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Nearly 18 million people have been infected by HIV [WHO, 1995], the majority
through heterosexual transmission in developing countries. Prevalence among 30 to 40-year-
olds in some districts in Uganda is forty percent [Barnett and Blaikie, 1992], and prevalence
among prostitutes in Nairobi reached eighty percent by 1987 [Over and Piot, 1993].!

Surveys of sexual activity and epidemiological models suggest that the behavior of a
small group of highly sexually active people is critical to the spread of the epidemic
[Hethcote and Yorke, 1984; Over and Piot, 1993]. However, most epidemiological models
treat behavior as independent of prevalence. This may be in part because there is little data
on how prevalence affects the rate of partner change, and in part because the available
evidence suggests that people have reacted differently to the epidemic. Although some
people have changed their behavior in response to prevalence [McKusick, et. al., 1985;
Ahituv, Hotz, and Philipson, 1993], there is anecdotal evidence of fatalism among some IV
drug users and homosexuals in developed countries, and prostitution has continued at high
levels in parts of Africa and Asia.?

This paper integrates formal analyses of behavioral choice and epidemiological
dynamics in heterogeneous populations. Unsurprisingly, increases in the probability of
infection from an additional partner will create incentives for people with low sexual activity
to further reduce their activity. In homogeneous, low-prevalence populations, this will lead to

a unique stable steady-state prevalence of the disease. If this behavioral response is elastic,

ICited in Piot et al., [1990].

’This does not seem to be due to ignorance about the disease, since surveys indicate people
are knowledgeable about the disease [Barnett and Blaikie, 1992].
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the introduction of imperfect vaccines will increase prevalence and impose negative
externalities.

On the other hand, those with sufficiently high sexual activity may only reduce their
activity slightly, or even increase it, in response to increased prevalence in the pool of
available partners. This is because increased prevalence will make highly-sexually active
people so likely to be infected by their infra-marginal partners that their marginal probability
of infection from an additional partner changes little or actually declines. Barnett and Blaikie
[1992] report anecdotal evidence of fatalism in high-prevalence regions of Uganda.

If increases in prevalence spur smaller proportional reductions in activity by high-
activity people than by low-activity people, the composition of the pool of available
partnerships will worsen. For example, suppose that people choose sexual partners randomly
from a bar, and that half the population goes to the bar and picks a new partner ten times a
year, and the other half goes five times a year. Given that high-activity people will be over-
represented in the bar on any given night, the probability of picking a high-activity partner
will be 10/15ths. If increases in prevalence cause each group to reduce its rate of partner
change by one partner a year, to nine and four respectively, the chance of meeting a high-
activity person will increase to 9/13ths. The increased probability that a randomly selected
partnership will be with an infected person will lead to further reductions in the rate of
partner change, creating a positive feedback. If this positive feedback is strong enough, there
may be multiple equilibria.

Those with sufficiently high enough activity may respond to increased prevalence by
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actually increasing their activity. In this case, there may be one steady-state equilibrium in
which some people have very few partners and others have very many, so there is a large
probability that a randomly selected partner will be infected; and another steady-state
equilibrium in which all people have a moderate number of sexual partners, so there is a
small probability that a randomly selected partner will be infected. The timing of public
health efforts may influence long-run prevalence. High-prevalence areas in which prostitution
has continued, such as parts of Africa and Thailand, may be trapped in the former
equilibrium.

This analysis differs both from traditional epidemiological analyses, which take
behavior as independent of prevalence, and from the few attempts to introduce behavioral
considerations into epidemiology, which do not formally model decisions about the rate of
partner change given the composition of the pool of available partners. Models without
behavioral response typically generate a unique stable steady state. Analyses in which
behavior is an ad hoc declining function of prevalence typically imply that anti-AIDS
policies, such as prevention efforts or imperfect vaccines, will be counteracted by behavioral
response, at least partially, and possibly more than fully [Philipson and Posner, 1993; Hadeler
and Castillo-Chavez, 1994]. If these analyses implicitly or explicitly assume that behavior is
a function of lagged prevalence, they will generate cycles in prevalence [Avery, Heymann,

and Zeckhauser, 1994; Brauer, Castillo-Chavez, and Velasco-Hernandez, 1994].> In contrast,

3Brauer, Castillo-Chavez, and Velasco-Hernandez [1994] generate multiple steady states and
cycles in models in which the rate at which people join the highly sexually active population
depends on prevalence. In these models, the change in the rate of partner change, rather than
the rate of partner change itself, depends on prevalence, and therefore the rate of partner change
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this analysis, which formally models the way in which decisions about the rate of partner
change depend on the composition of the pool of available partners, suggests that there may
be positive feedbacks in behavior, and possibly even multiple steady-states. This implies that
behavioral response may sometimes increase the effectiveness of prevention policies, and that
the timing of prevention efforts may determine whether society winds up in a favorable or
unfavorable steady-state.

Simultaneous formal modeling of behavior and epidemiological dynamics has the
additional advantages of making clear the circumstances under which increased prevalence
can make people fatalistic, and thus increase activity; of clarifying the conditions under which
imperfect vaccines can increase steady-state prevalence; and of making clear the welfare
implications of the introduction of imperfect vaccines in such circumstances. It also makes
clear that cycles are not a generic consequence of behavioral response, but instead are
generated by the assumption that behavior responds to prevalence with a lag.*

Surveys in developed countries indicate that the main ways people claim to have
responded to the AIDS epidemic are by using condoms and reducing their number of partners
[Wellings, et al., 1994]. Since condom use has been examined by other authors [Ahituv,
Hotz, and Philipson, 1993], and this paper focuses on Africa, where condom use is not

extensive, this paper focuses on changes on the number of partners. Similarly, given that this

depends on lagged prevalence.

* While people might use a rule of thumb such as responding to the number of AIDS cases
or deaths early in the epidemic, it does not seem likely that they would continue to do so if a
regular cycle were established.
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paper is concerned primarily with Africa, I will assume that HIV testing is unavailable and
that people do not know whether they are infected. Other types of response, such as HIV
testing, adoption of (hypothetical) vaccines, and changes in partner selection, are explored by
Philipson and Posner [1993], Geoffard and Philipson [1995], Philipson [1995], Kremer
[1994], and Boozer and Philipson [1995]. Although this paper focuses on AIDS, the model
should also be applicable to other sexually transmitted diseases.

The paper is organized as follows. Section I integrates simple models of behavioral
choice and epidemiological dynamics in homogeneous populations, and examines the impact
of imperfect vaccines. Section II extends the model to randomly-mixing, heterogeneous
populations. It shows that increases in prevalence may lead to behavioral changes which
worsen the composition of the pool of available partners, creating a positive feedback.
Section III argues that in high prevalence populations, there may be one equilibrium in which
differences in sexual activity are extreme, and another in which they are muted. Section IV
agues that if high-activity people are disproportionately likely to match with each other, the

scope for positive feedbacks will be increased.

1. Homogeneous Populations

This section modifies a standard epidemiological model to allow activity to depend on
prevalence. It shows that low-activity people will reduce activity in response to increased

prevalence, and that this will tend to produce a unique stable steady-state prevalence. If
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behavioral response is elastic, imperfect vaccines may increase prevalence and create negative
externalities. High-activity people, on the other hand, may increase activity in response to
increased prevalence.

Under the standard susceptible - infected (SI) epidemiological model, as set forth by
Anderson and May [1992], people are born and die with Poisson hazard rate 6, the
transmission rate is denoted B, and the rate of partner change is denoted i.° (Epidemiologists
typically treat i as a parameter, but in this paper, i will depend on prevalence, Y.) The
change in prevalence is equal to the number of uninfected people who have sex with infected

people and become infected, minus the number of infected people who die:

1) Y = iY)pY(1-Y) - &Y.
The expected number of secondary infections that a single infected person will cause in an
otherwise uninfected population is denoted R,. If R, < 1, the disease will die out. In this
model, R, equals i(0), the rate of partner change if prevalence is zero, times f3, the
transmission rate, times 1/9, the expected lifespan. To find the stable steady-state level of
prevalence for R, > I, set dY/dt = 0 and divide by Y to obtain Y™ = 1-8/i(Y")B.
I will assume that individuals choose their rate of partner change, i, to maximize the

utility function u(i)-p(i), where p(i) denotes the probability of becoming infected and u" < 0,

>This model does not allow for the fact that infected people have a higher death rate.
While higher death rates among infected people will reduce steady-state prevalence, there is
little reason to believe they would change the qualitative results of this paper. Regardless of
the death rate, increases in the probability of infection from an additional partner will create
incentives for people to reduce their activity, and greater proportional reductions in sexual
activity by low-activity people will worsen the composition of the pool of available partners.
Kremer [1995] reports simulations in which infected people have a higher death rate.
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so there is diminishing marginal utility from additional partners.® Note that this does not
allow for altruism. In order to keep the model tractable, I will assume that people cannot
allow their rate of partner change to depend on their age.” I will also assume that there is

some maximum rate of partner change, i,,,, which can be thought of as either a physical

max?

maximum, or the rate of partner change at which u’(i) = 0, so that people would not want

more partners even in the absence of HIV risk.?

A. Choi ner Ch -Activity Peopl

If B/d and i,,, are small enough, the probability of infection will be approximately
linear in the number of partners. This implies that the rate of partner change will decrease in
the marginal probability of infection from an additional partner, BY. In this case, there will

be a unique fixed point of Y™ = 1-8/i(Y")B, since Y" is continuous and non-decreasing in i, i

Note that I assume utility depends on the chance of ever being infected and not on the
date of infection. In a high-prevalence population, a lower rate of partner change will not
only reduce the chance of ever being infected, but will also significantly delay the expected
date of infection in the case in which the person is infected. However, since people do not
die of AIDS for many years after being infected, people may not place much weight on
whether they die in fifteen years versus twenty years, compared to the weight they place on
whether or not they die of AIDS at all.

"Theoretically, as people get older, and have more previous partners, so they are more
likely to already be infected, they would like to increase their rate of partner change. This
effect is not likely to be important in low-prevalence populations, but could be important in
high-prevalence populations. However, in practice, it is likely to be outweighed by changing
preferences for the rate of partner change with age.

*I assume that there is no intertemporal substitutability in demand for partners. If there were,
then in the early stages of an epidemic, people would have more partners, and hence the disease
would spread faster.
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is continuous and decreasing in Y, and Y~ is bounded in [0,1]. The steady state will be
stable, since prevalence increases below the steady state and falls above it.

Reductions in [, the transmission rate, will lead to an increase in i, the desired number
of partners. If the elasticity of the rate of partner change to the marginal probability of
infection from an additional partner is one, any reduction in [ will be exactly counter-
balanced by increases in i, leaving Y'=1-8/(iB) unchanged. Reductions in the transmission
rate will increase steady-state prevalence if the elasticity is greater than one, and will reduce
prevalence if the elasticity is less than one. (This result arises because steady-state prevalence
depends on the product of the rate of partner change and the transmission rate. It is not
analogous to the familiar partial equilibrium result that total expenditure on a good will
increase in response to a fall in price if demand is elastic. In this case, the "price” of an
increase in activity in terms of the additional probability of infection depends on the activity
levels of other agents.)

Fears that partially effective vaccines will lead to increases in activity, and could raise
prevalence, [Hadeler and Castillo-Chavez, 1994], led to an indefinite hold on U.S. testing of
gp120, an HIV vaccine that might be 30 percent effective [Green, 1995]. Whereas
epidemiologists and public health officials typically evaluate policies by their effect on
prevalence, economists have argued that since people have preferences over the desired
number of partners, as well as the risk of infection, policies should be evaluated using a more
comprehensive index of social welfare [Philipson and Posner, 1993]. This analysis suggests

that holding constant income and other variables, an individual's ex ante welfare is determined
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by the tradeoff he or she faces between avoiding infection and the desired number of partners.
This, in turn, is determined by PY, the probability of infection from an additional partner.
Surprisingly, the availability of an imperfect vaccine could reduce welfare, as well as
increase prevalence. If the elasticity of the rate of partner change to the marginal probability
of infection from an additional partner is greater than one, an individual who gains access to
a partially effective vaccine will wind up with a higher risk of infection than without the
vaccine. Although the individual benefits, others are made worse off, because prevalence in
the pool of available partners will increase. Adoption of an imperfectly effective vaccine
could not cause the number of partners to increase so much that BY increased, because people
would not be willing to have more partners if the probability of infection from an additional
partner increased. However, the combined costs of the increased prevalence, plus the expense
and side effects of the vaccine, could outweigh the benefits of a reduced risk of infection per
partner and so introduction of an imperfect vaccine could make everybody worse off. This
analysis suggests that one goal for empirical work should be to determine whether the

elasticity of behavioral response to the probability of infection is less than or greater than one.

Note that the holder of a patent on an imperfect vaccine will have incentives to adjust
the price of the vaccine in exactly whichever manner is counter to what is socially optimal.
If behavioral response is elastic, the patent holder will subsidize the vaccine relative to the

monopoly price for prevention of a non-contagious disease, because by doing so the
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monopolist will increase the incentive for other people to purchase the vaccine.” On the other
hand, if demand for the vaccine is inelastic, so that people who adopt the vaccine will have
lower prevalence, monopolists will charge more for the vaccine than they would for a similar
preventative for a non-contagious disease, because a sale to one person will reduce demand

for the vaccine by other people.

B. High-Activity People
The analysis above applies only to those with low activity, because it assumed that the
probability of infection could be approximated as linear in the rate of partner change. More

generally, the probability that someone will be infected before dying of other causes, denoted

p(@), is iBY/(d + iBY). Thus gp/ai = 8P ¥/(b +ipY)*> and

) Fp _ 3BI3-ipY]
3idY  B+ipY

This cross-derivative represents the effect of an increase in prevalence on the marginal risk of
infection from an additional partner. Note that as long as this cross-derivative is positive, it
is decreasing in i, so that increases in prevalence will have a smaller effect on the marginal
probability of infection for people with higher activity.

Note from equation (2) that for those with enough partners that i > 8/BY, increases in

prevalence in the pool of available partners will actually reduce the marginal risk of infection

°Geoffard and Philipson [1995a] independently make this point and explore it in more detail.
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from an additional partner. This rate of partner change corresponds to a 1/2 chance of being
infected, since p(i) = iBY/(8 + iBY)." Increases in prevalence in the pool of available
partners may thus cause people with more than a fifty percent chance of becoming infected
over their lifetime to increase their rate of partner change.''

Figure I illustrates that for those with i>8/fY, the locally optimal number of partners
will increase in response to increases in prevalence in the pool of available partners. The first
order condition for the desired number of partners is that the marginal cost, in increased
probability of infection, from an additional partner equals the marginal utility from an
additional partner. An increase in prevalence will increase the marginal probability of
infection for the first few partners, but will eventually reduce the marginal probability of
infection, and thus will cause the locally optimal number of partners to increase. The
globally optimal number of partners may decrease if the marginal utility curve crosses the
new marginal probability of infection curve at a lower number of partners, as illustrated with
the dotted line. Note that this is most likely if the marginal utility curve contains flat

portions, which correspond to an elastic behavioral response to prevalence.'

'°As shown in earlier versions of this paper, under a model with a fixed lifetime, rather
than a constant probability of death, the cutoff probability of infection is 1-1/e, or
approximately 0.63, rather than 1/2. This figure may be more realistic.

If people find out about the increase in prevalence after having already had i" partners,
they will increase their desired number of partners no matter what their elasticity of
behavioral response.

“Theoretically, increasing activity at high-prevalence could lead to multiple non-trivial
steady-state level of prevalence, but this would not be empirically relevant if populations were
homogeneous, because there is no national population in which prevalence is greater than the 50
percent required for these counterintuitive effects.
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It may seem difficult to believe that people could actually increase their activity in
response to an increase in prevalence. However, this model suggests that it would be a
mistake to assume that intuition developed from experience with people who have a small
chance of becoming infected with HIV can be used to generalize about people with high
prevalence. Most non-IV drug-using heterosexuals in rich countries will have a probability of
infection far too low to induce fatalism, even if they are relatively high-activity. Thus, this
group is likely to reduce their activity substantially in response to increased prevalence.
Barnett and Blaikie [1992] find that some people in Uganda's high-prevalence Rakai district
have become fatalistic, and it is clear that given their bleak alternatives, people are continuing
to enter prostitution despite the high prevalence of HIV. In Rakai, prevalence is 30 percent
among 30- to 40-year-olds, so prevalence among high-activity people is presumably well
above the 50 percent threshold at which high-activity people may increase their activity in
response to increased prevalence. Even in lower prevalence populations, high-activity people
may have enough partners that increased prevalence in the pool of available partners would
not lead to significantly reduced activity."

Although I have argued that increased prevalence may lead high-activity people to
increase their activity, the argument in Section II does not require that high-activity people
actually increase activity in response to increased prevalence, but merely that they reduce

their activity by a smaller proportion than low-activity people. The argument in Section III

If some people are inherently more prone to infection than others, this tendency towards
decreasing marginal cost will be exacerbated.
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could go through even if some high-activity people reduced activity in response to increased

prevalence, and others reduced activity to a low level.

I1. Low-Prevalence, Heterogeneous Populations

The previous section considered the case of a population in which all people had the
same i(Y) function. This section argues that if different people have different i(Y) functions,
reductions in activity by low-activity people will raise weighted prevalence in the pool of
remaining partners. If increased prevalence leads to greater proportional reductions in the rate
of partner change by low-activity people than by high-activity people, weighted prevalence in
the pool of partners will increase further, creating positive feedbacks and the possibility of
multiple equilibria."*

Subsection II.A. identifies circumstances under which there will be multiple equilibria
in instantaneous rates of partner change, given prevalence at a particular moment. Subsection
I1.B. shows that the interaction of epidemiological dynamics and behavioral choices may lead
to multiple steady-state equilibria. In one steady-state equilibrium, low-activity people have
few partners, high-activity people dominate the pool of available partners, and prevalence in
the pool is therefore high. In the other steady-state equilibrium, low-activity people have a
moderate number of partners and therefore constitute a majority of people in the pool of

available partners, so that prevalence in the pool is low. Paradoxically, epidemiological

'“The mechanism is similar to that in Akerlof's [1970] model of the market for lemons.
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dynamics imply that prevalence may be higher in the steady-state equilibrium with lower

activity.

A. Equilibri

Suppose that a proportion o, of the population have i, partners per period, and
prevalence Yy; and that the remaining proportion of the population, o, has i, partners per
period and prevalence Y,. If people mix randomly, the chance that a randomly selected
partner will be infected is

_ agig¥y *+ ey,

Qg * %4

3) 14

W, the percentage of couplings that involve an infected partner, is the probability of meeting
a high-activity person, ou,i,/(0yi +0, i), times the probability that a high-activity person will
be infected, Y,;, plus the probability of meeting a low-activity person, times the probability
that a low-activity person will be infected. I will refer to W as weighted prevalence in the
pool of the available partners. W will in general be greater than Y, prevalence, because W
weights people in proportion to their rate of partner change. Note that an increase in i, the
rate of partner change of low-activity people, reduces W, at least in the short-run, because it
increases the probability that a‘randomly selected partnership will be with a low-activity
person.

This section examines the tractable case in which partners are selected randomly and
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all people reduce their rate of partner change by equal absolute amounts in response to

increased weighted prevalence in the pool. This would occur in a low prevalence population

under the linear-quadratic utility function u, (i) = 6,4, - ,wf, where subscripts denote the

individual's preference group. (I assume that a proportion o of the population has 8 = 6,
and a proportion oy, = 1 - o has 8 = 8,.)"° I will assume that it is possible to treat the
probability of infection as linear in the number of partners, so that individuals maximize u,(i)

- iBcW, where c is the cost of infection. To simplify the algebra, I will normalize the cost of

infection to 1/, so that individuals maximize u@)-iw- Utility maximization then implies

that

@ i =max(—ei—1,0].
* 2¢  2¢

Thus, if i > 0 for all groups, an increase of A in prevalence causes all groups to have A/2y
fewer partners per period. This will increase weighted prevalence, W, as is clear from
equation (3). It will thus spur further reductions in activity, further increasing W.

The assumptions of a linear-quadratic utility function and random matching are
particularly tractable, and it is instructive to use them here at least to develop the basic

concepts in the analysis. However, in Sections III and IV, I argue that similar positive

' Although I will refer to 6,; and 0, as representing preferences for the number of partners,
people may differ not in fundamental preferences, but in other variables which affect the costs
and benefits of having additional partners. For example, if a prostitute needed more money
because her child was sick, that would be referred to in this paper as an increase in 0, the
parameter indexing her "preference" for the number of partners.
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feedbacks can occur in high prevalence populations under an isoelastic utility function, in
which people reduce activity equiproportionately in response to increases in the marginal
probability of infection from an additional partner. Because the marginal probability of
infection is less sensitive to prevalence for high activity people, these utility functions imply
that low-activity people will make greater proportional reductions in activity in response to
increased prevalence. More generally, under random matching, there will be positive
feedbacks if low-activity people reduce their activity by a larger proportion than high-activity
people in response to increased prevalence. Section IV argues that if high-activity people
match with each other disproportionately rather than matching randomly, there can be positive
feedbacks even if all people reduce activity equiproportionately in response to increased
prevalence.

I will define a pair (i ,iy) as an equilibrium, given Y, and Y, if weighted prevalence
is W given activity levels iy and i, and if weighted prevalence W induces low-activity people
to have i, partners per period and high-activity people to have i, partners per period. A four-
tuple (i,i,, Y'Y ) is defined as a steady-state equilibrium if (i,i,) is an equilibrium number
of partners given prevalence (Y™,Y ), and (Y'Y, is steady-state prevalence given activity
(i.ig). Equilibria are thus defined purely in behavioral terms, whereas steady-state equilibria
are defined in both behavioral and epidemiological terms.

There can be multiple equilibria for moderate values of Y, and Y|, because the more
low activity people enter the pool, the safer the pool will be, and therefore the more partners

low-activity people will choose to have. However, if prevalence is sufficiently high, low-
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activity people will never enter the pool and i, will equal zero in the unique equilibrium.
Conversely, if prevalence is sufficiently small, i, must be greater than zero in the unique
equilibrium. Figure II shows the values of Yy and Y, for which multiple equilibria exist."

The results are summarized in the following proposition:

Proposition 1.

1. If Y4 < 6, there will be one equilibrium, in which i, > 0.

2. If [0 (140)- 004~ o Y VOou > Yy > 6, and
[(8,-044(8,-8,)-(0 Y, +04, Y1) )* + 4 04,(6,,-6,)(,-Y,,) > O, then there will be one
equilibrium with i;=0 and two equilibria with i,>0.

3. If Y, > 0, and Y, > [0.(140y)- 0404~ 0 Y )/Oy,, then there will be one equilibrium in
which i, = 0.

Proof of Proposition I'®:

Note that if Y,< O, there cannot be an equilibrium in which the low-activity people
have no partners, because in that case weighted prevalence would be Yy, which would induce
low-activity people to have a positive number of partners.

In equilibria in which i (and thus i) are positive, the first-order conditions for choice
of partners are satisfied with equality. Together with the definition of W, this implies that if
both groups have a positive number of partners,

. 0,-a0,-0) —(a,_Y,_+aHYH)11/(B,_—aH(BH—BI) -(a,_Y,_+aHYH))2+4aH(BH—0,)(0,_—YH)

G
L 4¢

If Y, < 0, then the square root term is larger than the term outside the square root. Hence,
one of the roots for i, will be negative and there can be only one equilibrium, in which both
groups have a positive number of partners.

On the other hand, if Y,;> 0, then the square root term is smaller than the absolute
value of the rest of the numerator. If [(8,-04,(04-0,)-(0t Y +04, Yi)]* + 4 04,(8,4-6,)(8,-Y,) > O,

'®Note that if 8, > 1, so that low-activity people will have partners even if weighted
prevalence equals one, there can be no i, = 0 equilibrium.

"I assume that Y,;> Y|, since the high group always has at least as many partners as the
low group.

'*I thank Cesaltina Pires for assistance with this proof.
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there will be two positive roots. If Y, > 6, and Y, > [0, (1+0y)- 040, O, Y, )0y, the rest of
the numerator is negative, and either there are two negative roots or two complex roots.
Hence, in this case, there can be no equilibria with a positive number of partners in the low-
activity group.
[
Equilibria with higher activity will be preferred by all people in the short run, since
the higher the level of activity, the lower instantaneous weighted prevalence. The lower

weighted prevalence, the better the tradeoff each individual faces between the number of

partners and the risk of infection."

B. St - Equilibri

In this subsection, I argue that equal increases in activity by all people may reduce
prevalence in the pool in the long-run, as well as the short-run. Thus, there may be multiple
steady-state equilibria, as well as multiple equilibria. Moreover, steady-state equilibria with
higher activity may have not only lower weighted prevalence, W, but lower unweighted
prevalence, Y. In some cases, moving to an equilibrium with higher activity could lead to the
eradication of the disease.

To see the intuition, consider an example in which an average of 10 partners per year
were required for each infected person to infect one uninfected person before dying, and thus
for the disease to survive. If the population consisted of a small minority which had 11
partners per year, and a majority which never had any partners, the disease would survive in

the small group. Now suppose that the group with 11 partners per year increases to 11.02

""Higher activity equilibria will lead to more new infections, however, and I have not ruled
out the possibility that they may lead to less preferred steady-state equilibria.
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partners per year and that the group with zero partners per year increases to 0.02 partners per
year, or approximately 1 partner over their lifetime. The high-activity people might match
6.01 times per year with other high-activity people and 5.01 times per year with low-activity
people. High-activity people would infect low-activity people, but low-activity people would
rarely pass the disease onto others. The high-activity people will only meet with each other
6.01 times per year instead of the 10 required for the disease to survive. Hence the disease
would die out among the high-activity people, and thus among the population as a whole. To
see this more formally,” recall that for the disease to spread, R,, the basic reproductive rate
of the disease, must be greater than one. In a randomly mixing population, in which a

proportion o, of the population has i, partners per period and there are k activity groups,

dy. K iYa
Jjo_ s _ kK Tk
) — —sz(l Yj)E: y 6Yj.

) ,
E L0
par

Dividing by Y, taking the limit as prevalence approaches zero, and using the fact that at low

prevalence Y,/ Y; approaches 1,/ 1, Anderson and May [1991] show that in low-prevalence

See Whittaker and Rentin [1992] and Kremer [1994] for a fuller explanation of why
reductions in activity by low-activity people can lead to increased prevalence.
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populations, R, will equal B/d times a weighted average number of partners, c, where

7 i

This weighted average number of partners can be expressed as | + 6%/, where [ and o’
denote the mean and variance of the number of partners per period.

Since dc/ du = 1 - 6*/)?, an equal increase in activity by all members of the
population will reduce R, if W < o [Kremer, 1995]. Surveys of sexual activity suggest that
this is typically the case. For example, a comprehensive study of sexual behavior in Britain,
the National Survey of Sexual Attitudes and Lifestyles (NSSAL), found that the mean number
of partners over the last five years was 1.98 and that the standard deviation was 4.36
[Johnson et al., 1994]. Simulations suggest that under the SI model, equal increases in
activity by all members of the population might reduce R, below one and lead to the
eradication of the disease in this population [Kremer, 1995].%'

Since increases in activity may reduce prevalence, there may be one steady-state
equilibrium in which activity is low, and weighted prevalence is high; and another steady-

state equilibrium in which activity is high, and the disease is eradicated.

! Differentiating equation (7) with respect to i, indicates that increases in activity by those
with fewer than c/2 partners per period will reduce Ry, if activity of all other groups is held
constant [Kremer, 1995]. This analysis suggests that increases in the rate of partner change by
people with between c/2 and approximately c partners per period could potentially reduce steady-
state prevalence by reducing weighted prevalence in the short-run, and thus encouraging people
with fewer than c/2 partners per period to enter the pool.
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Pr ition I
If

8) (0,0, + ayBy?) < 28y ‘
(0, + a0y B
then there will be a steady-state equilibrium with zero prevalence and high activity. If 28%/f
< (8,4-6.)(1-8,), then there will be an equilibrium with low activity and high weighted

prevalence. Hence, if o, > o, there will be multiple steady-state equilibria for some values
of 28/, 6y, and 6,.

Proof of Proposition II.
There will be an equilibrium in which the disease is eradicated, (i, ,i, .Y, .Y, ) =
(6,/2'F, 6,/2¥, 0, 0), if the first inequality in the proposition is satisfied, since

B “Lei + aneir

9 Ryl5. <1

07324 ay0, a0,

There will be an equilibrium with i, = 0 if

dy,
(10) —Zlryes, 2 0,

given that i, = 0. At Y, =0, iy= (8, - 6.)/2y, so (10) simplifies to the second inequality in
the proposition above. It is straightforward to show that if o > oy, there will be values of
the other parameters such that both inequalities are satisfied.

A robust steady-state equilibrium (i, i, Y., Y, ) is defined as a steady-state
equilibrium in which the equilibrium rate of partner change (i, i) is unique given prevalence
(Y., Y. Thus once a society settles into a robust steady-state equilibrium, it will stay
there. If Y, < 6, then, by Proposition I, there is only one equilibrium with i, and iy > 0,
and the steady state is robust. Similarly, if there is a stable steady-state equilibrium in which
the disease is eradicated, it will be robust. In contrast, the high-prevalence steady-state

equilibrium in which low-activity people have no partners will be robust only if Yy, and o,
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are large enough to preclude any equilibrium with i, > 0 . For a large enough ¢, there will
always be an equilibrium in which all of the low-activity people decide to enter the pool
simultaneously, and weighted prevalence is therefore low enough to justify this decision.

Figure III illustrates a situation in which there are two robust steady-state equilibria.

Proposition III.

The i, = 0 steady-state equilibrium is robust if and only if
a1 (a0, + 0, + Yga, ) - 40, Yza, < O,

where Y'y, is steady-state prevalence in a population consisting only of high-activity

people, i.e. the solution to BY,” - Y,(BO, + B) - 52 + BO, = 0.

Corollary to Proposition III.
For any 6, and 0,, there will be a value of o, the proportion of the population in the
low activity group, above which the steady-state equilibrium with i, = 0 will not be
robust.

Proof of Proposition III.

To check whether other equilibria are possible given that prevalence among the high-activity
group is Yy, note that if Y, = 0, weighted prevalence is

. Y*
(12) [ ./
Cpdy + Cfly
Substituting for iy and i,
13) W O ~ M¥aty

) a6, - W) + a6, - W)’

This yields the quadratic equation, W2-W(aHeH+a L6L+Y,;a H)+9HY;aH =0. If

(a,0,+a LBL+YI;a H)2 - 4eHY,;a #<0 then the quadratic equation will have no real solutions,
so the i, = 0 equilibrium will be unique for Y, = 0, Y, = Y,;". Thus the i, = O steady state
equilibrium will be robust. If this expression is greater than zero, on the other hand, there
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will be an admissible solution for W with i, > 0, and the steady-state equilibrium will not be
robust.

|

The possibility of multiple steady-state equilibria suggests that the timing of
prevention efforts may be critical. For example, suppose that in the presence of prevention
efforts, the set of equilibria is as depicted in Figure II, but that in the absence of prevention
efforts, there would be no equilibrium in which the disease was eradicated. In this case, if
the prevention efforts are started early enough, it may be possible to reach the equilibrium in

which the disease is eradicated, but if health authorities wait until the disease is already

established, it may be impossible to escape a steady-state equilibrium with high prevalence.

III. HIGH-PREVALENCE POPULATIONS

Previous sections considered the case in which B, the transmission rate, and i,,, the
maximum rate of partner change, were low enough that all people would response to
increased prevalence by reducing activity. This section considers the case in which increased
weighted prevalence leads low-activity people to have fewer partners, but leads high-activity
people to actually increase their number of partners. In this case, there may be one steady-
state equilibrium in which high-activity people have very many partners, and low-activity
people have very few partners, and another steady-state equilibrium in which the differences
between the groups are smaller. High prevalence areas in which prostitution has continued,

such as parts of Africa and Thailand, may be trapped in the former equilibrium.
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I will assume that u,(i) = -T,/i where T, is a preference parameter with value 1, for a
proportion of the population o and T, for a proportion o;=1-0,. This utility function implies
that the elasticity of the desired number of partners to the probability of infection will be
1/2*2, Changes in the marginal probability of infection prevalence will spur equiproportionate
changes in activity by all groups. The desired number of partners for members of group k

will be

. S .
i, = min o 0

[P - «W](«W)

for & > 1, W > 0, and i, otherwise. Note that i, declines in W until p(i)=1/2, and then

(14)

increases to i I will assume that i, is sufficiently great that prevalence among people

with i, partners can be approximated as one. This may be roughly accurate for high-activity
people in high-prevalence populations.
The epidemiological conditions for constant prevalence imply i (1 - Y)W = 8Y, for

all groups k. A four-tuple (i, iy, Y, Yy) must satisfy both this epidemiological condition

and the behavioral condition (14) to be a steady-state equilibrium.

ZIncreases in prevalence can only spur increased activity among high-activity people if the
elasticity of the number of partners with respect to the marginal probability of infection from
an additional partner is less than one. If the elasticity were equal to one, then an increase in
prevalence would lead to an equiproportionate reduction in activity, leaving the lifetime
probability of HIV infection constant. If the elasticity were greater than one, then increased
prevalence in the pool of available partners would lead to reduced probability of infection. In
fact, high-activity people might reduce their activity by a greater proportion than low-activity
people in response to increased prevalence in the pool of available partners, because any
initial reductions in activity would reduce their chance of becoming infected by an infra-
marginal partner, and thus would further encourage them to reduce their activity.
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The set of steady-state equilibria depend on 1, and 1,;,. For 7 and 1,; > &/, i = iy=

in,. For T, and 1, << B/, both i, and iy will be less than i,,,. The behavioral and

epidemiological equations imply that any solution for steady-state prevalence in which i; and

i,; are less than i must satisfy®:

15 22 T T T T
(1s) W = yal -ay H_aL L, x¥ x2y? -4ps @, _H+aL Ll
2p3 T Ty 2P0 T, Ty

where x = 0, T, ” + 0,7, and Wy = B + 8(t, 7).

For some parameter values such that 1, << 8/p < 1, it is possible to construct two
steady-state equilibria. If i, (W) < i,,, where W is given by equation (15), then there will be
a steady-state equilibrium in which i, and i, are both less than i,,. There will also be a

steady-state equilibrium in which iy = iy, , S0 Yy= W =1, and

i, = ifl) =
(16) 3

if high-activity people dominate the pool if they have i, partners, i.e., if 0O iy, >> oy i (1).
Thus there may be one steady-state equilibrium with low variance in activity and another with
high variance.

Social welfare is greater in the low-variance steady state. This is because weighted

#Calculations, for which I thank Sergei Severinov, are available from the author.
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prevalence is lower in the low-variance steady state, and people will therefore face a better
trade-off between the probability of infection and the desire for a certain number of partners.
Nonetheless, the high-variance steady-state could have lower unweighted prevalence,
especially if the high-activity group is a small minority. For example, in the high-variance
steady-state equilibrium, a tiny minority of the population could have i_,, partners and the
vast majority could have very few, so that unweighted prevalence in the population as a
whole could be low.

The model may help explain why prostitution has continued in high-prevalence areas,
because it suggests that if prevalence is already high, further increases in prevalence among
men may reduce activity among low-activity women, but spur prostitution.* In a one-sex
model, increases in activity by high-activity people directly increase the weighted prevalence
that all other people face in the pool of available partners. In a two-sex model, the causal
chain is more complicated. Increases in activity by high-activity members of one sex directly
worsen the pool of available partners for the opposite sex. This increases prevalence among
the opposite sex, and thus worsens the pool for other members of their own sex.

Consider an extreme case in which all men have the same level of activity; women
are divided into prostitutes and non-prostitutes; and prostitutes have a 100 percent chance of
infection. If prevalence increases among men, sex becomes more dangerous for women who

are not prostitutes and they therefore reduce their sexual activity. However, the increase in

*Anderson and May [1991] argue that if public health campaigns reduce sexual activity
among low-activity women, substitution by men towards high-activity women could cause an
increase in prostitution. This section argues that increases in prevalence among men may
create incentives for exactly this behavior.
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prevalence among men does not make sex more dangerous for prostitutes, since they already
had a 100 percent chance of being infected. Similarly, sex with prostitutes does not become
more hazardous for men, and in fact the increase in prevalence among men lowers their
marginal risk of further sexual activity. Hence if men substitute at all between prostitutes and
non-prostitutes, increases in prevalence among men will lead to an increase in the demand for
prostitutes.

In this extreme example, in which becoming a prostitute entails a 100 percent chance
of infection, an increase in prevalence among men also creates incentives for an increase in
the supply of prostitutes. This is because the alternative to being a prostitute is not a zero
chance of infection, but the possibility of infection by a partner who has had many previous
partners, or is not monogamous. This possibility increases with prevalence among men.?
Since increases in infection rates among men increase both demand for prostitution among
men, and supply among women, they will spur prostitution, causing further increases in
prevalence, leading to a vicious cycle.

At less than 100 percent prevalence among prostitutes, the results depend on how
elastic prostitute demand and supply are to the probability of infection, price, and the
behavior of women who are not prostitutes. Even if the parameters are not such that
increases in prevalence among men actually spur prostitution, they may well be such that
increases in prevalence have only a limited impact on prostitution in situations in which many

women's other alternatives are extraordinarily bleak.

“Moreover, as Philipson and Posner point out, some proportion of women who know they
are infected may become prostitutes.
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IV. PREFERRED MATCHING

In the previous sections, I assumed that people chose sexual partners randomly.
However, if people have some information about potential partners' sexual history, high-
activity people may be disproportionately likely to match with each other [Kaplan, Cramton,
and Paltiel, 1990]. This can be modeled using the preferred matching approach of Jacquez et
al. [1988], in which people match within their group with probability ¥ and match randomly
with probability 1-v.

There is greater scope for positive feedbacks under preferred matching than under
random matching. Recall that under random matching, there could only be positive feedbacks
in low prevalence populations if low-activity people reduced their activity by a greater
proportion than high-activity people in response to increased prevalence. Under preferred
matching, changes in activity will create positive feedbacks even if all groups respond to a
given percentage increase in the marginal probability of infection with an equal percentage
reduction in activity.

To see this, note that under preferred matching, the probability that the partner of
someone in the jth group will be infected is YY; + (1-Y)W, where Y; denotes prevalence in
the ith group and W denotes weighted prevalence. For low-activity people, the main risk of
infection comes from meeting people randomly in the pool, whereas for high-activity people,
the main risk of infection come from matching within their own group.

Suppose that low-activity people increase their activity so that prevalence in the pool
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falls. The marginal probability of infection from an additional partner changes by a small
proportion for high-activity people, and hence they will only increase their rate of partner
change by a small proportion. However, for the low-activity people, the marginal probability
of infection from an additional partner falls by a large proportion. Hence low-activity people
will increase their rate of partner change. Prevalence will thus fall further, setting off another
round of indirect effects.
However, in low-prevalence populations, these positive feedbacks will not be strong

enough to create multiple equilibria if the elasticity of the number of partners to the marginal

probability of infection from an additional partner is less than one.”® To see this, denote the

preferred number of partners for a low-activity person as iL' (a,ih), where E denotes the

number of partners of all other low-activity people. Since there will be a unique preferred

level of iy for any E, this can be rewritten as il“(i"(z)jl—) or i ( E). Since for isoelastic

utility and Y, > O, this function is continuous, bounded, and has a positive intercept, dil’/di—L

27

must be greater than one at some point for there to be multiple equilibria.”” An x percent

increase in E‘ will necessarily reduce prevalence in the pool by less than x percent. Hence, if

the elasticity of demand for partners with respect to the risk of infection is less than or equal

[ have not proven that there can be multiple equilibria if the elasticity is greater than one,
and I have not established necessary and sufficient conditions for multiple steady-state
equilibria under preferred mixing.

IThis is a clear implication of Cooper and John [1988] although they do not explicitly note
this.
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to one, this x percent reduction in prevalence will spur less than an x percent increase in ;

Thus, there cannot be multiple equilibria in low-prevalence populations if the elasticity is less
than or equal to one.?

In high-prevalence populations, high-activity people are likely to be less sensitive to
changes in the probabilities of infection than low-activity people. This will increase the scope

for multiple equilibria, as argued in Section III.

V. CONCLUSION

Previous authors have argued that behavioral response to AIDS will counteract public
policies to fight the epidemic [Philipson and Posner, 1993; Hadeler and Castillo-Chavez]. In
contrast, this analysis, which models people making decisions about their rate of partner
change given the composition of the pool of available partners, suggests that high-prevalence
populations, behavioral response may increase the effectiveness of policy.

Whereas increased prevalence will lead low-activity people to reduce their sexual
activity, it may lead high-activity people to become fatalistic, and thus either reduce their
activity only slightly or actually increase it. In either case, the composition of the pool of
available partners will worsen, creating a positive feedback. If this effect is strong enough,
there may be multiple equilibria in sexual activity for given prevalence.

The model implies that public health messages will have a bigger effect if they are

targeted to prevent high-activity people from exceeding the threshold level of activity at

BA more formal proof, by Robert Shimer, is available from the author.
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which they are so likely to be infected that they choose to have even more partners. This
will involve targeting highly active people, although perhaps not the most active, whose
behavior may be very difficult to change. Reductions in transmission rates among people
below the threshold level of activity will be partially counteracted by behavioral changes. On
the other hand, above the threshold level of activity, reductions in transmission rates induced
by public health measures will lead to changes in behavior that further reduce prevalence.
The model also suggests that it may be exaggerating the risk of infection in high-prevalence
groups may spread fatalism.

The model implies that below some threshold level of prevalence, society may
approach a steady state in which differences in sexual activity among the population are
modest. Above the threshold, prevalence might approach a steady state in which some
members of the population have a very high rate of partner change, and others have a very
low rate. Although prevalence is not necessarily lower in the high-variance steady state,
welfare is lower since each individual faces a worse tradeoff between the probability of
infection and the desired number of partners. Early public health campaigns that keep society

from crossing the threshold level of prevalence could allow society to avoid this steady-state.
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