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Transmission dynamics of HIV infection

Robert M. May and Roy M. Anderson

Simple mathematical models of the transmission dynamics of human immunodeficiency virus help to
clarify some of the essential relations between epidemiological factors, such as distributed incubation
periods and heterogeneity in sexual activity, and the overall pattern of the AIDS epidemic. They also help
to identify what kinds of epidemiological data are needed to make predictions of future trends.

DespiTE remarkable advances
in understanding the basic
biology of human immuno-
deficiency virus (HIV — the
aetiological agent of AIDS,
acquired immune deficiency -
syndrome}”’ public health
planning continues to be
hampered by uncertainties
about epitdemiological par-
ameters™'. Accurate informa-
tion about the typical duration
and iatensity of infectiousness, .
or about the fraction of those M-
infected who will go on to !
develop AIDS (and after how .
long), will emerge only from
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1 that susceptible individuals in

1 this ith group will become in-
© fected, per unit time, is thus
ik, where ) is the probability
that infection is acquired from
any one new partner. In turn,
A is equal to the product of the
transmission probability B de-
fined above and the probability
that any one randomly-chosen
partner is infected (with such
partners being more likely to
come from the sub-groups of
individuals with high degrees
of sexual activity).

Exponential growth

carefully designed studies on
these same timescales, which is
to say many years. In the
absence of such information.
mathematical models of the
transmission dynamics of HIV
cannot be used at present to make accu-
rate predictions of future trends in the
incidence of AIDS, but they can facilitate
the indirect assessment of certain epidem-
iological parameters, clarify what data is
required to predict future trends, make
predictions  under various  specified
assumptions about the course of infection
in individuals and patterns of sexuat act-
ivity within defined populations {or
changes therein) and. more generally,
provide a template to guide the interpreta-
tion of observed trends™,

Whether an infection can establish itself
and spread within a population is deter-
mined by the kev parameter R,. the basic
reproductive rate of the infection. R, is
the average number of secondary infec-
lions produced by one infected individual
in the early stages of an epidemic (when
essentially all contacts are susceptible);
Cl_carly the infection can maintain itself
within the population only if R, exceeds
unity™”. For a sexually transmitted disease
(STD). R. depends on c. which is essen-
tially the average rate at which new sexual
pariners are acquired, on S, the average
Probability that infection is transmitted
from an infected individual to a suscep-
tible partner {per partner contact) and on
D. the average duration of infectious-
ness . In what follows, we mainly restrict
altention to the spread of HIV among

The study in Faly™ is of drug addicts.

homosexual males, now responsible for
the bulk of AIDS cases (about 70-80% in
the United States, and a similar propor-
tion in European countries™ ™).

Initial stages of the epidemic
The characteristics of most STDs cause
their epidemiology to differ from that of
common childhood viral infections™*",
Unlike infections caused by airborne
transmission, the rate at which new in-
fections are produced is not dependent on
the density of the host. Second. the carrier
phenomenon in which certain individuals
harbour asvmptomatic infection is often
important (as in the spread of herpes-
virus). Third, many STDs iaduce little or
no acquired immunity on recovery (for
example, gonorrhoea) and fourth. net
transmission depends on the degree of
heterogeneity in sexual activity prevailing
in the population.

As Hethcote and Yorke' have shownin
their studies of gonorrhoea. mathematical
models for the dvnamics of STDs need to
take account of the substantial variations
of sexual activity within the population at
risk. A particular risk group (such as male
homosexuals in San Francisco™) of total
size ¥ may be roughly partitioned into
subgroups of size N, each of whom on the
average acquire / new sexual partners per

Fig. 1 The rise in seropositivity to HI'V antigens in cohorts of
patients over the period 19781985, The studiesin San Francisco'?,
London™ and New York™ were of homosexunal/bisexual males.

unit time (when N = ZN). The probability

When these assumptions are
incorporated into a model for
the transmission dynamics of
HIV infection. the infected
fraction of the population at sk
(who are seropositive in tests
for HIV) rises exponentially, as exp (A1),
in the early stages of the epidemic. The
exponential growth tate, A, is related to

the basic epidemiological quantities
defined above by:
A=fc— UD (1

The effective average over the distribu-
tion by degrees of sexual activity, ¢, is
given explicitly as

c=ZfN/EN=m+o'm {2)

where m is the mean and ¢ the variance
of the distribution of the number of new
sexual partners per unit of time®, Thus. ¢ is
not simply the mean but the mean plus the
ratic of variance to mean, which reflects
the disproportionate role played by highty
active individuals (in the tail of the proba-
bility distribution of sexual activity). who
are both more likely to acquire infection
and more likely to transmit it. The basic
reproductive rate for HIV infection, R, is
related to the parameters . ¢ and D. and
hence to A by the formula

R,=BcD (3)

In contrast with standard epidemio-
logical models in homogeneous popula-
tions (where the exponential phase of
rising incidence lasts until something like
half the pool of susceptibles have been
infected), the early exponential phase is of
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relatively short duration in our HIV
models, giving way to a more nearly linear
rise in the fraction infected (see Fig. 2).

This is because most susceptibles in the
sexually highly active categories are in-
fected in the early stages of the epidemic.
producing saturation effects in these cate-
gories which decrease the exponential rise
in incidence within them: although the
incidence of infection continues to rise
among individuals in less sexually active
categories, the overall raie of increase is
now slower than exponential.

Much less information is available
about the rise in the number of individuals
infected with HIV. as a function of time.

than about the rise in the subsequent inci- |

dence of AIDS™"* [argely because infor-
mation about infection requires sero-
logical examination for antibodies to the
HIV virus. Aithough the inirial infection
may produce symptoms**** and. in some
cases acute encephalopathy” and mening-
itis", it is not clear that such symptoms are
always evoked: in anv event. the svmp-
toms are usually suffictently mild o pre-
clude systematic reporting. By contrast,
the opportunistic infections cancers™",
and subsequent mortality character-
istic of the destruction of the immume
system in AIDS, leads to fairly re-
liabie reporting™. There is, however, one
study of hepatitis B virus (HBV) in a
cohort of 6,875 homosexual and bisexual
males in San Francisco, which resulted in
serum samples being taken and preserved
as early as 1978""; stored sera of a repre-
sentative sample of 785 of these indi-
viduals gives the rise in the fraction sero-
positive for HIV, from 1978 to 1985,

Tabte 1 Doubling time of the HIV epidemic {in the
early stages)

Serological data

Area Period Doubling
tme {4 {in

months)

(a) Male homosexuals
San Francsco, USA 1978 — 80 10-11
New York City, USA 1979 - 80 10 - }i
London, UK 1982 — 84 9-10
(b) Intravenous drug users

Italy 1980 — 83 15- 16

London. UK 1083 — 85 -1z
Switzerland 1983 - 84 8-9

Case notifications

{a) All risk groups
Australia - 1982 -85 4-5
Austria 1983 -85 15-16
Belgium 1982 — 84 i1-12
Canada 1981 -85 9-10
Denmark 1982 - 84 1314
Europe (EC) 1982 -84 8-9
France 1952 -84 8-9
ltaly 1982 -8+ 7-§
Netherlands 1982 - 84 7-8
Spain 1982 - 84 6-7
Sweden 1983 - 85 8§-9
Switzertand 1983 — 85 9-10
United Kingdom 1982 -84  10- L)
United States 1982 — 83 5-6
West Germany 1982 — 84 6-7

(b) Heterosexuals
United States 1982 — 34 9-10
Average 9-10
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Fig. 2 a. The rise in the cumulative number of reported cases of AIDS in the USA over the
interval September 1981 - January 1986', b Reported cases of AIDS in 9 countries of the
European Community up to 31 March 1986". ¢, Doubling times in the cumulative incidence of
AIDS {t,) recorded in months for varicus European countries™ over various time intervals (1981-
83. 198284, 1983-85; DEN, Denmark; BEL, Belgium; NTH, Netherlands; FRA, France; E.C.,
European Community in total; F.R.G.. Federal Republic of Germany; SPA. Spain; ITL. Italy;
UK. United Kingdom). d, The relationship between sexual activity amongst a sample of
homosexual/bisexual males {from San Francisco, USA) as measured by the number of male
partners over a two-year period. and the percentage of each group (based on sex partners) who
were seropositive for HIV antibodies (data from ret. 26).

shown in Fig. 1.

The pattern of roughly linear rise shown
in Fig. 1 is uncharacteristic of standard
epidemics (in homogeneously mixed
populations), but is suggested by our HIV
models. In Britain and other countries in
Europe, the virus seems first to have ap-
peared several vears later than in the
United States (Fig. 2a, b and ¢), and the
spread of infection is still in its early sta-
ges. As a result there are serological stu-
dies focused on HIV roughly from its ini-
tial appearance in Europe™ (Fig. 1). The
initially exponential rise in HIV infection
may be characterized by a doubling time,
t,, reiated to the growth rate, A. of (1) by
i, = (In2)/A.

Table 1 summarizes information about
doubling times deduced from serological
and case notification studies. which lead
to a surprisingly consistent estimate of ¢,
~-8—10 months in the early stages of the
epidemic (Fig. 24) giving an estimate of A
of about 1.0 yr™'. The characteristic dura-
tion of infection (and infectiousness). D,
is probably not significantly less than the
characternistic time from HIV infection to
manifestation of AIDS.

But D may be significantly longer if a
substantial proportion of infected indivi-
duals remain asymptomatic carriers (with
the epidemiology similar to hepatitis B
virus™). On the other hand, recent studies
observing that measurable HIV antigen
(HIV-Ag, the presence of which indicates

the presence of the virus) appears early
and transiently in primary HIV infection,
that antibody production follows (1-3
months after infection) and thar HIV-Ag
may then disappear could imply lower
estimates of D, as would the apparent cor-
relation of this persistence or reappear-
ance of antigen with clinical. mmuno-
logical and neurclogical deterioration’.

In the absence of conclusive data on
infectiousness during the incubation
period, we shall assume that D is equal to
the incubation period. Studies of cases of
AIDS associated with transfusion suggest
that the average incubation period is 43
years’, but as such studies are extended,
this estimate will rise (Fig. 3}, The true
average may be 810 years or more. Qur
estimate of A in conjunction with equa-
tion 1 then leads to the rough estimate

Be=1yr 1G]

Note that A=fc provided D is large
{4-5 years plus). Thus data on changes in
seropositivity over time have ailowed usto
infer the approximate magnitude of the
combination of epidemiotogical para-
meters B and ¢, neither of which can
easily be estimated directly.

Is this estimate consistent with what is
known about B and c¢ separately? Un-
fortunately, nearly all the information
about degrees of sexual activity among
male homosexuals has focused on average
numbers of sexual partners. as distinct
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"1 Year of diagnosis

Fig. 3 Data on the distri- i N o8 g tgap 383
bution of the incubation  39-
period of AIDS derived ! 81084 5 oege g 1988
from longitudinal stu- N S E ‘
dies of transfusion reci- 2" R < N 1
pients (data from ref. R N N |
31). Observed cases of £ . =N 2N N
AIDS are recorded asa & = = %\ R
function of the year of ¢ = % EN R

- [ = = ~
transfusion (the assu- > i = N E 3
med point of acquisition & B = i % 3
of infection) and the G | [r =\ = = 5
vear of diagnosis. A - ; LER Z i §‘7 :
Weibull distribution : : I % 7 i
provides a good empiri- e 3 g 4 27 ;% ‘
cal description of this £ g 2BV %v\; ‘.
data with a mean in- ~ PT = SE 2=y 53 T
cubation period of ~ 4— v TTCTR Te I T ga NISHl en

3 years.

from average number of new partners per
unit time** (Fig. 4). For less active indi-
viduais (say. 1-3 partners per &-month
interval), the rate of acquisition of new
partners will be seriously overestimated
by the average number of partners. On the
other hand, the quantity ¢ is dispropor-
tionately influenced by highly active indi-
viduals, most of whose partners are likely
to be new, so that studies based simply on
numbers of partners may give a rough
guide to the magnitude of ¢ (Fig. 4).

values of B, whether for homosexuals or
heterosexuals, is very limited at present.
Estimates vary widely (from 0.05 to 0.3)
aithough it appears that the average prob-
ability of transmission per partner contact
is higher among male homosexuais than
‘among heterosexuals, perhaps as a result
of more frequent sexual activity that re-
sults in epithelial damage (for example
anal intercourse)*”. Qur estimates of Bc
~ lvr~' together with the high estimates of
¢ for homosexuals suggest that 8 may be

Quantitative information on average i small (~0.035). But estimates of ¢ based on
30 p 20 P
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Fig. 4 Studies of sexual activity amongst 2-¢. male homosexual and d heterosexual communities.
The graphs recerd frequency distributions of the number of sex panners per defined time period in
samples of homosexual/bisexual males and heterosexuals. . Homosexual/bisexual males resident
in Londeon surveyved in 1986 (unpublished data from C.A. Carne and 1V, Weller) (rm1 = 4.7 per
month.¢” = 56.7). Data denote male partners per month. b, Homosexual/bisexual males resident
in San Francisco surveyed in 1984-85 (data from ref 26). Data denote male partners per 2-year
period. ¢, Homosexual/bisexual males resident in London surveyedn 1984 (unpublished data from
T. McManus). Data denote male partners per year. d, Heterosexuals between the ages of 1844
years in England surveyed in November 1986 (unpublished data, Harris Research Organisation:
R.M.A. and G.F. Mediey). Data denote partners of the opposite sex per 1 ycar period (sample
size = 823, m = 1.41, ¢® = 4.36). A further survev of homosexual men (ref. 27) in San Francisco
reveals a decline in the mean partners per month over the period November 1982 1o November
1984 from 5.9t0 2.5.

the reported number of partners per unit
of time may significantly overestimate the
number of new partners per unit of time,
which, or that equating D to the incuba-
tion period, may overestimate the average
duration of infectiousness. It may also be
that the high values of ¢ arise from samp-
ling biased towards the high activity
groups of homosexual communities.

As public awareness about AIDS has
increased. there have been changes in pat-
terns of sexual activity among male homo-
sexuals in the United States (reflected, for
example, in marked decreases in the inci-
dence of rectal gonorrhoea™*) which have
presumably resulted in changes both in B
and in ¢7. Our discussion. therefore, per-
tains mainly to the relatively early stages
— 1978 to the early 1980s — of the
epidemic.

Incubation period

Although much more information is avail-
able about the incidence of AIDS than of
HIV infection {Table 1), it is harder to
tease estimates of epidemiological para-
meters out of these, Incidence of AIDS
depends not only on the transmission
factors § and ¢, but also on the incubation
period and on the fraction, f, of those in-
fected who will eventually develop AIDS.

Significantly, estimates of both the in-
cubation peried and fhave tended system-
atically to increase since the epidemic was
first recognized™ ™"+  Estimates of f
range grom 10% to 73% or more™ 777,
with an incubation period of 4—35 years or
more”. The progressive sequence of steps
which eventually impair the ability of the
immume system to respond to opportun-
istic infection seem not to be reversible.
But whether all those infected with HIV
are moving toward AIDS at different
rates. or whether some wili develop AIDS
while others never will, remains unclear.
Variability in the incubation period. and
whether or not an infected person de-
velops AIDS. could be accounted for by
genetic heterogeneity within the host
population (HLA-linked™"). or could be
associated with specific strains of the anti-
genically variable HIV virus'™,

Studies of the incubation period for
those who develop AIDS suggest that the
‘hazard function’. the probability of the
disease manifesting itself as a function of
the time since infection, increases with
time (Fig. 3). Lui and co-workers” have
assumed a Weibull distribution (a flexible
two parameter probability distribution)
for the incubation period with probability
density function

hir) = rexpl— ()] (5

If indeed the probability per unit time.
to develop AIDS (for that fraction f who
do indeed develop it) increases linearly
with time from infection as ot. the result
is a Weibull distribution with v = 2 and
v=a for the hazard function’. This
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Fig. 5 The relationship
between the eventual
fraction infected (sero- -
positive) in an epidemic
of HIV and the basic
reproductive  rate R,
(see text). The predic-
tions are based on a
model which assumes
that sexual activity (de-
fined as the number of
new partners per unit of
time} obevs a gamma
distribution with varying
coefficients of vanation -
{CV) (mean m and

ion

wh
1

Fraction al poy

variance o°: see text). 3

assumption differs from conventional
epidemiological models, where infected
individuals move through the incubation
interval either at a fixed rate. or in a fixed
time, But none of this resolves the ques-
tion of what proportion of those infected
will develop AIDS on what timescale:
That issue will be resolved only by very
long term (many decades) studies.

Fraction eventually infected

In a closed and homogeneously mixed
population, the total fraction eventually
infected depends only on the basic repro-
ductive rate of the infection, R.. defined
above as shown by the uppermost curve
in Fig. 5. For sexually-transmitted infec-
tions such as HIV, the result can be ex-
tended to include the complications as-
sociated with a wide diversity in degrees of
sexual activity,

In a closed population, the eventual
fraction seropositive will depend both on
R, and on the actual distribution of rates of
acquisition of sexual partners. Assuming a
gamma distribution”, we may characterize
it by ¢ and by its coefficient of variation
(CV = o/m). The resulting overall frac-
tion infected is shown as a function of R,
for a range of values of CV, in Fig. 5; for
fixed R,. the eventual seropositive
fraction can be much lower than for CV =0,
if the variability in degrees of sexual
activity {measured by CV) is high. This
makes intuitive sense: the highly active
individuals acquire infection, and eventu-
ally are removed. relatively early in the
eptdemic; transmission among the re-
maining, less active, individuals may be
relatively weak.

Figure 3 may be used, in combination
with two factual observations. to make a
rough assessment of R, for HIV among
male homosexuals. First, the studies indi-
cate great variability in degrees of sexual
activity among male homosexuals (with
CV significantly in excess of unity™*™}),
thus confining attention to the lower
curves. The second observation is that
levels of seropositivity to HIV among
male homosexuals in San Francisco in

~errazactive rate of infection, Ag

1985 are variously reported as 70% or
more" (in the HBV study which is prob-
ably biased towards more acuve indiv-
iduals) and as around 50% (in a study
carefully constructed to avoid bias™). pro-
viding a lower bound of 30-70% on the
proportion ever seropositive. For CV
noticeably in excess of unity, this can be
achieved only if R, is in excess of 5.

Thus our early estimate of fe ~ 1 yr™,
in conjunction with the assessment that R,
exceeds 5. leads to an indirect estimate
that D exceeds 5 vears. Although R, like
B and ¢ changes with changing social and

tsexual habits. the data leading to our

earlier estimate for B¢ come from tHe
early stages of the rise in HIV infectidii;
before such changes were significant. ‘the
estimate of R, depends importantly on ob-
served levels of seropositivity, but these
were also high before social changes be-
came pronounced. Consequently, our
estimate of D which depends only on the
basic biology of HIV . is reasenably consis-
tent. This independent estimate of D ~ 5
years accords with current estimates that
the incubation period is 4-5 years or more.

An estimate of the value of R, in the
early stages of the epidemic is also valu-
able in indicating the magnitude of the
social changes needed to bring R, below
unity. If R, is around 5-10 or more. then
reductions bv a factor of 5— 10 or more in
pe are needed. Because ¢ depends dis-
proportionately on those in the highly
sexually active category. programines
aimed at getting them to change their
habits — both to fewer partners and to
“safe sex™ —are most efficient. Butif such
individuals are less likely to respond to
public health education, it will be harder
to bring R, below unity, .

Mortality

The frequent assumption that the severity
of the epidemic. in terms of cumulative
mortality, will be greatest if all those in-
fected eventually develop AIDS and sub-
sequently die is not necessarily true.
Mortality depends critically on the dur-
ation of infectiousness of both those in-

fected who develop AIDS and those in-
fected who do not. If the latter have a
similar life expectancy to those not in-
fected, but remain infectious for life, they
may contribute more to the net transmis-
sion of the virus, R, than those who die of
AIDS. Much mav be understood by
recognizing that the overall net reproduc-
tive rate of the virus. R, is made up of two
components, the reproductive rate of
those who develop AIDS (R,) and the
equivalent rate of those who do not (R,;).
If a fraction f develop AIDS

Rn :fRn: + (1 _f)Rn: (6)

where the two reproductive rates are de-
fined by equation (3) with different para-
meters for the separate groups. Evenifthe
asympriomatic carriers are less infectious
than those who develop AIDS. if they
remain infectious over, say. a 30-vear span
of sexuai activity, R,, may be much larger
than R,,. and, depending on f, the contri-
bution of the asymptomatic carriers to R,
may he dominant.

At present, it is not possible to tell
whether the severity of the epidemic will
be increased or decreased if a larger frac-
tion of those infected develop AIDS, for
the relative infectiousness of the two cate-
gories is unknown. For public beaith plan-
ning it is clearly important to attempt to
acquire such data.

Dynamics of the epidemic

The dynamics of an HIV epidemic within
a homosexual community are represented
by the results of our calculations given in
Fig. 6, which shows the proportion sero-
positive and the incidence of cases of
AIDS as a function of time since the start
of the epidemic. It is assumed that 30% of
those infected eventually manifest AIDS.
with the incubation intervals obeying a
Wiebull distribution such that the average
incubation period is 5 years™. Individuals
who are incubating AIDS are assumed
infectious throughout the incubation in-
terval, and the 70% who remain asympto-
matic are assumed to remain infectious for
similar periods.

Many of the features presented in Fig. 6
show qualitative agreement with observa-
tion. The rise in incidence of infection
(seropositivity) is initially exponential,
but soon shows a more linear rise. And.
the rise in incidence of AIDS lags that
in the proportion infected, as seen.

It is ecasy to build epidemiological
models of arbitrary complexity., which
may appear beguilingly realistic, but we
think there is little point in constructing
them until more is known about the rele-
vant epidemiological parameters. We
distrust predictions made by using statis-
tical procedures to fit polynomial or
exponential curves to existing data on the
incidence of AIDS, and then extrapolat-
ing®*. The HIV epidemic is a dynamic
process; to predict future trends, models

—— _.;‘




(6)

Je-
ra-
the
U3
ney
nan
ger
itri-
R,

tell
will
rac-

for
ate-
lan-
it 1o

thin
ated
nin
ero-
s of
start
%o of
DS,
aroa
rige
iuals
med
a1 m-
pto-
1s for

Sg. 6
rva-
stion
atial,
And,

that

eical
vhich
it owe
cting
rele-

We
tatis-
!l or
n the
solat-
lamic
odels

t

!

]

NATURE VOL. 326 12 MARCH 1987

141

Fig. 6 The predictions of
a mode! (see ref. 8) in-
corporating variable in-
cubation periods, heter-
ogeneity in sexual activ-
ity and recruitment of
susceptibles. The two
graphs record changesin
seropositivity  through
time from the peint of
introduction of HIV into
a community of 100,000
homosexual/bisexual
males {graph a) and the
incidence of AIDS yr ! :
(graph b). Heterogenei- i
ty in sexual activity is de- -
scribed by a gamma dis-

Proporticn seropositive
1

oA

tribution with a mean 0-
fixed at 5 partners yr' 0 4
and variances 3, 25, 30
and 100 representing the
predictions recorded by
the four lines depicted in
each graph. In a and b
the smallest epidemic
arises when the vanance
is largest and vice versa.
Parameter values, Ry =
5. D =5yr,f=03with
the life expectancy of
AIDS patient set at } yr
from diagnosis and for
the susceptible sexually
active community at 32
yr from the point of join-
ing the sexually active
class. The 70% of in-
fecteds who do not de-
velop AIDS are assu-
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ceptibles into the sexually active community was set at 100.006 per 32 yr.

must be based on the underlying epi-
demiological phenomena.

Heterosexual transmission

In developed countries, the extent to
which HIV infection can be transmitted by
heterosexual contacts is uncertain®*. HIV
infections in females come from contact
with bisexual males (the dominant sex-
ually-transmitted route at present), trans-
fusion recipients. haemophiliacs and
intravenous drug users”. If such females
are not themselves a significant source
of infection back inte the homosexual/
bisexua! community (through contacts
with uninfected bisexuals), we would
expect the incidence of HIV infections
among the female partners of bisexuals
initially to rise roughly in propoition to
the incidence among homosexual males.

Specifically, we would expect the ratoe |

of HIV infection among femaie partners
of bisexuals to that amoeng bisexual males
to be ~ B'c’/Bc, where § and ¢ are as
previously defined, ' is the transmission
probability for male-to-female contact,
and ¢’ is the mean number of new female
partners acquired by a bisexual male, per
unit time. We expect this ratio to be sig-

nificantly less than unity, because B is
less than P. and ¢’ significantly less than

" ¢. The data (Table 1) suggest the doubling

time for heterosexually-transmitted HIV
infection ts roughly equal to that among
homosexual males, which is in accord with
our simple expectation.

As the epidemic progresses, a high pro-
portion of homosexual males become
infected (Fig. 2¢). On the other hand, the
pool of female partners for bisexual males
may be large. and we would expect inci-
dence of HIV infection still to be rising
roughly linearly among women at and
bevond the point at which saturation
effects limit the epidemic among homo-
sexual/bisexual males. How long this rise
continues. and how many females are
eventually likely to be infected. depends
on the average duration of infectiousness
in the transmitting group of males {which
couid be long if a substantial fraction
remain asymptomatic carriers).

The transmission of HIV infection to
fernales by bisexual males is a process
whose initial dynamics is essentially deter-
mined by R, for transmission among
homosexual males, thereafter the ques-
tion of its transmission and maintenance

by purely heterosexual contact arises. The
basic reproductive rate for such hetero-
sexual transmission of HIV, R, is given by

R = (BBcc)’D )

Here [3, and fi, are the transmission para-
meters for contacts between infected fe-
males and susceptible males and between
infected males and susceptible females.
respectively; ¢, and ¢, are as before given
by (2), for the distribution in rates of zc-
quiring new partners of the other sex by
females and males, respectively.

Data are very limited on the transmis-
sion and sexual activity parameters, but
the data in Fig. 4 suggest that ¢, and c. are
significantly smaller than ¢ among homo-
sexual males. Further, it seems likely that
B, < B. and that both are less than the
MM for homosexual males. Thus overall,
the factor (B,B.c,c.)” seems likely to be
much smaller than ¢ for homosexual
males, which suggests that in developed
countries, R, for purely heterosexual
transmission is probably significantly
smaller than R, for purely male homo-
sexual transmission. Whether R, is
greater than unity, such that HIV infection
can maintain itself and spread by purely
heterosexual transmission, is at present un-
clear. There is an urgent need for studies
to measure ¢, and ¢, in different communi-
ties (stratified by age and social status)
and to assess how these parameters
change as a consequence of educational
programmes and publicity campaigns on
AIDS. The use of professional opinion
poll organizations to gather quantitative
data on rates of partner change over a
series of specified time intervals by inter-
view and questionnaire: {Fig.- 4d} could
help to fill this gap in our knowledge. but
estimates of B, and B. will come only
from leng term studies of the heterosexual
partners of infected patents.

If R, does exceed unity. the incidence
of HIV infection in the heterosexual com-
munity will initiaily grow exponentialty. at
arate given by the analogue of equation (1):

A=(BB.cc)’—VD=(R'~ 1D (§)

The estimates above indicate that initial
doubtling times will be significantly longer
than the 9 months or so for HIV among
homaesexual males; the slow initial growth
will be difficult to discern against a back-
ground of homosexual transmission among
males and bisexual transmission to females.

These observations are not necessarily
inconsistent with the epidemiological
situation  for HIV in  sub-Sahara
Africa®®“ In contrast to the United
States and the United Kingdom. where
male/female ratios of AIDS cases have
been of the order of 14:1 10 2(t: 1. in certain
parts of central Africa including areas in
Zaire, Rwanda and Uganda. sex raiios
approaching unity have been reported™™"
%57 Very high prevalences of HIV ant-
bodies have been found in males and
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females from surveys in urban and rural
areas™™¥. These points suggest that
heterosexual transmission has been [re-
quent in both directions and horizontal
studies have shown that infection is associ-
ated with the age-related degree of sexual
activily amongst heterosexuals™ %7,
We note. however, that in the early and
approximately exponential phase of the
epidemic, the ratio of the number of sero-
positive males to seropositive females is
not unity, but is roughly (B,c/Bc)”

It is generally thought that B, is less
than B, for HIV, although the facts are
uncertain (for gonorrhea, for instance.
male-to-female transmission, p. is roughly
twice B,). Obviously the average number
of heterosexual partners of females and
males, m, and m,, are equal, but ¢, could
significantly exceed c, if the variance of
the distribution of rate of acquiring new
sexual partners by females {associated
with the concentrated activities of female
prostitutes) is greater than that for males.
This effect could partly offset J, being
smaller than B,. Although there is no a
priori reason to expect the ratio B.c/Bxc,
to be exactly unity. its square root could
easily be close to unity, which would ex-
plain the roughly equal proportions of
seropositive males and females. Alterna-
tively, the roughly equal proportions could
be explained if hemosexual transmission
among males had coincidentaily raised the
seropositive proportion among males to
around the level among females, or by
transmission by contaminated needles in
public and private medical services’. In
any event, the rough equality of the sero-
positive proportions among males and
females is a puzzle to be explained, and is
not by itself evidence for purcly hetero-
sexual transmission

Discussion

The ideas presented above are based on
relatively simple mathematical models.
with the aim of making clear some of the
essential relations between epidemiolog-
ical parameters and the overall course of
H1V infection within various populations.
Such models help to clarify what kinds of
epidemiological data are needed to make
predictions. As such data become avail-
able, the models can be made more de-
tailed and realistic.

For public health planning, the
dominant unknown is f. the fraction in-
fected who will eventually develop AIDS.
Estimates of this parameter have been
increasing in recent years, but on present
evidence the possibility cannot be ruled
out that it is as low as 20% or as high as
virtually 100%. Thus any current predic-
tions about the number of homosexuals
likely to acquire AIDS are uncertain by at
least a factor 5 or so. Better understanding
of the mechanisms of interactions
between virus and host may help to
determine f, but it is possible that only
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epidemiological data gathered on a
decade-long timescale, as cases accum-
ulate. wiil resolve this question.

The duration of infectiousness, and the
way this duration is distributed among dif-
ferent infectives. is zlso relevant to esti-
mates of R, and thence of the eventual
number infected: more studies directed
towards eliciting this information. includ-
ing looking for virus in the blood, excre-
tions and sceretions of infected individuals
over time. together with longitudinal
studies of the partners of infected
patients. are necded”.

Vore generally. there is need for more
studies ihat combine information about
the epidemiological history of individuals
with information about their sexual
habits. such as the important study by
winkelstein et al.™ of an unbiased sampie
of homosexuals in $an Francisco, which
demonstrated the association between the
number of sexual partners and probability
of acquiring infection. We emphasize that
what is epidemiologically important is the
average rate of acquiring new sexual part-
ners, not necessarily the same as the
average number of partners per unit time.
Some authors have recognized that sex-
ually highly active individuals play a dis-
proportionate role in the transmission
dynamics; equation (2) quantifics this
observation. making it clear that the epi-
demiologically relevant quantity is not the
mean number of new partners but, rather,
the mean-square divided by the mean.

In developed countries. at present and
into the near future, it is probable that
sexually-transmitted ~ HIV  infections
among females are likely to come mainly
from bisexual males. Whether subsequent
spread of infection from such females to
heterosexual male partners is likely to
reach significant levels. and more im-
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portantly whether purely heterosexual
transmission of HIV infection may be
selfsustaining (R, = 1). depends on esti-
mates of the transmission parameters 3,
8., ¢, and ¢..

We have shown how ¢ for transmission
among homosexual males can be esti-
mated indirectly from data on initial doub-
ling times, but corresponding estimates of
B,c, and B.c. are much harder, partly be-
cause the corresponding doubling rates
are likely to be longer and partly because
these infections are likely to be masked by
homosexual/bisexual transmission ameng
males. and by bisexual-to-female trans-
missicn among females (both of which
processes depend simply on ¢). Attempts
to estimate these quantities directly. and
thence to estimate R, are urgently needed.

From present knowledge, it is not pos-
sible to assess whether R, is greater or less
than unity in developed countries, and itis
thus not possible to say whether HIV in-
fections could spread epidemically by
purely heterosexual transmission. The
evidence from Africa, however, clearty
argues that the sexually active population
as a whole should be regarded as at
riskbd'p‘jﬁ.ﬁ'ﬂl
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