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a  b  s  t  r  a  c  t

We  investigated  the  impact  of  the  displacement  of  sexual  activity  from  adherent  recipients  of  an  inter-
vention  to others  within  or outside  a trial population  on the  results  from  hypothetical  trials  of different
sexual  behavior  interventions.  A short-term  model  of  HIV-prevention  interventions  that  lead  to  female
rejection  of  male  partnership  requests  showed  the  impact  of displacement  expected  at  the  start  of  a
trial.  An  agent-based  model,  with  sexual  mixing  and  other  South  African  specific  demographics,  evalu-
ated  consequences  of  displacement  for sexual  behavior  interventions  targeting  young  females  in  South
Africa.  This  model  measured  the  cumulative  incidence  among  adherent,  non-adherent,  control  and  non-
enrolled  females  in  a  hypothetical  trial  of  HIV  prevention.  When  males  made  more  than  one  attempt
to  seek  a partnership,  interventions  reduced  short-term  HIV  infection  risk  among  adherent  females,  but
increased  it among  non-adherent  females  as  well  as controls,  non-enrolled  (females  eligible  for  the  trial

but  not  chosen  to participate)  and  ineligible  females  (females  that  did  not  qualify  for  the  trial  due  to
age).  The  impact  of  displacement  depends  on the  intervention  and  the  adherence.  In  both  models,  the
risk  to  individuals  who  are  not  members  of  the  adherent  intervention  group  will  increase  with  displace-
ment  leading  to  a biased  calculation  for the  effect  estimates  for  the trial.  Likewise,  intent-to-treat  effect
estimates  become  nonlinear  functions  of the  proportion  adherent.

© 2017  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND
. Introduction

HIV prevention interventions that focus on changing sexual
ehavior practices among women can have indirect effects, since
reventing or changing the risk of infection in one individual
ay  have consequences for the risk of infection in their contacts

nd, via transmission chains, in other members of the popula-
ion. With some exceptions (Killeen et al., 2007; Knox, 1985;
unkel et al., 2015; Lipsitch and Samore, 2002; Miller et al., 2016;

anagiotopoulos et al., 1999), the population-level benefit of inter-
entions specifically designed to control the spread of infectious
isease exceeds the sum of individual-level benefits; the paradigm

Abbreviations: AIDS, acquired immune deficiency syndrome; ART, antiretroviral
herapy; CEPAC-I, Cost Effectiveness of Preventing AIDS Complications; CSW, Com-

ercial Sex Worker; HIV, human immunodeficiency virus; HIV-CDM, HIV Calibrated
ynamic Model.
∗ Corresponding author.

E-mail address: amccormi@hsph.harvard.edu (A.W. McCormick).
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/).
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

examples are herd immunity from vaccine against communicable
diseases (Fine, 1993) and contagion-reducing effects of treatment
for infections like tuberculosis, HIV and other sexually transmit-
ted infections, and malaria (Boily et al., 2012; Greenwood, 2010).
However, the population-level benefit of interventions that utilize
behavioral changes to control for sexually transmitted diseases, can
be more complex (Kremer and Morcom, 1998).

The indirect effects of complex behavioral interventions are less
well understood, partly because these involve both disease trans-
mission (where reductions in one individual are typically beneficial
to others) and population-scale social and economic phenomena
(where interactions are more complex). When assessing the impact
of an intervention on reducing sexual activity – e.g. an intervention
intended to produce a delay of sexual debut, a decrease in the num-
ber of partnerships, or encourage abstinence – the sexual acts that

are not occurring among those in an intervention group may be
displaced to individuals in the control or non-participant groups,
increasing their risk. We  consider, as a simplifying assumption, that
males solicit and females accept or reject sexual acts. Then, reduced

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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exual activity by an individual female in one of these behavioral
ntervention groups may  lead the males who would have had sex

ith this female to fail to form a partnership, reducing the total
umber of acts in the population. Alternatively, the males may
eek (and possible have) acts with other females which we  refer
o as displacement of acts. When a behavior change intervention
s implemented population-wide, these displaced acts may  be with
emales who did not receive the intervention, or who received it but
ho did not avoid sexual activity (non-adherent). In an interven-

ion trial of this kind, those not receiving the intervention would
nclude females ineligible for the trial, those who  were eligible but

ere not enrolled, and those in the control arm of the trial.
A few studies have considered the possibility that certain types

f behavioral interventions to control sexually transmitted diseases
ay  have unwanted effects caused by the displacement of sex-

al acts (Baird et al., 2014a; Baird et al., 2010; Baird et al., 2012;
remer and Morcom, 1998) that increase the infection risk of some
embers of the population. Baird et al. discussed this issue while

stimating the effects of cash transfer programs on the sexual
ehavior of young women (Baird et al., 2014a; Baird et al., 2010;
aird et al., 2014b; Baird et al., 2012) and Hallett et al. used a math-
matical model to estimate the effects of displaced acts caused
y interventions on reducing cross-generational sex in Zimbabwe
Hallett et al., 2007). These displacement effects may  occur dur-
ng a clinical trial of such intervention (Baird et al., 2014a; Baird
t al., 2010; Baird et al., 2014b; Baird et al., 2012) and/or during its
opulation-wide implementation (Kremer and Morcom, 1998).

Here we provide a general modeling framework to consider
isplacement effects in a heterosexual population. We  outline the
heory behind these displacement effects using an example of an
IV prevention intervention that targets the sexual behavior of
oung women. Using a static model we calculate the first-order
ffects of reducing sexual activity in a group of females on the sex-
al activity and HIV infection risk in other groups while holding
onstant the HIV risk from each act, as would be expected when a
rial starts. However, after such an intervention has been in place for
ome time, there may  be effects on HIV incidence and prevalence in
en, which then feedback in more complex ways to effect female

rial participants and others in the population. We  use a dynamic,
ndividual-based model, the HIV Calibrated Dynamic Model (HIV-
DM) (McCormick et al., 2014), to evaluate the effects as a trial or an

ntervention proceeds. The HIV-CDM includes a complex pattern of
exual mixing and is well suited to track the evolution of risk over
ime in various groups under different trial settings.

. Materials and methods

.1. Short-term model

Within a heterosexual population we initially assume that males
pproach females eligible for a trial (E) with proposals to engage in

 sexual acts. Males seek a sexual act with a randomly chosen eli-
ible female. Females reject sexual act requests with a probability

 and accept them with probability 1-p. Males seeking an act who
o not succeed continue to request acts with other randomly cho-
en females, up to w requests, at which point they give up and fail
o partner. We  assume that they are equally likely to seek and be
ccepted by eligible females who do not receive the intervention

 non-adherent, control, or non-enrolled eligible females. Thus we
ssume there is no Hawthorne effect from the trial and no control
ntervention that leads to reduced sexual activity; these assump-

ions could be relaxed at the expense of complicating the algebra.

ales rejected in the first round of search by eligible females may
lso widen their search to consider females who  are ineligible for
he trial (Z) (Fig. 1), We  assume that an ineligible female is less desir-
mics 20 (2017) 94–101 95

able than an eligible female by a factor q ≤ 1. For example, ineligible
females may  be older or geographically more distant. Thus the sec-
ond (and all subsequent) requests are distributed equally among
E + qZ females. This process continues up to w requests.

We  define h as the per-act risk of HIV infection from each sex-
ual act; h is the product of the prevalence of HIV among the males
requesting acts and the per-act transmission probability from an
HIV-positive male. Table S1 shows the short-term model in the
absence of intervention, giving the HIV infection risk to eligible
females in each round of male requests. We  calculate the risk dif-
ference for those adherent to the intervention (A), those eligible
for the intervention but not receiving or adhering to it (N, C, and
X), the intervention group as a whole, and those ineligible for the
intervention (Z). The calculations for this model are shown in the
Supplementary Material.

2.2. Dynamic model

The changing incidence in various groups of females will affect
incidence in males (via changes in transmission), which will in turn
affect incidence in females, and so on, over time. An intervention
that reduces incidence in the adherent group may  reduce overall
incidence for other groups of females even if displacement occurs,
by reducing transmission to males, and thereby reducing the risk
to other females from acts with those males. Thus the second-order
effects of the intervention may  reduce incidence even in the groups
that receive displaced sexual partnerships, depending on the bal-
ance between overall reduction in male prevalence and the extent
of displacement.

To examine the impact of displacement as an intervention trial
proceeds we  used the HIV-CDM, an individual-based, stochastic
model that includes detailed natural history (based on the CEPAC
Model (Freedberg et al., 2001; Walensky et al., 2014)) and het-
erosexual behavior. The HIV-CDM was calibrated to South African
prevalence and behavioral data using modified Bayesian melding
(McCormick et al., 2014). In brief, we ran 264,225 simulations of
the HIV epidemic in South Africa and found 3750 parameter sets
that both created an epidemic and had behavioral characteristics,
such as prevalence of partnerships of various types and of con-
current partnerships, representative of a South African population
pre-antiretroviral therapy (ART). We  carried out these analyses
using ART rollout as reported in South Africa, assuming testing and
linkage to care probabilities outlined in Table S3. The interventions
used for these analyses were introduced into the model popula-
tion in 2014. For the present study, we used the single-best-fitting
parameter set from these analyses (Table S3); our purpose here is to
illustrate how displacement would behave in a dynamic epidemic
rather than to make specific predictions about the South African
epidemic.

To examine the potential impact of sexual behavior interven-
tions targeting young females on HIV prevalence and incidence,
we first divided the eligible females in the HIV-CDM population
into the same main groups used for the short-term model (Fig. 1).
The enrollment period for this hypothetical trial was  2014–2018.
All females in the HIV-CDM population who  are, or who become,
16 year olds between 2014 and 2018 are eligible for the simulated
trial and are randomized to a control, adherent intervention, non-
adherent intervention, or non-enrolled group with the proportion
of females in each group varied in each analysis. Females in the
adherent group alter their sexual behavior while they are between
the ages of 16–20 and then at age 20 their behaviors return to the
default non-intervention values. Females in the simulated popu-

lation who  are not 16 at any time between 2014 and 2018 are
ineligible for the study population.

In the model, annual HIV incidence for the entire eligible HIV-
CDM population (2000 females), stratified by the control, adherent,
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Fig. 1. The hypothetical pop

on-adherent, and non-enrolled females, in the period 2014–2029
s observed. This allows the model to consider the post-trial impact
n the females in the trial population. We  divided the eligible pop-
lation as follows: 20% non-enrolled; 40% in the control group; 28%

n the adherent intervention group; and 12% in the non-adherent
ntervention group. Therefore, 80% of females 17–24 were enrolled,
0% of whom were in the intervention arm with 70% adherence.
sing this population stratification, we ran the HIV-CDM with each

ntervention implemented independently. An abstinence interven-
ion was modeled in two different ways. First, we considered
bstinence as a reduction in size of the sexually active pool of
emales. Here, individuals who delay their age of sexual debut are
ot available for partnerships. In the male-driven partner choice
lgorithm used in HIV-CDM, this delay does not change the total
umber of partnerships formed, but means that partners can only
e formed with females who have become sexually active (Z, X,

 and N are assumed to maintain the baseline age of 17 for sex-
al debut). The second type of abstinence is defined as a refusal
f partnership proposals. In this approach, females who delay sex-
al debut are considered by males for partnerships, but refuse if
sked. If a female refuses, the male may  fail to form the partner-
hip, or may  attempt to form a partnership with another female
from any female in groups Z, X, C, N or A) with a varying numbers
f attempts (w). In this approach, the total number of partnerships
ormed declines, more strongly as the male threshold w for “giving
p” decreases. Also, we also evaluated the impact of 100% condom
se for females; adherent females use condoms in 100% of acts. We
alculated the cumulative incidence from 2014 to 2029, under the
imple assumption that condom use has no additional behavioral

mpact; the goal was not to model realistic impacts of condom use
ut to compare the results for a prevention intervention with no
isplacement.
n simulated in the models.

In summary, the interventions assessed by the HIV-CDM model
were as follows: 100% condom use by adherent females 16–20 years
of age (no displacement); Male partner rejection by females until
20 years of age with w = 1 (no displacement); Male partner rejection
by females until 20 years of age with w = 3 (partial displacement);
Male partner rejection by females until 20 years of age with w = 10
(partial displacement); and Male partner rejection by females until
20 years of age with w = 500 (effectively complete displacement).

To examine the impact of adherence on displacement under a
population-wide intervention (as opposed to a trial), we ran the
HIV-CDM with 100% of eligible females enrolled in the interven-
tion group while varying adherence among females in the range of
0–100%. With this population stratification we ran the HIV-CDM
with and without various interventions. The cumulative incidence,

CI = 1 − e

−
2029∑

t=2014

IRt

, for the adherent, non-adherent, and entire
intervention group was calculated using the annual incidence rates
(IR) each year (t) up to and including 2029, the final year of the trial
for each combination of intervention and proportion adherent.

3. Results

3.1. Short-term model

Fig. 2 shows the risk difference for females as a function of the
extent of displacement (Fig. 2 panels A-D) and the proportion of

intervention-group females who  are adherent to the intervention
by rejecting all requests for acts (horizontal axis). Fig. S1 shows
the same quantities as a function of the proportion of the eligible
population enrolled in the trial.
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Fig. 2. A–D: Risk difference between groups in the eligible trial population when 80% of the 16 year old female population is eligible and enrolled, 50% is in the intervention
group,  the relative desirability of ineligible females, q, is 40%, and adherence is varied from 0 to 100% for values for the maximum number of rejections before a male stops
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rying to partner, w: 2A. Risk difference without displacement (w = 1); 2B. Risk diff
isk  difference with displacement (w = 500). The solid curves show the risk differe
hile  the dashed lines show the measured risk differences for the intervention gro

With w = 1, there is no displacement (Fig. 2A, S1.A), and the
isk difference is negative (beneficial) for the adherent members
f the intervention group, zero for all other groups, and inter-
ediately negative (beneficial) for the whole intervention group

omprising adherent and non-adherent females. As displacement
ncreases, the risk difference becomes positive (harmful) for con-
rols and for ineligible females, more so as w increases (Fig. 2B–D
nd Fig. S1B–D), as adherence increases (Fig. 2) and as the propor-
ion enrolled increases (Fig. S1). Ineligible females face smaller risks
ecause by assumption they are less likely to be sought by males
ho initially approach eligible females.

The risk reduction for the intervention appears inflated relative
o the corresponding counterfactual risk comparison, because con-
rols are at increased risk in the presence of the intervention. In
rdinary intervention trials, risk in the control group is intended
o represent the counterfactual risk of the intervention group had
t not received the intervention. Here, however, the trial itself
ncreases the risk to the control group, thereby inflating the differ-
nce between the intervention (or adherent) group and controls.

Unlike a typical trial, the risk difference for the intervention
roup, as a whole, relative to no intervention, is a nonlinear func-
ion of adherence. The risk difference in the intervention group is an
dherence-weighted average of the risk difference in the adherent
nd the risk difference in the non-adherent. In typical intervention
rials, the risk difference in the non-adherent is zero, and the risk
ifference in the adherent is independent of the proportion adher-
nt. Thus, the risk difference for the intervention group is ordinarily
 linear function of the proportion adherent. Here, however, the risk
ifference in the non-adherent is positive and an increasing func-
ion of the proportion adherent, while the risk difference in the
dherent is negative and constant as a function of the proportion
 with displacement (w = 2); 2C. Risk difference with displacement (w = 5); and 2D.
r each of several groups relative to the counterfactual scenario of no intervention

 the adherent group, relative to controls.

adherent. Therefore, the risk difference in the intervention group –
as would be measured in an intent-to-treat analysis- is nonlinearly
related to adherence (Figs. 2 and S1).

In the short-term model, displacement onto the controls,
non-adherent, and non-enrolled populations increases with the
proportion eligible, proportion enrolled, proportion in the inter-
vention arm, proportion adherent, and the male threshold for
giving up (w). It decreases with the desirability (q) of the ineligible
females, who divert displaced males away from these groups.

As a trial proceeds, the intervention may  change the incidence
and thus prevalence of HIV infection in men, thereby changing the
risk experienced by each group defined here as time passes. We
now proceed to model these changing risks.

3.2. Agent-based dynamic model of displacement

Fig. 3 shows the effects of sexual behavior interventions on a
hypothetical trial population in which 40% of 16 year-old females
are in the intervention group, 40% are controls, and 20% are non-
enrolled. Of the females in the intervention group, we assume
initially that 70% are adherent and 30% are non-adherent. We  con-
sider several different interventions and their effects over time
on cumulative incidence for the entire eligible population, as well
as the intervention, adherent, and combined non-enrolled, control
and non-adherent groups. A condom use intervention is shown in
Fig. 3A – making the assumption that condom use does not affect
males’ choice of partner. When 100% condom use is implemented

to adherent females 16–20 years of age from 2014 to 2018, there is
no change in the number of partnerships each male has in a month
and in turn no displacement of partnerships to others in the pop-
ulation. The adherent females are at a decreased risk of HIV given
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Fig. 3. A–F. Cumulative incidence using the agent based model where 80% of eligible females are enrolled, 50% in the intervention arm, 70% of the intervention arm are
adherent and the intervention is 3A: 100% condom use by adherent females 16–20 years of age (no displacement); 3B: Male partner rejection by females until 20 years of
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ge  with w = 1 (no displacement); 3C: Male partner rejection by females until 20 ye
0  years of age with w = 10 (partial displacement); 3E: Male partner rejection by fem
ctivity by adherent females until 20 years of age (complete displacement).

hat they are using condoms 100% of the time until the age of 20
Fig. 3A). Also, a benefit is seen for all other females in the popula-
ion but to a lesser degree. Each subgroup of the eligible population
as a lower cumulative incidence compared to the counterfactual
f no intervention.

With abstinence interventions (Figs. 3B–E), the extent of dis-
lacement increases with the maximum number of attempts, w,
ales make to seek a partner. When w = 1 (Fig. 3B), there is no dis-

lacement and all individuals in the trial are at a decreased risk
f HIV compared to the no-intervention run. As w increases, the
ffects of displacement become more marked, producing increased
ncidence in the non-adherent, ineligible and control populations

ompared to no intervention. Fig. 3F shows a slightly different inter-
ention, in which females delay sexual debut until the age of 20.
n this case, by assumption, these females are not in the pool of
 age with w = 3 (partial displacement); 3D: Male partner rejection by females until
ntil 20 years of age with w = 500 (complete displacement); and 3F: Delay of sexual

eligible persons to receive an offer for a sexual act or partnership
from a male. Under the assumptions of the model, the number of
males seeking partners is independent of the number of available
females, so all male “demand” is displaced from the females who
have not entered the pool to others who  have. Here again, the over-
all cumulative incidence for the eligible population is close to that
of a population with no interventions. The adherent females are at
less risk for HIV infection and the non-adherent, non-enrolled and
control females are at a greater risk (Fig. 3F). Importantly, how-
ever, the overall eligible population in all scenarios has no higher
cumulative incidence with the intervention than without, though
in the extreme displacement scenarios the difference is modest. The

impact of the intervention with partial displacement is to reduce
the number of acts, as the males may  attempt to partner with adher-
ent females and be rejected thus decreasing the chance of finding a
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emale to have a sexual act with. These adherent females “absorb”
ome of the demand from males without having the acts, even
hough they displace the remainder of the demand.

The proportion of adherent females in the population also affects
he amount of displacement, as can be seen in Fig. 4. The over-
ll patterns of displacement are similar to those seen in Fig. 3
ith displacement increasing as w increases. Countervailing effects
ake the shape of the relationship with adherence non-monotonic.
s adherence increases, the intervention becomes more effective,

eading to fewer partnerships and lower male prevalence. However,
s adherence increases so does the amount of displacement to the
ther females in the population, who become fewer in number and
absorb” a greater share of the displaced partnerships.

When there is 100% condom use among adherent young females
Fig. 4A) or when w = 1 (Fig. 4B), there is no displacement and
ll cumulative incidences are less than without the intervention.
hen w = 2, marginally increased incidence in the non-adherent

compared to no intervention in the non-adherent) is seen when
0% or fewer females are in the adherent intervention group. When
dherence is greater, the benefits of reduced transmission (from the
dherent females to the males) outweighs the displacement of their
exual partnerships onto the non-adherent (Fig. 4C). When w = 3 or
reater, net increases in incidence compared to no-intervention are
een in the non-adherent for all levels of adherence, with incidence
ncreasing with w (Fig. 4D–G). A delay in the age of sexual debut has
pproximately the same impact as setting w to 500 (Fig. 4H). Over-
ll, cumulative incidence decreases with the intervention and with
reater adherence, so a population-level benefit is seen despite
ncreased incidence in the non-adherent.

. Discussion

Interventions to decrease the sexual activity of one group may
ncrease that of others in the population, though under all plausible
cenarios we have considered, the overall impact on the population
f reducing sexual activity by a proportion of females is beneficial.
e have shown that if displacement occurs in trials it potentially

ncreases the risk of infection to controls, non-adherent, and non-
nrolled individuals. This can in turn affect the interpretation of the
rial results by inflating or attenuating effect estimates depending
n the proportion of the population adherent to the intervention.
nflation occurs when comparing intervention recipients and con-
rols, because the difference between intervention recipients and
ontrols (who are at increased risk due to the intervention) is larger
han the difference between intervention recipients and the coun-
erfactual of their risk had there been no intervention. However, if
ne made a comparison between intervention recipients and his-
orical controls who were perfect proxies for the counterfactual
isk of intervention recipients, the estimate would be attenuated
ecause the overall impact on the intervention population is an
dherence-weighted average of decreased risk in the adherent and
ncreased risk in the non-adherent.

As the interventions are expanded to the whole population the
umber of displaced acts diminishes and the benefits of the inter-
ention are increased. In this setting, those who do not adhere to the
ntervention gain some indirect benefits (from reduced transmis-
ion due to the intervention) but also have an increased individual
isk because of displaced acts or partnerships that they engage in.
or the parameter values we have chosen for illustration, even mod-
st displacement may  be enough to outweigh the indirect benefits

o those outside the adherent group, and these could be more per-
erse if the male acts are displaced to commercial sex workers or
ther higher-risk females. However, in our simulated interventions
here was an overall decrease in HIV infection in the population.
mics 20 (2017) 94–101 99

A deterministic transmission model showed that, unless there
is a reduction in the number of sexual contacts, sexual behavior
interventions aimed at reducing the cross-generational sex in an
intervention group may  have a benefit to those in the interven-
tion but not a population-level benefit (Hallett et al., 2007). Models
like this and the HIV-CDM can illustrate the potential impact of
displacement, which is not easily measured in trials. This can in
turn motivate the collection of data to assess the extent of actual
displacement in future trials, as well as assess behaviors in the
underlying source population from which the trial subjects were
recruited.

This effort has begun. In Malawi, Baird and colleagues stud-
ied the effect of cash transfers on multiple outcomes, including
HIV infection, using a novel “randomized saturation” trial design.
In this design, geographic clusters were randomized to varying
“saturations” or coverages of the intervention, and then within
each village individual females were randomized to receive or not
receive the intervention; the probability of receiving intervention
was set equal to the “saturation” of their village (Baird et al., 2014a;
Baird et al., 2010; Baird et al., 2012). The interventions reduced the
prevalence of HIV infection among those receiving the interven-
tions, and the study design made it possible, at least in principle, to
assess the extent of displacement of HIV risk; however, results of
such analyses have not been published. The study did report that
it found no evidence of effects on marriage or pregnancy outcomes
to nonrecipients, within clusters including a mix  of those random-
ized to be recipients and nonrecipients of receive cash transfers
(Baird et al., 2014a). Future studies using a similar approach, com-
bined with measurements of sexual behavior outcomes in males,
could enhance our understanding of this phenomenon and should
account for the effects described here. Baird et al. have elaborated
a statistical framework in which to do so (Baird et al., 2014a). More
recently, a trial in South Africa of conditional cash transfers found
no effect of these transfers on school attendance (which was  high in
both intervention and control groups) or on sexual activity or HIV
risk (Pettifor et al., 2016). Because the biases described here occur
only when an intervention is effective in changing sexual behavior,
there was no opportunity to assess the extent of potential bias in
the South African trial.

The possible displacement of risk to trial participants, trial non-
participants, and/or ineligible females is an issue that is worthy of
consideration from an ethical standpoint, as is the broader issue of
how any experimental behavioral intervention may inadvertently
affect those within and outside the trial. Such consideration is an
area for future work.

The simulations reported here are examples of simulating a
complex intervention trial in the field of infectious disease epi-
demiology. Such simulations can add epidemiologic validity by
improving sample-size estimates, comparing competing designs,
and assessing potential biases in effect estimates (Boily and
Anderson, 1996; Boily et al., 2012; Cooper et al., 2015; Halloran
et al., 1996; White et al., 2010). Simulations may also be helpful
in understanding the results of completed trials (Boily et al., 2000;
Vynnycky et al., 2015). In addition, the process of constructing the
simulation itself may  lead the researcher to recognize and think
more carefully about the timing and nature of the chain of events
that occur in the setting of a trial, thereby recognizing complexities
that may  have been previously overlooked. As previously reported
by Bollinger et al. (2004) and Michielsen et al. (2010), there is a
need for carefully designed studies that adequately analyze the
complex interaction between behavioral interventions, changes in
behavior and biological outcomes such as HIV incidence and preva-

lence. Here, the process of attempting to simulate an intervention
trial to delay female sexual activity with an individual-based model
required us to specify rules for the behavior of males who encoun-
tered (or would have encountered) females in the trial. The process
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Fig. 4. A-H. All eligible 16 year old females are enrolled into the intervention arm with varied adherence from 0 to 100% for each of the following interventions: 4A: 100%
condom use by adherent females 16–20 years of age (no displacement); 4B: Male partner rejection by females until 20 years of age with w = 1 (no displacement); 4C:
Male  partner rejection by females until 20 years of age with w = 2 (partial displacement); 4D: Male partner rejection by females until 20 years of age with w = 3 (partial
displacement); 4E: Male partner rejection by females until 20 years of age with w = 4(partial displacement); 4F: Male partner rejection by females until 20 years of age with
w  age w
f

o
i
t
m
t

 = 5(partial displacement); 4G: Male partner rejection by females until 20 years of
emales until 20 years of age (complete displacement).

f specifying those rules alerted us to the range of possible behav-
ors and the rarity of empirical evidence on this topic. In general,

he construction and the analysis of simulation (or other) models

ay  be a valuable exercise when considering complex intervention
rials.
ith w = 500 (complete displacement); and 4H: Delay of sexual activity by adherent

When considering efforts to create behavioral change in infec-
tious diseases, it should be standard practice to consider, often with

a formal model, the downstream consequences of the expected
behavioral change on the risk of various groups in the popula-
tion, particularly the control group within a randomized trial and
nonrecipients of the intervention once it is scaled up.
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