing to AIDS
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Figure 3. A three stage model of the incubation period of
AIDS, with constant rates of moving from one stage to the
next. Graph (a) records the proportion within each stage
while graph (4) displays the cumulative proportion with
AIDS as a function of time since infection and the per capita
risk of progressing to AIDS (the hazard function). The
average duration of stay in the first, second and third stage
are 0.5, 6.5 and 1 year respectively.

high and to mirror this we set the average incubation
period of AIDS in infants at | year and life expectancy
from the development of AIDS as 1 year.

(v) Sexual behaviour

Data is beginning to accumulate on patterns of
sexual behaviour in different societies in both deve-
loped (Johnson et al. 1992; Analyse des Gomporte-
ments Sexuels en France Investigators 1992; Giesecke
et al. 1992) and developing countries (Hogsborg &
Aaby 1992; Carael et al. 1991). Some have argued that
rates of sexual partner change in many poor commu-
nities in developing countries are higher than equiva-
lent values in the developed world (Piot & Carael,
1988; Hrdy 1987) and that this in part explains the
observed differences in the rates of HIV transmission
within heterosexual communities in the different
regions. Recent reviews of the available data in part
support this conjecture but because of the paucity of
the data and heterogeneity in study design, care must
be exercised in making generalizations. Inspection of
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Table 3. A summary of studies on HIV infected infant health and survival

Geographical number

location of in

study cohort progression to AIDS mortality reference

France 117 after 18 months 599, with at 18 months 219, mortality Blanche et al. (1989)
severe disease

France 94 after 1 year one-third had at 5 years 35%, mortality Blanche et al. (1990)

profound immunodeficiency

New York, US.A. 215
Miami, U.S.A. 172
Ttaly 529

5 months

Brazzaville, Congo 64

Zambia 42

Zaire

median age of HIV symptoms

after 1 year 20%, mortality 89,
each year thereafter

median survival 38 months
post diagnosis

median survival 96.2 months

399, survival to 12.5 months
compared with 979, in controls

449, died of AIDS by 2 years

after 1 year infants with

Auger ¢t al. (1988)
Scott et al. (1989)
Tovo et al. (1992)
Lallemont et al.
(1989)

Hira et al. (1989)
Ryder et al. (1989)

HIV + mother 269, of 448 died
infants with HIV — mother 69,
of 587 died

the data for sub-Saharan Africa suggests average
yearly rates of sexual partner acquisition of between 1
and 4, but with men typically reporting many more
partners than women. We examine model behaviour
for various mean rates of partner change in the range
1-3 per year. In the model the population is stratified
into four sexual activity classes and the proportion in
each class is set to mirror observed patterns (Konings
et al. 1988) as defined in table 4. Individuals are
assigned to a particular group when they join the
sexually active age classes. This is a crude assumption
because in practise an individuals behaviour will often
change as he or she ages. We attempt to capture
observed changes with age by altering the mean rate
of sexual partner acquisition in each age group with
the overall pattern documented in table 4. The trend
recorded in table 4 mirrors that observed in studies in
Guinea-Bissau and Cote d’Ivoire (Hogsborg & Aaby

1992; Anderson et al. 1991; Carael ¢t al. 1991) (figure
4a,b). The Guinea-Bissau study (Hogsborg & Aaby
1992) also provides information of the pattern of
sexual partner choice between different age classes of
the male and female segments of the study community
(figure 4b). The observed bias for men to form sexual
partnerships with women younger than themselves is
mirrored in the structure of the mixing by age
component of the model.

The age at which individuals start sexual activity is
assumed to be the same for both sexes and is set equal
to the mean age at which women have first menarche,
namely, 15 years (Wyshak & Frisch 1982). Sexual
activity for men and women is assumed to cease at the
fixed age of 50 years.

A few attempts have been made to analyse networks
of sexual contact (Granath et al. 1991; Haraldsdottir e
al. 1992; Garnett & Anderson 19934) but these have
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Table 4. Sexual partner acquisition rates (year™1) for different activity and age groups relative (i.e. a ratio) to the minimum rate

proportion of population

00 N —

activity group males females relative partner acquisition rate®
0.1 0.05 100
0.3 0.25 20
0.4 0.5 5
0.2 0.2 1
age group 15-19 20-24 25-29 30-34 35-39 40-44 45-49
relative partner acquisition rate 2 4 6 8 5 3 1

2 The relative partner acquisition rate is the partner change rate of the group relative to the lowest group. Actual partner
change rates are calculated such that the mean rate weighted according to group size for the sexually active population is
three new partners per year.

Phil. Trans. R. Soc. Lond. B (1993)
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Table 5. Age-specific mortality and fertility rates

mortality rate

age (per capita per year) fertility rate
group (per woman
(years) males females per year)
1 0.1168 0.1000
1-4 0.0193 0.0187
5-9 0.0065 0.0063
10-14 0.0035 0.0035
15-19 0.0044 0.0040 0.175
20-24 0.0063 0.0048 0.313
25-29 0.0067 0.0055 0.324
30-34 0.0071 0.0063 0.271
35-39 0.0080 0.0073 0.201
40-44 0.0097 0.0084 0.125
45-49 0.0118 0.0094 0.053
50-54 0.0157 0.0121
55-59 0.0205 0.0163
60-64 0.0295 0.0244
65-69 0.0440 0.0380
70-74 0.0681 0.0602
75-79 0.1053 0.0935
80-84 0.1893 0.1743

been restricted to small communities in developed
countries. No data is available for communities in
Africa.

The age-specific per capita fertility and mortality
rates for the population defined in the model are listed
in table 5. These figures correspond to a 3.69%, per
annum growth rate in the absence of AIDS, a crude
death rate of 15 per 1000, a life expectancy at birth of
52 years for males and 55 years for females and a total
fertility rate of 7.3. Such values are close to those
estimated by the World Bank (1991) for the majority
of sub-Saharan African populations.

(b) Patterns of sexual contact between and within
age and activity classes: mixing matrices

As noted earlier, once the population is stratified by
sex, age and sexual activity class it is necessary to
define how sexual partnerships are formed within and
between the different strata of the population. This is
the area of human sexual behaviour about which we
know the least, but a number of theoretical studies
suggest that it is of great importance in determining
observed pattern (Gupta et al. 1989; Jacquez et al.
1989; Castillo-Chavez & Blyth 1989). To represent
different patterns of sexual contact between strata we
need to define a mixing matrix (or two in the case of a
heterosexual population, one for males and one for
females) whose elements are the probability that an
individual from one group forms a sexual relationship
with an individual of the opposite sex in another
group. In the absence of data our only option is to
examine the influence of a range of patterns that are
likely to encompass what is taking place in practice.

Phil. Trans. R. Soc. Lond. B (1993)
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Figure 4. Sexual behaviour. Age specific rates of sexual
partner change for samples of (¢) men from Guinea Bissau
(from Hogsberg & Aaby 1992), and (4) women from Cote
d’Ivoire (Carael et al. 1991). (¢) The difference in age
between partners of the opposite sex in community in

Guinea-Bissau (Hogsborg & Aaby 1992).

Mixing may range from fully assortative where those
of one sex only form relationships with those of the
opposite sex in the same age and sexual activity
classes, to fully disassortative where those of one sex
never form relationships with those of the opposite sex
in the same age and activity classes (Gupta et al.
1989). Between these two extremes, many options are
possible including random mixing where the probabi-
lities in the matrix are equal to the proportions of the
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total supply of sexual partnerships provided by each
group

(5

Figure 5 provides a schematic representation of a
mixing spectrum for the simple case of a population
divided into two groups. In reality the problem is
much more complex because patterns of mixing
between sexual activity classes change with age and
over time. The latter point is of particular relevance in
the case of HIV as the disease it induces will alter the
structure of the population via mortality which will be
most severe in the most sexually active groups.

(1) Patterns of mixing between age and sexual activity classes

Two different ways of estimating the degree to
which any given mixing matrix reflects assortative
(like with like) patterns have been proposed. The first
method is based on measures derived from the diago-
nal elements of the matrix. Three different measures
have been proposed.

1. The simplest measure is the sum of the probabili-
ties on the diagonal which is referred to as the trace of
the matrix. When mixing is fully assortative, the sum
is equal to the number of classes represented by
probabilities within the matrix. When mixing is fully
disassortative the trace is equal to zero and when

110 | | | 10 [1
of1] | I 1[1]o
Assortative Proportionate Disassortative

Individual elements

Nym;
pi =1 —)by + emm o

0 1 ?

| | |

I I |

Assortative Proportionate Disassortative
The diagonal

The trace N 1 0

Q 1 o -1

“N-1)

Process weights 0 NXN-1 oo
[ | |
l o

Assortative Proportionate Disassortative

Figure 5. A diagrammatic representation of mixing patterns
and different measures of the degree of assortative mixing
based on a simple 2 x 2 matrix. The top diagram illustrates a
spectrum of patterns from assortative (like with like) via
proportionate ( = random) to disassortative (like with unlike).
The next diagram down displays a measure of assortativeness
based on the individual elements of the mixing matrix (see
text) while the bottom diagram illustrates measures of
assortativeness based on the diagonal elements (see text) (i.e.
the tract and the quantity Q).
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mixing is random the trace is equal to unity in value
where:

(17)

The magnitude of the trace is also equal to unity when
mixing is proportional ( =in proportion to group
size) (see Anderson ef al. 1992):

| n
> N,
u=1

N

=1 (18)

J

2. A more complicated approach suggested by
Gupta et al. (1989) depends on a measure of @ which
is a function of the sum of the eigen values of the
matrix (w;) (namely the trace) and the number of
classes, n, represented in the matrix:

(£4)

n—1

Q= (19)
When mixing is fully assortative @ = 1, when mixing is
proportionate =0 and ¢ = —1/(n— 1) when mixing
is fully disassortative.

3. A third and even more complex way of assessing
mixing has been suggested by Blower & McLean
(1991) based on a weighting system that reflects the
preference of members of one class for someone of the
opposite sex in the same sexual activity (or age) class,
relative to someone of the opposite sex in a different
sexual activity (or age) class. These process or prefer-
ence weights depend on the structure of the mixing
matrix of the opposite sex since partnerships between
the sexes must balance. The preference weight for
someone of sex £ and activity group j, for someone of
the opposite sex, £, in sexual activity group 7 is given
by pi’;i/p¥ i. This makes clear the degree to which they
depend on the structure of the mixing matrix of the
opposite sex. In the assortative extreme they can sum
to n the number of classes, in the proportionate case
the sum is #zx7z and as the dissortative extreme is
approached their sum tends to infinity.

A schematic representation of these three different
measures is presented in figure 5.

The second approach to specifying measures of
assortativeness relies on the individual elements of the
matrix, as opposed to those on the diagonal. A simple
example is provided by a background of proportionate
mixing on which is grafted a tendency for within class
mixing. A specific case is provided by the definition

N
n
Z jvucu
u=1

where J,; denotes the Kronecker delta and the para-
meter & -denotes the degree of assortative mixing
(Anderson ¢t al. 1992). When ¢ = 0, mixing is entirely
assortative and when ¢ = 1 mixing is proportionate.
This is a more complex approach than those described

py=(1—¢)d;+e , (20)
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that are based on the magnitudes of the elements on
the diagonal of the matrix. A problem with this
approach is that the scale between proportionate and
disassortative mixing is unclear. In the numerical
simulation reported in this paper we use a combina-
tion of the first approach, based on the magnitude of the
sum of the diagonal elements (the trace), and the second
approach in which we only consider the spectrum of
possible mixing patterns between the assortative
extreme and proportionate mixing. The reason for this
latter choice is a belief that in practice most mixing
patterns lie within this region of the spectrum (Gar-
nett & Anderson 1993a).

(a) Calculation of possible mixing patterns
for men with women

Age - proportionate

Activity - assortative Fully proportionate

1 @ Y
Degree of
mixing
ago roups 0s ===
¢ ;
0 G S
0 1
_ >

Degree of mixing
Fully Assortative between activity groups Age - assortative
€ Activity - proportionate
2

(b) Stages in calculating the mixing matrices

Qualitative
rule

1) men or women dominate choice

Quantitative 2) Degree of age assortiveness (1-€;)

A
== o

Activity group

Age group

Quantitative 3) Strength of age difference between sexes €,)

rule g 9 E <,

1-€3)

Quantitative 4
rule

Quantitative
5

e D) Caloulate matrix for other sex

Figure 6. A diagrammatic representation of sexual mixing or
contact in a population stratified by sex (i.e. heterosexual
contact), age and sexual activity class. (¢) The term &
denotes the degree of assortative mixing between age classes,
while & measures the degree of assortative mixing between
sexual activity classes. () Pictorial representation of the
stages involved in calculating the mixing matrices of the two
sexes defined in terms of qualitative and quantitative rules.

(i1) Generation of the mixing matrix

Within a population stratified by sex, age and
sexual activity class the size and the dimensions of the
mixing matrix are clearly large. We depict the degree
of assortative mixing between age classes as & (equa-
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tion 20) and the degree of assortative mixing between
sexual activity classes as &,. These parameters crudely
describe the range of mixing patterns depicted dia-
grammatically in figure 6. For simplicity, our propor-
tionate mixing specification is based on the number of
people in a class as opposed to the number of sexual
partnerships formed by a particular class (Anderson ¢
al. 1992).

We include one further complication, namely, the
specification of a parameter &; to denote the degree to
which men form sexual relationships with women
younger than themselves. This trend is particularly
strong in many societies in Africa as recorded, for
example, by Hogsberg & Aaby (1992). The signifi-
cance of this age mismatch to the potential demo-
graphic impact of AIDS has been described in a
previous publication (Anderson et al. 1989). The
parameter & defines the proportion of men in a
particular age group who form sexual partnerships
with women ten years younger than themselves.

In all manipulations of the elements of the mixing
matrix the balance rule must apply in which the
number of partnerships formed by males in age class ¢
and sexual activity class { with females in age class j
and sexual activity class m must equal those formed by
women in age class j and sexual activity class m with
men in age class ¢ and sexual activity class /. In other
words

21

Where & denotes the opposite sex from k. Further-
more the elements of the mixing matrix are probabili-
ties hence the values of p,,;; summed over m and j must
equal unity. These constraints imply that once the
mean rates of sexual partner change and the mixing
matrix are specified for one sex, the similar quantities
for the opposite sex are also specified as a consequence
of the initial choice. More formally:

Chti PrimigNeti = Comg PimtjiNim; -

T n
Crrmj = Z Z (Crsi szmz‘szki)/ Ny (22)
i=11=1
and
Prmiji = Ckti Primis Vil Ck'ny‘Nk'ny'- (23)

This could be interpreted as an assumption in which
one sex determines the rates of sexual partner change
and mixing pattern of the other sex. We explore this
implication by varying the sex of the controlling
group. In reality it is unlikely in many societies that
one sex has the dominant say in patterns of sexual
behaviour. The more complex situation where both
sexes play or equal or unequal roles in the determina-
tion of behaviour will be considered in a future
publication.

Our numerical analyses were performed on the
basis of specifying the rates of sexual partner change in
different age and sexual activity classes for one sex,
and specifying the structure of that sexes mixing
matrix and then calculating the concomitant para-
meters for the opposite sex. More formally the para-
meters &, & and g are specified in the algebraic
manipulation as follows
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2 Ney Nk' . o
Phimij = 31—;—:17_'—— + (1 — &)y 327‘L + (1 — &), for tEL1FE]+ 2,
Z Z Nk'uv z Nkuj
u=1v=1 u=1
Z Ney Z Newso Ny,
Primij = 3lTuil7—— + (1 —&)0; | + ¢ 317—17—_ + (1 =&)05.0 )| % [e2— Tt (1 — )0y,
z Z Nk'uv Z Z Nk'uv Z Nk'ty’
L u=1v=1 u=1v=1 u=1
for i1=7+ 2,
F Y Ney
u=1 Nk'm_; .
pklmg';' = (1 — 63) slﬁ + (1 — 61)69' ‘82_"— + (1 — 82)5101 fOl" 1=].
z Z Nk'uu Z Nk'uj
L u=1v=1 u=1

At the beginning of each simulation of the numerical
properties of the model values for &, & and & were
specified to reflect varying degrees of assortative
mixing between age (&) and sexual activity (&)
classes, and differing degrees of mismatch between the
ages of sexual partners ().

(¢) Balancing supply and demand for sexual
partnerships in the face of variable mortality
across sex, age and sexual activity classes

The balance equation (equation 21) needs the
further subscript of time ¢, as mortality due to AIDS
will influence the different strata of the population in
different ways as the epidemic develops. For example,
those age and sexual activity classes with high rates of
sexual partner change will be most severely affected
by AIDS induced mortality. This will act to create an
imbalance between the demand for and the supply of
sexual partnerships and, as discussed in a previous
publication (Anderson e al. 1992), a set of beha-
vioural rules must be specified to correct this imba-
lance at every time point in the development of the
epidemic. At present there is little if any empirical
observation to guide us in the specification of these
rules. Furthermore, these so called rules may vary
widely between different societies and cultures. It is an
obvious area of priority for future behavioural
research in communities experiencing high rates of
HIV infection and AIDS induced mortality.

Within the model we have a variety of options
available to us to balance supply and demand. For
example rates of sexual partner change in the different
groups could be altered over time, or mixing patterns
could be changed, or indeed both could be allowed to
vary. We chose the simple option of restricting change
to the rate of sexual partner acquisition in the
different strata of the population. Other options will
be considered in future research.

We modify the mean rate of sexual partner acqui-
sition of sex k, age group i and activity class / in
relation to the number of people in the other group
Nyjny relative to the number of people in these same
groups at time ¢ = 0, N;,(0). A relative reduction in
the size of the group is assumed to result in a

Phil. Trans. R. Soc. Lond. B (1993)

proportional reduction in the rate of partner change
of the various groups of the opposite sex with it.
Conversely, if relative group size increases (relative to
the state at time 0), then the rate of partner change of
groups of the opposite sex with it increases. More
precisely this set of rules is specified as

n 7
2 2 (New(0) = 1) + (New(0) = 1)
Crimij = cklmz"(o)uzl =1
v v Niwi(0) = 1
X —— Newy — Ay .
Z Z ((Nl:uu - Akuu) + (Nk'uu - Ak'uv))
u=1lv=1

Here it is assumed that those with AIDS do not take
part in the formation of sexual relationships. To relax
this assumption the terms in A4 should be removed
from equation (24).

(d) Sensitivity analysis

Because of the complex stratification of the popula-
tion into sex, age and sexual activity classes, the model
contains a large number of parameters, particularly in
the context of specifying sexual behaviour and mixing
patterns. At first sight this poses a major computa-
tional problem for any formal assessment of the
sensitivity of model output to parameter value varia-
tion. One such approach is to select parameter values
by random sampling within defined ranges (a uniform
distribution) or from defined probability distributions
of likely values (e.g. the Weibull or gamma distribu-
tion (Blower ef al. 1991). A large number of simula-
tions can be performed using different parameter sets.
The method is very time consuming and not neces-
sarily the most efficient way of assessing sensitivity. By
inspection of the structure of the equations of the
model, for example, it is apparent that the major non-
linear term is that defining the per capita rate of
transmission of the virus (equation (6)). As such,
parameters associated with this term are likely to have
a major influence on the pattern and magnitude of the
epidemic. In this paper our interest is largely focused
on the influence of patterns of sexual contact between
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and within age and sexual activity classes of the two
sexes. Our focus is therefore on the parameters &, &
and & plus the associated rates of sexual partner
change of the different strata of the population. All
these parameters are embedded in the transmission
rate (equation (6)). For the other parameters in the
model we rely on fixed values (table 1) derived from
published studies (Anderson et al. 1991, 1992).

Numerical solutions were generated using various
time step lengths for the discrete approximations of
the partial differential equations. A step length of one
fiftieth of a year was found to provide good numerical
accuracy. Simulations were carried out over time
periods of 40 to 100 years post the establishment of the
virus within the population.

3. RESULTS

(a) Heterogeneity in sexual partner acquisition
rates

We first consider the effects of heterogeneity in
sexual activity by fixing the degree of mixing between
age (e1=0.5, the mid point between the assortative
extreme and proportionate mixing) and sexual acti-
vity (e2=0.5) classes for two overall mean rates (over
all age and sexual activity classes) of sexual partner
change (cases (a) and (b), 1 year™1; cases (c), (d) and
(e), 3 year™!) for a population homogeneous with
respect to sexual activity (all individuals have the
same rate of sexual partner change as the overall
mean, cases (a) and (c)) and one that is heterogeneous
as represented by four sexual activity classes with
activity ratios between the mean rate in each class of
100:20:5:1 (cases (b) and (d)). We also consider the
case of highly assortative mixing between age and
activity classes (¢;=g2=0.05) for an overall mean rate
of partner acquisition of 3 year~! case (e). Simulations
were performed over a 100 year period and the
pattern of the epidemic recorded by reference to the
prevalences of infection in sexually active men and
women and the per capita growth rate of the total
population. The results are plotted in figure 7.
Consider the cases in which the mean rate of sexual
partner change is set at a low rate (1 year™!, case (a)).
When behaviour is homogeneous, this level of activity
is insufficient to generate an epidemic (overall Ry < 1).
Once heterogeneity is introduced the virus is able to
persist in the high activity classes who continually seed
the remaining activity classes to generate an epidemic
and the long term persistence of the virus. Hence,
heterogeneity enhances the likelihood of an epidemic
occurring. However, paradoxically once its occurrence
is assured, the greater the degree of heterogeneity the
smaller the size of the epidemic and the less its
demographic impact on the population. This point is
illustrated in figure 7 in the simulations in which the
overall mean rate of sexual partner change was set at
3 year~I. In the homogeneous case, the epidemic takes
a long time to develop but once it takes off it affects a
significant fraction of both the male and the female
population. In the heterogeneous case, the epidemic
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Figure 7. Predicted trajectories of the HIV epidemic over
time for varying assumptions about sexual behaviour.
Graph (a) records changes over time in the prevalence
(=proportion) in sexually active men, graph () similar
changes in sexually active women and graph (¢) records
temporal changes in the per capita population growth rate. In
each case five trajectories are recorded, three for an overall
mean rate of sexual partner change (at time ¢=0) of 3
year~! with homogeneous behaviour and heterogeneous
behaviour for two different degrees of assortative mixing
between activity classes, and two for a mean rate of 1 year~!
for heterogeneous and homogeneous sexual behaviour (see
text). The value of ¢; was set at 0.0. In all cases the value
of & equalled &. Case (a), homogeneous behaviour,
&1=8=0.5, =1 year~!; case (b), heterogeneous behaviour,
&1=6=0.5, =1 year~; case (c), homogeneous behaviour,
g1 =89=0.5, =3 year~’; case (d), heterogeneous behaviour,
g1=62=0.5, 7=3 year~1; case (e), heterogeneous behaviour,
e1=63=0.05, =3 year'.

takes off quickly due to the activities of the small
fraction of the sexually active population with high
rates of sexual partner change, but it affects a smaller
overall fraction of the population as a result of the
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Figure 8. (a) Predicted relationship between the prevalence
of infection in sexually active women at =40 years and the
degree of assortative mixing between sexual activity classes
(e2=0, for fully assortative mixing), for various values of the
degree of assortative mixing between age classes (&). ()
Similar to (a) but recording the relationship between the per
capita population growth rate at time =40 years and &. The
value of &3 was set at 0.75. The overall mean rate of sexual
partner change at t=0 was 3 year~!, and other parameters
were defined in tables 1, 4 and 5.

heterogeneity in sexual behaviour. These influences of
heterogeneity are made more explicit in simple models
of the HIV epidemic that do not consider host
demography (Anderson ¢t al. 1986; Anderson & May
1991). In all the simulations recorded in figure 7 the
parameter defining the age mismatch in partnerships
between the sexes, €3, was set at 0.75.

The influence of the other two mixing parameters,
& and e, is also hinted at in figure 7 in the simulation
where & =¢&,=0.05. These parameter choices reflect a
highly assortative pattern of mixing which results in a
smaller epidemic of limited demographic impact,
when compared with an identical simulation but with
a less assortative pattern of mixing (g;=¢€3=0.5). In
all cases men were assumed to determine the sexual
behaviour patterns of women, when balancing
demand for partnerships with supply (see § 24). This
assumption results in higher levels of infection in
women by comparison with men, than would be the
case if women determined the behaviour of men.
Because levels of infection in women have a much
greater impact on population growth than those in
men, due to the role of vertical transmission as well as
the production of offspring, the assumption that the
needs of men determine the behaviour of women tends
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to accentuate the potential demographic impact of

AIDS.

(b) Mixing patterns

The previous subsection hinted at the influence of
mixing patterns but in this subsection we examine this
issue in more detail. To do so we set the mean rate of
sexual partner change at 3 year™! and assess the
influence of varying the magnitude of & (age groups)
and & (sexual activity groups) on the prevalence of
infection in sexually active women and the per capita
population growth rate after 40 years of viral spread
(at time {=0 the population growth rate was 49, per
capita per annum) (the value of 3 was, as before, set at
0.75). This is depicted in figure 8 and the patterns
clearly reveal that the degree of mixing between
sexual activity classes (g2) is of much greater signifi-
cance to the size and impact of the epidemic than the
degree of mixing between the age classes (g1). Note
that when mixing between activity classes tends to the
assortative extreme the epidemic has limited impact
on population growth, while as it moves towards a
proportionate value the epidemic can turn a 4%,
growth rate negative over the time span of 40 years.
Similarly, with all other parameters fixed altering the
mixing parameter (gg) from assortative to proportio-
nate changes the prevalence of HIV in sexual active
women from 129, to 809%,.

The patterns recorded in figure 8 are somewhat
deceptive due to the parameter e3. This describes the
fraction of female partners of men (over 25 years of
age) who would otherwise have been the same age
group who are ten years younger than themselves. As
such with €=0.75, figure 8 underestimates the
influence of different mixing patterns between the age
classes (&). This point is illustrated in figure 9 where
the trace of the mixing matrix is plotted for various
values of & (mixing between age groups) and &3 (0.75
and 0.0).

The influence of the interaction between the overall
rate of sexual partner change and the pattern of

A —»284¢
|\ strength of age
N, difference
24 F N\,
N —a— men 0.75
A -=-==-- women 0.75
20 \ et men 0.0

- women 0.0

0 0.25 0.5 0.75 1
the value of the parameters controlling the degree of mixing

between age and activity classes

Figure 9. The relationship between the trace of the mixing
matrixes for men and women, as a function of the degree of
assortativeness in mixing between age groups (&) and
activity groups (€z) (61=E&g) for two values of &5 (see text). A,
assortative; P, proportionate.
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Figure 10. The predicted prevalence of infection in sexually active men and women at ¢=40 years for various values
of the parameters & and & (81=8) and for different values of the overall mean rate of sexual partner change per
annum (3.0, 3.5 and 4 year—!). Other parameters as defined in tables 1, 4 and 5 and with men determining the
pattern of female sexual behaviour to balance supply with demand (see text).

mixing between groups is more complex as depicted in
figure 10. This graph records the proportion of men
and women infected with HIV for three different
average rates of sexual partner change (3.0, 3.5, 4.0,
all year~1) for various values of the degree of mixing
between age and sexual activity classes (g1=g3=0.0
(assortative), 0.25, 0.75, 1.0 (proportionate)). Two
important points are illustrated in this graph. First,
changes in the pattern of mixing can have a greater
impact than changes in the average pattern of partner
acquisition. Second, there is predicted to be a con-
siderable difference between levels of infection in men
(low) and women (high). The latter pattern is due to
three factors: (i) the higher transmission probability
from men to women than vice versa; (ii) the tendency
of men to form sexual relationships with women
younger than themselves; and (iii) the assumption
that the pattern of male demand for sexual partners
sets the pattern of female supply. The explanation of
why the last factor is important rests upon the
influence of high activity men. Initially if these high
activity men choose to mix with low activity women
(high & values in the mixing matrix of men with
women) then the need to balance male demand with
supply forces up the rate of partner change in this
group while lowering the activity of those women in
the smaller high activity classes. This introduces more
homogeneous behaviour in the female population
which as described in §3a will lead to a larger
epidemic. The need to balance the demand of men
with supply also implies that the continual needs of
the high activity men are met more and more from the
lower activity female classes as the epidemic progresses
and the fraction of higher activity women in the

Plul. Trans. R. Soc. Lond. B (1993)

population declines. This trend is depicted in figure 11
by reference to the mean rates of sexual partner
change of the male and female population in the
different sexual activity classes (class 1 =high activity,
class 4=1low activity) at the start of the epidemic and
after 40 years of spread. The changes are a result of
the need to balance female supply with male demand.

A further illustration of the significance of which sex
sets the behavioural agenda in the supply and demand
of equation is presented in figure 12. Here, the
proportion of men and women infected with HIV
after 40 years of spread is plotted for various values of
the mixing parameters (g;=8=0.0, 0.25, 0.75, 1.0)
under the two assumptions that (i) men set the
agenda, and (ii) women set the agenda. When the
latter is the case there is much less difference between
the predicted levels of infection in the two sexes,
despite a two fold difference in the transmission
probabilities between the sexes (men to women twice
that of women to men, table 1). Because observed sex
ratios in the fraction of men and women infected with
HIV in sub-Saharan African countries are close to 1:1
(WHO Global Programme on AIDS, April 1991) it
may be that women have a significant influence in
behavioural rules that govern matching supply and
demand for sexual partnerships between the two sexes.
This conclusion is very tentative, however, and the
major point to note is simply that these rules will have
a very significant impact on recorded levels of infec-
tion in the two._sexes.

(¢) Predicted and observed trends

The complexity of the model, with its detailed
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Figure 11. (a) The predicted rates of sexual partner
acquisition (year~!) in the four different sexual activity
classes of men and women at (=40 years and at t=0 (men
determining the balance between supply and demand) with
the overall mean rate of sexual partner change set at 3
year~!, and with g=0.5. (b) The relationship between the
trace of the mixing matrices of men and women, as a
function of the magnitude of the degree of assortative mixing
(e1=¢9, £3=0.75).

description of mixing between and within different
strata of the population, promotes confidence (per-
haps falsely so!) in attempting to compare prediction
with observed trends. However, great care must be
exercised in such comparative research since numeri-
cal studies of model behaviour reveal that many
factors determine the overall pattern and many
different parameter combinations will generate a
particular outcome. For example, we know that a
rapidly spreading epidemic can be generated by either
a high overall mean level of sexual activity, hetero-
geneity in sexual activity, assortative patterns of
mixing or some combination of these factors. Observ-
ing rapid spread therefore does not inform about
which of these factors or combination thereof, is
responsible for the trend. The main purpose of
comparing predictions with observation is to seek
areas in which the model is not able to mimic
observed pattern.

Various patterns can be used for comparative
purposes. The simplest is longitudinal trends in HIV
seroprevalence in a defined risk group. One example
is pregnant women and some observed trends are
depicted in figure 13 (source, U.S. Bureau of the
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Figure 12. The predicted prevalence of HIV infection at
t=40 years in men and women for various values of the
degree of assortative mixing (& =¢&, &=0.75), when men
control the matching of supply and demand and when
women control the matching of supply with demand.

Census 1992). The data are not drawn from cohort
studies, different samples of pregnant women were
used to determine prevalence in different years in each
of the three countries portrayed in figure 13. Child
bearing women are a biased sample of the population
of sexually active women, since on average they tend
to fall in the younger age classes within this group.
Acting in opposition to this bias is the absence of
women who are infertile due to past infection with a
sexually transmitted disease that induces infertility,

o
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Figure 13. Longitudinal trends in HIV-1 seroprevalence in
reproductively aged women in Kampala, Uganda, Lilongwe
and Balantyre in Malawi and Kinshasa in Zaire (U.S.
Bureau of the Census 1992). The bars denote observed
values and the solid lines denote the predictions of the model
with parameters as defined in tables 1, 4 and 5 and with the
mean rate of partner change set at 2 year~! and & =¢,=0.2,
e3=0.75. The two lines record two different starting points
for the epidemic.
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Figure 14, Predicted evolution of the epidemic (proportion of men (a) and women () infected) stratified by age, sex
and time. The overall mean rate of sexual partner acquisition was set at 3 year~1, the ratio of partner acquisition in

the four sexual activity class was set at 100:20:5:1 (other parameters as defined in tables 1, 4 and 5, with & =és,
8=0.75).

such as gonorrhoea. Figure 13 also records predicted
patterns generated by the model. With appropriate
choice of the parameters that describe mixing and
sexual activity it i1s possible to mimic observed trends.
However, a closer representation of the rapid rise in
HIV prevalence among women a prevalence of
around 309, which is seen in the data is more feasible
if we alter the methods of balancing the supply and

demand of sexual behaviour; such a representation is
left for a future publication.

cross-sectional studies that record HIV seroprevalence
by sex and age class as illustrated in figure 14. Model
predictions are recorded separately for males (figure
144) and females (figure 146) and the surfaces repre-
sent the growth of the epidemic over time and the
pattern of its transmission across different age classes
within the population. Longitudinal trends stratified
by age and sex are not available from any cohort
based study in Africa at present although research in
progress in Uganda may produce serological surfaces
akin to the model prediction recorded in figure 14. In
the absence of such longitudinal data we rely for
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A further source of information with which to
compare predicted trends is provided by horizontal
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Figure 15. The observed age and sex stratified HIV-1
prevalence in (¢) Rakai, Uganda (Wawer et al. 1991) in
three different areas (rural village, rural trading centre and
a trading centre), and (b) predicted patterns at year 5, 10
and 15 from the start of the epidemic. Parameter values as
defined for figure 14.

comparison on research from three locations in the
Rakai district of Uganda (Wawer ef al. 1991) which
records age and sex stratified seroprevalence in an
area where the infection has been recently introduced
(rural villages) an area where it has been present for
moderate periods (rural trading village) and an area
where the virus has been spreading for longer periods
(trading centre). The prevalences in three areas are
only a crude indirect reflection of longitudinal trends in
the development of the epidemic since patterns of sexual
behaviour may well differ in three spatial locations
(figure 15). However, model prediction at years 5, 10
and 15 generated age- and sex-related trends in
reasonable qualitative agreement with the observed
patterns (figure 15). In particular, note the peak in
HIV prevalence in young age classes of the female
population by comparison with men and the higher
overall prevalence of infection in sexually active
women in both the trading centre where the infection
has been spreading for some time and the model
prediction at year 15. The model predicts that the sex
ratio of cases will become more and more biased to
women as the epidemic develops. The observed pat-
terns appear to be in agreement with model predic-
tions at this early stage in the development of the
epidemic.

4. DISCUSSION

The major conclusion resulting from our preliminary
analysis of the two sex model of HIV spread in a
growing population stratified by age and sexual

Phil. Trans. R. Soc. Lond. B (1993)
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activity class, is the significance of mixing pattern
between age and sexual activity classes of the two sexes
on the overall pattern, magnitude and demographic
impact of the epidemic. For example, with all other
parameters constant changing the mixing pattern
between sexual activity classes from assortative to
proportionate can turn a small epidemic with limited
demographic impact into a major epidemic capable of
turning a 49%, population growth rate negative over
time scales of a few decades. Unfortunately, patterns of
mixing between sexual activity classes or more broadly
between major risk groups is the area of sexual
behaviour about which we know least (Haraldsdottir
et al. 1992; Garnett & Anderson 19934). This observa-
tion plus the properties of the model argue for great
caution in drawing conclusions about the future trends
of the epidemic. The predictions generated by the
simple models used by the World Health Organisation
and others to suggest what might happen in the year
2000 are a case in point. In the absence of data on
mixing patterns and how these might change as the
epidemic develops much uncertainty surrounds future
events.

Model formulation also raised pointers to areas for
future research. Many of the major uncertainties in
formulation centred on the issue of how sexual
behaviour and mixing patterns are balanced within a
population and how they will change as AIDS
induced mortality alters the structure of the popula-
tion. For example, we made the initial assumption
that male demand for sexual partners dictated female
behaviour, in that females in a particular age and
activity group would increase their numbers of dif-
ferent sexual partners if demand exceeded supply. In
most communities, real behaviour must reflect some
sort of negotiated (explicit or implicit) compromise
between the sexes relevant to cultural setting. The
compromise will fall on a spectrum bounded by male
domination on one end to female domination at the
other. In many poor societies in the developing world
it is argued that male domination is the more likely
pattern of behaviour. However, little is understood in
detail and more anthropological research is required.

A second area of uncertainty concerned with the
rules that govern behaviour or mixing pattern change
as differential mortality affects population structure is
precisely who changes behaviour (i.e. which sexual
activity or age classes). In this paper we assumed that
individuals reduced or increased sexual activity in
response to demand. Change could also take place via
patterns of mixing or indeed via some combination of
sexual activity and mixing. Here again, no informa-
tion is available as yet to guide the choice of a sensible
set of assumptions. In practise it should be possible to
acquire information on this topic in badly affected
communities via behavioural studies.

Future research needs in model development are
many. In the absence of information in key areas, one
danger is that future developments will soar free from
the constraints of data, and hence reality. To combat
this all efforts must be made to use the available
information and to encourage the collection of better
data on patterns of sexual behaviour, the incubation
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period of AIDS in Africa and the likelihoods of
horizontal and vertical transmission. With this in
mind, however, there are key areas for future im-
provements. The first of these concerns the definition
of a horizontal transmission probability per partner-
ship. In future models this should be modified to
incorporate a definition per sexual act, combined with
a description of the joint distribution of sexual acts
and sexual partnerships per unit of time. Linked to
this problem with a definition of a net transmission
rate within the population, is the stratification of the
population into a series of sexual activity classes. As
individuals age their behaviour changes and they may
move from being highly promiscuous at a young age
to monogamous within a stable marriage at an older
age. At present the model’s structure is a very crude
mimic of an individuals passage via various phases of
sexual behaviour.

A final area of future study is that concerned with
intervention to slow the spread of the virus. At present
options are limited and include: (i) education about
HIV and AIDS plus safer sex practice, given broadly
or targeted at particular groups; (i1) the distribution of
condoms and the encouragement of their use to reduce
the risk of horizontal transmission; and (iii) the
control of other sexually transmitted infections, via
diagnosis and chemotherapy, that are thought to
enhance the likelihood of HIV transmission (so called
co-factors). Because resources are limited in most
developing countries, models can play a useful role in
helping to decide how best to use control options to
slow spread (Rowley et al. 1990). One relevant
question concerns the targeting of resources to high
risk groups. Is this always beneficial or is targeting of
greatest benefit in the early stages of the epidemic? A
further question of relevance concerns the synergistic
effects of two or more interventions (i.e. education
plus condom use, or STD control and condoms). Is
the simultaneous introduction of two types of inter-
ventions of greater or less benefit than the summed
effects of the two interventions when each is imple-
mented in the absence of the other? These and similar
questions will be addressed in detail in a future
publication using the model framework defined in this

paper.

R.M.A. wishes to thank the Overseas Development Admini-
stration and the Medical Research Council for great support
and G.P.G. wishes to thank the Wellcome Trust and the
Royal Society for grant support. We have benefitted greatly
from discussions with R. M. May, M. Arca, M.-C. Boily,
J. T. Rowley, J. Swinton and many others in the parasite
epidemiology research group.

REFERENCES

AIDSTECH Family Health International 1991 Modeling
workshop, Durham, North Carolina.

Analyse des Comportements Sexuels en France Investigators
1992 AIDS and sexual behaviour in France. Nature, Lond.
360, 407-409.

Anderson, R.M. 1988 Epidemiology of HIV infection:
variable incubation plus infectious periods and hetero-
geneity in sexual activity. JI R. Statist. Soc. A 151, 66-93.

Phil. Trans. R. Soc. Lond. B (1993)

Anderson, R.M. & May, R.M. 1988 Epidemiological
parameters of HIV transmission. Nature, Lond. 333, 514—
519.

Anderson, R. M. & May, R.M. 1991 Infectious diseases of
humans: dynamics and control. Oxford University Press.

Anderson, R.M. & May, R.M. 1992 Understanding the
AIDS pandemic. Scient. Am. 266, 58—66.

Anderson, R.M., May, R.M,, Boily, M.-C., Garnett, G.P. &
Rowley, J.T. 1991 The spread of HIV-1 in Africa: sexual
contact patterns and the demographic impact of AIDS.
Nature, Lond. 352, 581-589.

Anderson, R.M., May, R.M. & McLean, AR. 1988
Possible demographic consequences of AIDS in develop-
ing countries. Nature, Lond. 332, 228-234.

Anderson, R.M., May, R.M., Ng, W.T. & Rowley, J.T.
1992 Age-dependent choice of sexual partners and the
transmission dynamics of HIV in sub-Saharan Africa.
Phil. Trans. R. Soc. Lond. B 336, 135-155.

Anderson, R.M., Medley, G.F., Blythe, S.P. & Johnson,
AM. 1987 It is possible to predict the minimum size of
the acquired immunodeficiency syndrome (AIDS) epi-
demic in the United Kingdom? Lancet 1, 1073-1075.

Anderson, R.M., Medley, G.F., May, R.M. & Johnson,
AM. 1986 A preliminary study of the transmission
dynamics of the human immunodeficiency virus (HIV),
the causitive agent of AIDS. 1. M. A. JI Math. Appl. Med.
Biol. 3, 229-263.

Anderson, R.M., Ng, W.T., Boily, M.-C. & May, R.M.
1989 The influence of different sexual contact patterns
between age classes on the predicted demographic impact
of AIDS in developing countries. Ann. N. Y. Acad. Sci. 569,
240-274.

Anzala, A., Wambugu, P. & Plummer, F.A. 1991 Incuba-
tion time to symptomatic disease and AIDS in women
with known duration of infection. Abstract TUC103 VII
International Conference on AIDS, Florence.

Auger, 1., Thomas, P., De Gruttola, V., Morse, D., Moore,
D., Williams, R., Truman, B. & Lawrence, C.E. 1988
Incubation periods for paediatric AIDS patients. Nature,
Lond. 336, 575-577.

Bacchetti, P.R., Segal, M.R. & Jewell, N.P. 1992 Uncer-
tainty about the incubation period of AIDS and its
impact on backcalculation. In AIDS epidemiology: methodo-
logical issues (ed. N. P. Jewell, K. Dietz & V. T. Farewell),
pp- 61-80. Boston: Birkhauser.

Bachetti, P. 1990 Estimating the incubation period of
AIDS by comparing population infection and diagnosis
patterns. J. Am. statist. Ass. 412, 1002-1008.

Blanche, S., Rouzioux, C., Moscato, M.-L.G., Veber, F.,
Mayaux, M.-]., Jacomet, C., Tricoire, J., Deville, A.,
Vial, M., Firtion, G., De Crepy, A., Douard, D., Robin,
M., Courpotin, C., Ciraru-Vigneron, N., Le Deist, I,
Griscelli, C. & the HIV Infection in Newborns French
Collaborative Study Group 1989 A prospective study of
infants born to women seropositive for human immunode-
ficiency virus type 1. New Engl. J. Med. 320, 1643-1648.

Blanche, S., Tardieu, M., Duliege, A.-M., Rouzioux, C., Le
Deist, F., Fukunaga, K., Caniglia, M., Jacomet, C.,
Messiah, A. & Griscelli, C. 1990 Longitudinal study of
94 symptomatic infants with perinatally acquired human
immunodeficiency virus infection. Am. J. Dis. Child. 144,
1210-1215.

Blower, S.M., Hartel, D., Dowlatabadi, H., Anderson, R.M.
& May, R.M. 1991 Drugs, sex and HIV: a mathemati-
cal model for New York City. Phil. Trans. R. Soc. Lond. B
321, 171-187.

Blower, S.M. & McLean, A.R. 1991 Mixing ecology and
epidemiology. Proc. R. Soc. Lond. B 245, 187-192.


http://rstb.royalsocietypublishing.org/

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

158 G. P. Garnett and R. M. Anderson

Blythe, S.P. & Anderson, R.M. 1988 Variable infectious-
ness in HIV transmission models. IMA JI Math. Appl.
Med. Biol. 5, 181-200.

Boily, M.-C. & Anderson, R.M. 1991 Sexual contact
patterns and the spread of HIV-1 in African societies.
IMA Jl Math. Appl. Med. Biol. 8, 221-247.

Bongaarts, J. 1989 A model of the spread of HIV infection
and the demographic impact of AIDS. Statist. Med. 8,
103-120.

Brookmeyer, R. & Goedert, J.J. 1989 Censoring in an
epidemic with an application to hemophilia-associated
AID. Biometrics 45, 325-335.

Busenberg, S. & Castillo-Chevez, C. 1991 A general
solution of the problem of mixing of subpopulations and
its application to risk- and age-structured epidemic
models for the spread of AIDS. I. M. A. Jl Math. Appl.
Med. Biol. 8, 1-29.

Cameron, D.W. & Padian, N.S. 1990 Sexual transmission
of HIV and the epidemiology of other sexually transmit-
ted diseases. AIDS 4 (Suppl. 1), S99-S103.

Carael, M.,- Cleland, J., Adeokun, L. & Collaborating
Investigators 1991 Overview and selected findings of
sexual behaviour surveys. AIDS 5 (Suppl. 1), S65-S74.

Castillo-Chavez, C. & Blyth, S.P. 1989 Mixing framework
for social/sexual behaviour. In Mathematical and statistical
approaches to AIDS epidemiology (ed. C. Castillo-Chavez)
(Lect. Notes Biomath. 83), pp. 275-288. Berlin: Springer-
Verlag.

Chin, J. & Lwanga, S.K. 1991 Estimation and projection
of adult AIDS cases: a simple epidemiological model. Bull.
Wlid Hith Org. 69, 399-406.

Culotta, E. 1991 Forecasting the global AIDS epidemic.
Science, Wash. 253, 852—-854.

DeGruttola, V. & Lagakos, S.W. 1989 Analysis of doubly-
censored survival data, with applications to AIDS. Bio-
metrics 45, 1-11.

Dietz, K. & Hadeler, K.P. 1988 Epidemiological models
for sexually transmitted diseases. J. math. Biol. 26, 1-25.

Dunn, D.T., Newell, M.L., Ades, A.E. & Peckham, C.S.
1992 Risk of HIV-1 transmission through breastfeeding.
Lancet 340, 585-588.

European Collaborative Study 1992 Risk factors for
mother-to-child transmission of HIV-1. Lancet 339, 1007-
1012.

European Study Group on Heterosexual Transmission of
HIV 1992 Comparison of female to male and male to
female transmission of HIV in 563 stable couples. Br med.
J. 304, 809-813.

Farewell, V.T., Coates, R.A., Fanning, M.M., Macfadden,
D.K,, Read, S.E., Shepherd, F.A. & Struthers, C.A. 1992
The probability of progression to AIDS in a cohort of
male sexual contacts of men with HIV disease. Int. J.
Epidemiol. 21, 131-135.

Garcia-Calleja, J.M., L. Zekeng, J.L.M., Louis, J.P., Tre-
bucq, A., Salla, R., Owona, R. & Kaptue, L. 1992
A short term projection of HIV infection and AIDS cases
in Gameroon. Trans. R. Soc. trop. Med. Hyg. 86, 435-437.

Garnett, G.P. & Anderson, R.M. 19934 Contact tracing
and the estimation of sexual mixing patterns: the epidemi-
ology of gonococcal infections. Sex. Transm. Dis. 20, 181-
191.

Garnett, G.P. & Anderson, R.M. 19936 No reason for
complacency about the potential demographic impact of
AIDS in Africa. Trans. R. Soc. trop. Med. Hyg. 87 (Suppl.
1), 19-22.

Giesecke, J., Scalia-Tomba, G., Gothberg, M. & Tull, P.
1992 Sexual behaviour related to the spread of sexually
transmitted diseases—a population based survey. Int. J.
STD AIDS 3, 255-260.

Phil. Trans. R. Soc. Lond. B (1993)

Modelling the heterosexual spread of HIV

Granath, F., Giesecke, J., Scalia-Tomba, G., Ramstedt, K.
& Forssman, L. 1991 Estimation of a preference matrix
for women’s choice of male sexual partner according to
rate of partner change using partner notification data.
Math. Biosci. 107, 341-348.

Gupta, S., Anderson, R.M. & May, R.M. 1989 Networks
of sexual contacts: implications for the pattern of spread of
HIV. 4IDS 3, 807-817.

Haraldsdottir,- S., Gupta, S. & Anderson, R.M. 1992
Preliminary studies of sexual networks in a male homo-
sexual community in Iceland. J. Acq. Immune Def. Synd. 5,
374-381.

Hendriks, J.C.M., Medley, G.F., van Griensven, G J.P.,
Coutinho, R.A., Heisterkamp, S.H. & van Druten,
H.AM. 1993 The treatment free incubation period of
AIDS in a cohort of homosexual men. 4IDS 7, 231-240.

Hessol, N.A., Lifson, A.R., O’Malley, P.M., Doll, L.S,,
Jaffe, HW. & Rutherford, G.W. 1989 Prevalence,
incidence, and progression of human immunodeficiency
virus infection in homosexual and bisexual men in
hepatitis b vaccine trials. American J. Epidemiol. 130, 1167—
1175.

Hethcote, HW. & Van Ark, JJW. 1992 Modeling HIV
transmission and AIDS in the United States. Lect. Notes
Biomath. 95, 1-234.

Hethcote, HW. & Yorke, J.A. 1984 Gonorrhea transmission
dynamics and control (Lect. Notes Biomath. 56). Springer-
Verlag.

Hira, S.K., Kamanga, J., Bhat, G.J., Mwale, C., Tembo,
G., Luo, N. & Perine, P.L.. 1989 Perinatal transmission
of HIV-1 in Zambia. Br. med. J. 299, 1250-1252.

Hogsborg, M. & Aaby, P. 1992 Sexual relations, use of
condoms and perceptions of AIDS in an urban area of
Guinea-Bissau with a high prevalence of HIV-2. In
Anthropological and socio-cultural studies in the transmission of
HIV (ed. T. Dyson), pp. 29-36. Liége: Ordina Publica-
tions.

Hrdy, D.B. 1987 Cultural practices contributing to the
transmission of human immunodeficiency virus in Africa.
Rev. Infect. Dis. 9, 1112.

Jacquez, J.A., Simon, C.P. & Koopman, J. 1989 Struc-
tured mixing: heterogeneous mixing by definition of
activity groups. Mathematical and statistical approaches
to AIDS epidemiology. Lect. Notes Biomath. 83, 301-315.

Jacquez, J.A., Simon, C.P., Koopman, J., Sattenspiel, L. &
Perry, T. 1988 Modeling and analyzing HIV transmis-
sion: the effect of contact patterns. Math. Biosci. 92, 119-
199.

Jewell, N.P. & Shiboski, S.C. 1990 Statistical analysis of
HIV infectivity based on partner studies. Biometrics 46,
1133-1150.

John, A M. 1991 A model for HIV-1 transmission for rural
areas of Africa. Theor. Popul. Biol. 39, 148-169.

Johnson, A.M., Wadsworth, J., Wellings, K., Bradshaw, S.
& Field, J. 1992 Sexual lifestyles and HIV risk. Nature,
Lond. 360, 410-412.

Kaplan, E-H. 1990 Modeling HIV infectivity: must sex
acts be counted? J. Acqg. Immune Def. Synd. 3, 55—61.

Konings, E., Anderson, R.M., Morley, D., O’Riordon, T. &
Meegan, M. 1988 Rates of sexual partner change among
two pastoralist niolitic groups in East Africa. AIDS 3,
245-247. :

Laga, M., Nzila, N. & Goeman, J. 1991 The interrelation-
ship of sexually transmitted diseases and HIV infection:
implications for the control of both epidemics in Africa.
AIDS 5 (Suppl. 1), S55-563.

Lallemant, M., Lallemant-Le-Coeur, S., Cheyneir, D.,
Nzingoula, S., Jourdain, G., Sinet, M., Dazza, M.-C.,
Blanche, S., Griscelli, C. & Larouze, B. 1989 Mother-


http://rstb.royalsocietypublishing.org/

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

Modelling the heterosexual spread of HIV ~ G. P. Garnett and R. M. Anderson 159

child transmission of HIV-1 and infant survival in
Brazzaville, Congo. AIDS 3, 643-646.

Lamptey, P. & Goodridge, G.A.W. 1991 Condom issues in
AIDS prevention in Africa. AIDS 5 (Suppl. 1), S183-
S191.

Lee, C.A., Phillips, A.N., Elford, J., Janossy, G., Griffiths, P.
& Kernoff, P. 1991 Progression of HIV disease in a
haemophilic cohort followed for 11 years and the effect of
treatment. Br. med. J. 303, 1093-1096.

Lui, K.-J., Darrow, W.W. & Rutherford, 111, G.W. 1988
A model based estimate of the mean incubation period for
AIDS in homosexual men. Science, Wash. 240, 1333-1335.

May, R.M. & Anderson, R.M. 1987 The transmission
dynamics of HIV infection. Nature, Lond. 326, 137-142.

May, R.M. & Anderson, R.M. 1988 The transmission
dynamics of human immunodeficiency virus (HIV). Phil.
Trans. R. Soc. Lond. B 321, 565-607.

May, R.M. & Anderson, R.M. 1990 Parasite-host coevolu-
tion. Parasitology 100, S89-S101.

May, R.M., Anderson, R.M. & McLean, A.R. 19884
Possible demographic consequences of HIV/AIDS epi-
demics: Assuming HIV infection always leads to AIDS.
Math. Biosci. 90, 475-505.

May, R.M., Anderson, R.M. & McLean, A.R. 1988b
Possible demographic consequences of HIV/AIDS epi-
demics: Assuming HIV infection does not necessarily lead
to AIDS. Lect. Notes Biolmath. 81, 220-248.

Peterman, T.A., Stoneburner, R.L., Allen, J.R., Jaffe, HW.
& Curran, J.W. 1988 Risk of HIV transmission from
heterosexual adults with transfusion-associated infections.
J. Am. med. Ass. 259, 55-63.

Piot, P. & Carael, M. 1988 Epidemiological and social
aspects of HIV-infection in developing countries. Br. med.
Bull. 44, 68-88.

Piot, P., Kapita, B.M., Were, J.B.O., Laga, M. & Cole-
bunders, R.L. 1991 AIDS in Africa: the first decade and
challenges for the 1990s. AIDS 5 (Suppl. 1), S1-S5.

Plummer, F.A., Simonsen, J.N., Cameron, D.W., Ndinya-
Achola, J., Kneiss, J.K., Gakinja, M.N., Waikjaki, P.,
Cheong, M., Piot, P., Ronald, A.R. & Ngugi, S. 1991
Cofactors in male-female transmission of human immuno-
deficiency virus type 1. J. Infect. Dis. 163, 223-239.

Prual, A., Chacko, S. & Koch-Weser, D. 1991 Sexual
behaviour, AIDS and poverty in sub-Saharan Africa. Int.
J. STD AIDS 2, 1-9.

Quinn, T.C., Narain, J.P. & Zacarias, F.R.K. 1990 AIDS
in the Americas: a public health priority for the region.
AIDS 4, 709-724.

Reeves, G.K. 1989 The overall distribution of survival
times for U.K. AIDS patients. Phil. Trans. R. Soc. Lond. B
325, 147-151.

Rowley, J.T., Anderson, R M. & Ng, W.T. 1990 Reducing
the spread of HIV infection in sub-Saharan Africa: some
demographic and economic implications. AIDS 4, 47-56.

Ryder, R.W. & Hassig, S.E. 1988 The epidemiology of
perinatal transmission of HIV. AIDS 2 (Suppl. 1), S83-
S89.

Ryder, R.W., Nsa, W., Hassig, S.E., Behets, F., Rayfield,
M., Ekungola, B., Nelson, A.M., Mulenda, U., Francis,
H., Mawandagalirwa, K., Davachi, F., Rogers, M.,

Phil. Trans. R. Soc. Lond. B (1993)

Nzilambi, N., Greenberg, A., Manna, J., Quinn, T.C.,
Piot, P. & Curran, J.W. 1989 Perinatal transmission of
the human immunodeficiency virus type 1 to infants of
seropositive women in Zaire. New Engl. J. Med. 320,
1637-1642.

Ryder, R-W. & Temmerman, M. 1991 The effect of
HIV-1 infection during pregnancy and the perinatal
period on maternal and child health in Africa. AIDS 5
(Suppl. 1), S75-S85.

Scott, G.B., Hutto, C., Makuch, R.W., Mastrucci, M.T.,
O’Connor, T., Mitchell, C.D., Trapedo, E.J. & Parks,
W.P. 1989 Survival in children with perinatally acquired
human immunodeficiency virus type 1 infection. New
Engl. J. Med. 321, 1791-1796.

Smallman-Raynor, M.R. & Cliff, A.D. 1991 Civil war and
the spread of AIDS in central africa. Epidemiol. Infect. 107,
69-80.

Smallman-Raynor, M.R. & Cliff, A.D. 1992 Seasonality in
tropical AIDS: a geographical analysis. Int. J. Epidemiol.
21, 547-556.

Soro, B.N., Gershy-Damet, G.M., Coulibaly, A., Konan, K.
& Sato, P.A. 1992 The present and future course of the
AIDS epidemic in Cote d’Ivoire. Bull. Wid Hith Org. 70,
117-123.

Taylor, J.M.G., Munoz, A., Bass, S.M., Saah, A.J., Chmiel,
J.S. & Kingsley, L.A. 1990 Estimating the distribution of
times from HIV seroconversion to AIDS using multiple
imputation. Statist. Med. 9, 505-514.

Tovo, P.A., De Martino, M., Gabiano, C., Cappello, N.,
D’Elia, R., Loy, A., Plebani, A., Zuccotti, G.V., Dalla-
casa, P., Ferraris, G., Caselli, D., Fundaro, C., D’Argenio,
P., Galli, L., Principi, N., Stegagno, M., Ruga, E.,
Palombia, E. & The Italian Register for HIV Infection in
Children 1992 Prognostic factors and survival in chil-
dren with perinatal HIV-1 infection. Lancet 339, 1249-
1253.

Wawer, M.J., Serwadda, D., Musgrave, S.D., Konde-Lule,
J.K., Musagara, M. & Sewankambo, N.K. 199! Dyna-
mics of spread of HIV-I infection in a rural district of
Uganda. Br. med. J. 303, 1303-1306.

Webster, A., Lee, C.A., Cook, D.G. e al. 1989 Cyto-
megalovirus infection and progression towards AIDS in
haemophiliacs with human immunodeficiency virus infec-
tion. Lancet 2, 63-66.

WHO Collaborating Centre on AIDS March 1992 Surveil-
lance of aids in europe: quarterly report no 33.

WHO Global Programme on AIDS April 1991 Current
and future dimensions of the HIV/AIDS pandemic, a
capsule summary.

World Bank 1991 World development report—1991. New York:
Oxford University Press.

Wyshak, G. & Frisch, R.E. 1982 Evidence for a secular
trend in the age of menarche. New Engl. J. Med. 306,
1033-1035.

Yorke, J.A., Hethcote, HW. & Nold, A. 1978 Dynamics
and control of the transmission of gonorrhoea. Sex.
Transm. Dis. 5, 51-56.

Recetved 4 February 1993; accepted 26 April 1993


http://rstb.royalsocietypublishing.org/

r 4 i
<
= L e, Y -
Downloagied from rstb.roy: =My blishing.org - o
- B, i ; : S
P S— e i R TR A . -
. . - el el b ] e el el - ".':;:'!'.:.'.:. s .
: s X @ _—-
A g e O 12 -
i -,
: . ]

B
i.""'."."’_.l__....-------'——"'-'----.
(-

.. §;

THE ROYAL
SOCIETY
\
‘E
|
.-f"""'ﬂ
\\""—--.
€
/

PHILOSOPHICAL
TRANSACTIONS
OF

2rcent HIV-1 seropositive

above  20.0

10.0 - 20.0

N 5.0 - 10.0
. 05 - 5.0
oL 0.1 - 05
o= below 0.1

igure 1. Prevalence of HIV-1 in low risk men and women in urban settings, in different developing regions of the
“orld, 1989-1992. The overall prevalence for a particular country is the most recent serological survey from among
1ldbearing women (or blood donors if data from childbearing women is unavailable) from surveys within the U.S.
ureau of Census, HIV data base.
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