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Abstract
Researchers and policy makers have argued that long-duration concurrent relation-
ships promote the spread ofHIV. The concurrency hypothesis proposes that concurrent
partnering, particularly as manifested in formal and informal polygyny, is a primary
contributor to the spread of HIV in sub-Saharan Africa. We investigate claims that
agent-based models of concurrent partnering support this hypothesis. Specifically, we
explore how assumptions about the duration and network structure of sexual part-
nerships affect the results of agent-based models of HIV propagation. We offer new
support for the contention that long-duration concurrent partnering can be protective
against HIV transmission rather than promoting it. Additionally, we argue that the
focus on concurrency has misdirected attention away from the key role of exclusivity.

Keywords Concurrency · HIV · Sub-Saharan Africa · Partnership duration · Coital
dilution · Exclusivity · Pair formation

JEL Classification I12 · I18 · C63

1 Introduction and background

Although the AIDS epidemic peaked in the late 1990s, tens of millions of people
remain infected. There are almost two million AIDS-related deaths annually, which
are slightly outpaced by newHIV infections. Eastern and southern sub-Saharan Africa
have been particularly hard hit, experiencing an explosive late-20th-century spread and
subsequent sustained high prevalence. Despite advances in prevention and treatment,
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some regions continue to show startlingly high HIV prevalence (Kharsany et al. 2015).
Social scientists have struggled to understand the causes of this epidemic, hoping for
insights that can lead to improved health policy. Economists have been interested in the
behavioral correlates and the economic consequences of the epidemic (Young 2005;
Jones and Klenow 2016).

Efforts to understand the spread of a disease that can be transmitted sexually nat-
urally include investigations of the sexual practices of the affected population. In
the 1990s, explanations of the HIV epidemic in sub-Saharan Africa (SSA) began
to emphasize the “concurrency hypothesis,” which attributes SSA’s high prevalence
of HIV infection to its high prevalence of long-term concurrent sexual partnerships.
The core idea behind this attribution is that overlapping partnerships produce sexual
networks that are especially effective at spreading HIV.

Early discussions of concurrency includeWatts andMay (1992) andHudson (1993).
Advocates of the concurrency hypothesis include Epstein (2007, 2008, 2010), Epstein
and Morris (2011), Halperin and Epstein (2007), Mah and Halperin (2010), Mor-
ris et al. (2010), and McCreesh et al. (2012). Critics include Lurie and Rosenthal
(2010a, b), Sawers and Stillwaggon (2010), Sawers et al. (2011), Tanser et al. (2011),
Sawers (2013), and Sawers and Isaac (2017). At present, policy discourse and HIV
prevention strategies reflect a belief in the validity of the concurrency hypothesis.
For example, Epstein (2008) asserts that “ ‘long term concurrency’ probably explains
why HIV in Africa has spread so rapidly beyond typical ‘high risk groups’ such as
sex workers”. This view has been driven by SSA’s unusual prevalence of HIV and
the regional acceptance of polygyny, along with computational models that appear
to support an important role for concurrency. However, in the available survey data,
correlations between concurrency and HIV prevalence remain empirically fugitive, as
most famously illustrated by the “four cities” study of Caraël et al. (2004).1

A key strand of the concurrency research constructs agent-based simulationmodels.
Early models demonstrated that concurrency correlates with epidemic scale. Against
this, concurrency skeptics have demonstrated that empirically plausible modifications
of these models diminish or eliminate the correlations. Critics argue that the con-
currency hypothesis has achieved a salience in policy discussions and prevention
strategies that is not justified by the empirical and theoretical research. In this article,
we join with the critics to raise additional questions about the adequacy of the the-
oretical work that has been cited in support of the concurrency hypothesis. In order
to facilitate comparability of results, our contribution draws on both the structure
and the parameterization of some well-known agent-based models of HIV preva-
lence.

1.1 Agent-basedmodels of the epidemic

Since the pioneering work of Morris and Kretzschmar (1997), agent-based modeling
and simulation has come to dominate the theoretical work on the epidemiological
consequences of concurrency in sub-Saharan Africa. These models are often called
individual-based pair-formation models, because they explicitly model individuals

1 For a detailed discussion, see Sawers and Stillwaggon (2010).
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who form and dissolve sexual partnerships. These partnerships are the links across
which sexually transmitted disease propagates.

As Eaton (2013, p. 33) puts it, such agent-based models help us understand “how
biological and behavioral factors interact in promoting the spread and control of HIV.”
The Morris and Kretzschmar model—hereafter, the MK1997 model—is a classic
demonstration of how greater concurrency prevalence can promote more rapid and
effective propagation of sexually transmitted disease. Partly because this linkage is
intuitively appealing, their work had a large influence on beliefs about the SSA HIV
epidemic.

The MK1997 model is iconic in the literature due both to its methods and to it
results. It demonstrated that agent-based modeling can shed light on potential con-
tributors to the SSA HIV epidemic, and it flagged concurrency as a potential culprit.
Simulations generated by the MK1997 model are characterized by explosive growth
in HIV prevalence, even at low concurrency prevalence. As a result, this model is
widely cited in support of the concurrency hypothesis. It has been cited in over 1600
scholarly works on the subject, including subsequent simulation research. Oddly, it
took a decade before the model’s parameterization began to receive serious critical
appraisal (Deuchert and Brody 2007; Lurie and Rosenthal 2010a). During that decade,
the concurrency hypothesis became a conventional explanation for SSA’s devastating
HIV epidemics.

Key aspects of the MK1997 model recur in the subsequent literature. In particular,
it is a dynamic, stochastic pair-formation model: partnership formation is ongoing
and existing partnerships are constantly at risk of dissolution. Much of the subsequent
work on concurrency has followed this general representation of partnership formation
and dissolution (Morris and Kretzschmar 2000; Eaton et al. 2011; Sawers et al. 2011;
Eaton 2013). We hew very closely to this literature in order to demonstrate how
key assumptions have influenced its conclusions. Specifically, we explore the role of
partnership duration.

Particularly relevant to the present paper is the work of Morris and Kretzschmar
(2000), which extends their earlier MK1997 model. Using the terminology of
McCreesh et al. (2012), we can say that this MK2000 model distinguishes between
long-duration and short-duration partnerships. Based on survey evidence that long-
duration partnerships last about 20 years while short-duration partnerships last about
2 years, the MK2000 model incorporates mean partnership durations that are substan-
tially longer than in the MK1997 model. While HIV epidemics simulated with this
model grow much more slowly than in the MK1997 model, prevalence still triples in
5years (from 1.0 to 2.92%).

The literature contains many modifications of the MK1997 and MK2000 models.
The model of Eaton et al. (2011) particularly influences our research.2 Most impor-
tantly, the EHG2011 model incorporates evidence-based transmission rates, which

2 From the EHG2011 model, we incorporate the improved transmission parameterization, vital dynamics
(discussed below), and longer simulation period. At the level of code, we adopt a discrete time-to-event
implementation that was inspired by their publicly available C++ code. Our Python implementation is
available upon request.
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are much smaller than in MK1997.3 Our model parameterization matches EHG2011
whenever possible, adopting their transmission rates, their vital dynamics (i.e., deaths
from AIDS, and the introduction of uninfected individuals), and the substantially
longer time-scale of their simulations (chosen to produce simulation results represen-
tative of the model’s stochastic steady state). However, influenced by the MK2000
model, we additionally distinguish partnership types by duration.

A core modeling goal of the present paper is to maintain results comparability. Our
implementation and parameterization therefore closely track existing models (partic-
ularly the EHG2011 model). We want the resulting model to be encompassing, so that
previous results can be reproduced simply by means of a few parameter changes. In
particular, we explore the partnership duration assumptions of the previous literature.
To this end, we distinguish primary and secondary partnerships and independently
vary the mean partnership duration for each partnership type.4

1.2 Exclusivity and partnership duration

It is widely recognized that stable monogamy protects susceptible individuals and
traps sexually transmitted diseases within infected partnerships (Dietz 1988; Kret-
zschmar andHeijne 2017). The same is true of stable polygamy, butmany authors have
elided the distinction between concurrency and exclusivity. For example, Halperin and
Epstein (2004, p. 5) argue that in contrast to a “network of concurrent relationships
… serial monogamy traps the virus within a single relationship for months or years”.
Both trapping of the virus and insulation from it are determined by long-term stability
and exclusivity, not by the number of partners, nor by whether the partnerships are
formal or informal.

While a stable and exclusive n-person group shares the trapping and protectivity
features of a stable and exclusive 2-person partnership, dalliances pose a greater risk
for a larger group. Suppose each partner has an independent probability p of an
external sexual encounter in a given year. With n partners, the probability that the
group remains completely exclusive is (1 − p)n , which is strictly decreasing in the
number of partners. Of course the actual risk depends on HIV prevalence, and it is
muted by the low per-act transmission efficiency of the virus.

Partnership duration also has important effects on disease spread. We show below
that even in the context of concurrent partnering, long partnership duration retards
rather than promotes the spread of HIV. Since partnership duration data are scanty,
our demonstration relies on examining a range of durations.

Despite numerous surveys of sexual behavior in sub-Saharan Africa, survey evi-
dence on sexual-partnership duration remains scarce. Even surveys that report duration
often provide little guidance to modelers. For example, the survey of Powers et al.
(2011) is restricted to patients in an STI clinic, who are not representative of the
general population. Similarly, surveys restricted to youth will document partnering

3 They are also appropriately staged (i.e., they vary during the course of the infection.) As explained by
Eaton (2013), “[w]ith constant infectiousness, the overall spread of the virus is less dependent on onward
transmission within the first few months of infection.”
4 There is only one primary partner, while there may be multiple secondary partners.
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patterns unlikely to generalize to an older population (Harrison et al. 2008; Harri-
son and O’Sullivan 2010; Goodreau et al. 2012). Studies of youth also produce right
censoring of partnership duration.

However, recent Demographic and Health Surveys include some useful questions
about primary partnership duration. In 16 countries in sub-Saharan Africa, women
reported mean duration in married or cohabiting partnerships of 12.1 years, and men
reported mean duration of 13.1 years. This is virtually the same as in 16 low-income
countries outside Africa for which there are data (based on datasets obtained from The
DHS Program, ICF International).

Unfortunately, data on secondary partnerships are not reported by the DHS. There
has been some attempt to address this in in the literature on formal polygyny (Reniers
andTfaily 2008, 2012; Reniers andWatkins 2010). Of particular interest are the results
of a survey in Rakai, Uganda, as reported byMorris and Kretzschmar (2000, Table 1).
To our knowledge, this the only survey that reports average duration of both primary
and secondary partnerships for a large sample of adults (N = 1994), and it found that
the average duration of secondary partnerships was about 12% of average duration
of primary partnerships (28.4 months vs. 239.1 months). This difference is roughly
an order of magnitude, which suggests that models of sexually transmitted diseases
should explore the implications of varying partnership duration by partnership type.

The available survey evidence is even less informative about the interaction of
duration, concurrency, and HIV. Our model sheds light on these interactions, which
may suggest directions for future data collection and empirical design. We thereby
contribute to the agent-based simulation and modeling literature that elucidates how
partnership characteristics influence the spread of sexually transmitted disease (Chen
et al. 2008; Kim et al. 2010).

2 Model overview

This section describes our agent-based two-sex pair-formation model of the hetero-
sexual propagation of HIV. To facilitate comparability with previous research results,
the model adheres closely to the EHG2011 model surveyed in the previous section
and to the SIS2011 model discussed below.

2.1 Pair formation in an agent-basedmodel

As in the MK1997 and EGH2011 models, we consider a 2-sex population (males
and females). Figure 1 provides a simplified schematic, where each Person has an
immutable sex attribute.5 Each person has a partnerships list, which represents
the current set of sexual partners. Under monogamy, an individual has at most one

5 This heuristic schematic is essentially a simplified UML class box (Bersini 2012), but that is not meant to
imply any particular approach to implementation. It documents only key public features, specifies only the
types of operation (e.g., method) arguments, and omits constructors. Conventionally a frozen property
(in braces) indicates immutability, but this is omitted to reduce diagram clutter. Operations specify no return
type because they are called only for their side effects.
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Fig. 1 Three main attributes and
two main operations of a
Person

Person
sex: String
partnerships: Partnership [*]
disease: Infection [0..1]
contractHIV(day: Integer)
exposePartners(day: Integer)

Fig. 2 Two main attributes and
one main operation of a
Partnership

Partnership

partners: Person [2]
ptype: String

exposeTransmission()

partnership; under concurrency, an individual may have multiple concurrent partner-
ships.6

The model employs a natural implementation of disease transmission: on any given
day, an individual can contract a disease via the contractHIV method. We are
modeling the transmission of HIV, which is permanent (until death), so an individual
contracts it only once.7 When an individual contracts the disease, all of the individual’s
partners are exposed (via exposePartners), which may lead to disease transmis-
sion. In pair-formation models, it is perfectly feasible to track the force of infection
by attending to the stages of a disease and the frequency of sex. Eaton et al. (2011)
and Sawers et al. (2011) demonstrate that these considerations can be important for
epidemic spread, and our model incorporates their insights.

In a serodiscordant sexual partnership, an infected individual exposes a suscep-
tible individual to infection. This paper models the sexual transmission of HIV at
the individual level, introducing explicit links between the individuals. Such pair-
formation models, were an important innovation in infectious disease modeling in
the 1980s (Kretzschmar and Heijne 2017). Unlike classical epidemiological models,
pair-formationmodels can accommodate repeated sexual contact within long-duration
partnerships of varying degrees of exclusivity, which has proved important for under-
standing the dynamics of sexually transmitted infections (Dietz 1988; Kretzschmar
and Dietz 1998). The HIV epidemic in sub-Saharan Africa (SSA) appears to be pri-
marily spread by heterosexual sex, so as in the MK1997 and EHG2011 models, we
consider only heterosexual partnerships.8

Figure 2 provides a simplified Partnership schematic, representing a hetero-
sexual sexual relationship. A partnership most essentially is a pair of individuals.9

However, sexual partnerships may be of different types, which we capture with a

6 The [*] annotation conventionally indicates that there can be zero or more partnerships. (We use an
ordered collection to ensure replicability.) Partnering is dynamic: an individual may add or remove a
partnership. (To avoid clutter, we do not list the associated operations.) Partnership formation and dissolution
is stochastic, as specified below.
7 This simplifying assumption is standard in HIV modeling. In fact there are two main types of HIV (and
numerous strains), and individuals can be infected by more than one type or strain.
8 Partnerships are therefore the undirected edges in a dynamic bipartite graph.
9 The fixed multiplicity of 2 is indicated in brackets, following a UML convention. The pair of partners
and the ptype are immutable attributes of a partnership.
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Fig. 3 Daily simulation
schedule: new partnerships
form, HIV is transmitted,
existing partnerships dissolve,
and some individuals die from
HIV infections

Transmit
HIV

Form new
partnerships

Dissolve
partnerships

Process
deaths

ptype attribute. Morris and Kretzschmar (2000) included long-term and short-term
partnerships; Kretzschmar (1995) and Bauch (2002) distinguish steady and casual
partnerships; and Fu et al. (2016) distinguish regular and casual partnerships. We
adopt the terminology and approach of Sawers et al. (2011); their SIS2011 model
distinguishes primary and secondary partnerships.

Primary partnerships resemble the regular partnerships of Fu et al. (2016), in that
individuals can have at most one primary partnership at a time, while an individual
may have multiple secondary partnerships. There is no implication that a primary
partnership is somehow institutionally sanctioned or socially recognized, that primary
partners cohabit, or even that primary partnerships last longer than secondary part-
nerships. In principle, primary partnerships may differ from secondary partnerships
along many dimensions. For example, Sawers et al. (2011) considered differences in
the frequency of sex, and Sawers and Isaac (2017) additionally allow for a propor-
tional difference in mean partnership duration. The present paper focuses of the role
of partnership duration, which is allowed to differ arbitrarily between primary and
secondary partnerships. (Coital dilution is separately considered as an extension in
Sect. 3.2.)

2.2 Model dynamics

Our core simulation schedule is standard. Figure 3 illustrates the schedule for a single
day. Each day, individuals stochastically form partnerships. Serodiscordant partner-
ships probabilistically transmit HIV. Partnerships may dissolve, and infected HIV
individuals may die from their disease. Each component of this schedule incorporates
stochastic elements.

The literature contains a variety of approaches to partnership formation, but all
conceptually involve random encounters between individuals who prefer not to be
single. Each period, any individual may encounter a possible partner, which may
lead to the formation of a partnership. Given an opportunity, two single individuals
will form a pair. However, partnership formation may not be ensured if partnering
will produce concurrency. For example, two monogamous individuals will not form a
partnership if either already has a partner.
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Table 1 Partnership formation

First person’s number of partners 0 0 1+ 1+

Second person’s number of partners 0 1+ 0 1+

Partnership formation probability (φ) 1 1 − ε 1 − ε 1 − ε

Conditional on an opportunity, partnership-formation probability depends on the level of concurrency
resistance (ε ∈ [0..1])

Our model is part of the concurrency literature, where partnership formation is
effectively the outcome of a negotiation that is subject to random influences.10 Fol-
lowing theMK1997model and its offshoots, concurrency resistance (ε) parameterizes
the extent to which concurrency is an obstacle to partnership formation. As in the
EHG2011 model and SIS2011 model, this paper adopts the random-mixing approach
of Kretzschmar and Morris (1996, p. 180) summarized in Table 1. The probability of
partnership formation (conditional on an opportunity) depends on the current number
of partners and social norms,which are captured by the level of concurrency resistance.
As shown by Eaton et al. (2011), mean concurrency outcomes depend on the value
of ε. One may therefore vary ε in order explore the relationship between concurrency
and epidemic outcomes.

If ε = 1, concurrency is fully resisted, and only monogamous partnerships can
form. If ε = 0, concurrency is not resisted; existing partnerships do not influence the
formation of new partnerships.11 Equation (1) gives the decision table an algebraic
expression matching Kretzschmar and Morris (1996, eq. 40). The partnership for-
mation probability, φ, is parameterized by the resistance-to-concurrency parameter,
ε ∈ [0 . . . 1]. Here deg(pi ) denotes the number of partners of person pi .

φ(p1, p2, ε) =
{
1 deg(p1) = 0 and deg(p2) = 0

1 − ε otherwise
(1)

Allowing for concurrency dramatically increases the maximum number of partner-
ships that are logically possible at any time. This introduces some subtlemodeling con-
siderations. Kretzschmar and Morris (1996) argue that in order to isolate the contribu-
tion to HIV spread of concurrency per se, onemust limit themaximum number of pairs
under concurrency to the number that is possible in themodel undermonogamy. This is
because tying concurrency to an increase in the society-wide number of partnerships

10 One is reminded of a description in Binmore (2007, p. 536): “One may imagine that Alice knocks on
doors at random if unmatched. When Bob or Chris answers the door, she bargains with him until agreement
is reached or their unpredictable wives grow tired and run her off the property.”
11 FollowingEaton et al. (2011),wedonot impose amaximumnumber of partners for each individual.Other
approaches are common in the literature. For example, Morris and Kretzschmar (1997) impose a maximum
of 4 partners per individual. Morris and Kretzschmar (2000) report Ugandan survey data that suggests that
having even as many as 3 partners is rare, and their associated simulation model correspondingly imposes
a maximum of 3 partners. Caraëel et al. (2004, p. 65) report that more than 8 partners in a year is very rare,
with nearly half of respondents reporting 0 partners and almost all the rest 5 or fewer. Although we do not
impose an exogenous maximum, individuals with more than a few partners are extremely rare, even when
there is no concurrency resistance whatsoever.
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would automatically increase the likelihood of transmission, obscuring the specific
role of concurrency. They argue that investigations of the role of concurrency should
therefore explore the role of the distribution of partnerships separately from the total
number of partnerships. FollowingMK1997andEHG2011,we accept this argument.12

Each serodiscordant partnership risks disease transmission. Themagnitude of trans-
mission risk is therefore a crucial determinant of epidemic outcomes. As a famous
example, Morris and Kretzschmar (1997) demonstrate that an unrealistically high
0.05 daily infection risk will produce an explosive HIV epidemic. Therefore, follow-
ing Eaton et al. (2011), we incorporate available evidence on the time-dependent daily
risk of HIV infection.13

The end of a partnership ends the risk of disease transmission in that partnership.
Our model of partnership dissolution follows the standard practice in the literature:
each period there is a risk that a partnership will not survive. This means that the
duration of eachpartnership is idiosyncratic: someare highduration, and someare brief
duration. In this paper, we are particularly interested in the influence of partnership
duration on epidemic spread. In order to better assess the claim that long-duration
concurrent partnering promotes HIV spread, we will consider substantial variations in
mean partnership duration, andwewill also allow duration to vary by partnership type.

The final action in the daily simulation schedule is to remove from the simulation
the individuals who die of HIV. We follow the common practice in this literature
and maintain a constant population: an agent who dies of HIV is replaced by a new
uninfected agent of the same sex.14

12 See the “Appendix” for a detailed parameterization. See Kretzschmar and Morris (1996, p. 181) and
Eaton (2013, p. 48) for a detailed discussion and corresponding pseudocode, or Eaton et al. (2011) for a
complete C++ implementation. This approach is very common in the literature, but variations exist. For
example, the MK2000 model instead sets a ceiling on total partnerships equal to the maximum that is
possible given their ceiling on the number of partnerships per person. However, that model is applied to a
different question (the consequences of the mean degree of the population in various scenarios).
13 In an agent-based model, one might expect to work with a per-act risk of infection, possibly deriv-
ing a daily risk of infection as the product of a per-act transmission rate and coital frequency. However,
Hollingsworth et al. (2008) argue that measuring the number of sex acts is subject to substantial error,
which produces a corresponding error in the per-act transmission rate. In contrast, there is substantial evi-
dence from seroconversion data concerning annual transmission risks. Working directly with daily risk of
infection allows less problematic calibration to this evidence. We therefore adopt this approach, which has
remained fairly standard in the literature since the MK1997 model. Specifically, we follow the EHG2011
model in calibrating the daily transmission risk to the stage-specific annual risk of infection documented
by Hollingsworth et al. (2008).
14 Following Eaton et al. (2011) and Sawers et al. (2011), our individuals do not die of any other causes.
(Contrast with McCreesh et al. (2012), who remove individuals from the model at age 55.) Allowing
individuals to die of old age is largely irrelevant for our research questions, although it would very slightly
reduce transmission likelihood (since in principle an infected partner could die of old age before transmitting
the disease).
Additionally, as noted by two referees, our baseline model does not includemother-to-child transmission. In
a scenario contrast experiment (not shown), we allow seropositivemothers to produce seropositive offspring
who survive to adolescence. In comparison with our baseline results, the duration results with seropositive
births are qualitatively similar. As expected, this change boosts prevalence at every duration combination.
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3 Parameterization and results

This section discusses themodel parameterization and lays out the focal results. It then
examines a set of scenario-contrast experiments, in order to demonstrate the robustness
of these results.

3.1 Baseline

In order to maximize results comparability, our baseline parameterization matches
Eaton et al. (2011, Table 1) extremely closely. We include three deviations from their
choices: the number of agents, the range in the levels of concurrency resistance, and
most importantly, the treatment of partnership duration. (See the “Appendix” for more
parameterization details.)

The crucial change is the treatment of partnership duration, which is the focus of
our paper. The MK1997 and EHG2011 models impose a mean partnership duration
of 200 days. As discussed in our literature review, when compared to the partnership
durations in SSA data, this proves implausibly brief (Morris and Kretzschmar 2000).
Additionally, we wish to review the claim that long-duration concurrency is key to
spreading HIV. We therefore allow the mean partnership duration to vary from 1 to
20 years. To facilitate comparison with previous literature, we additionally consider
a duration of 200 days (Kretzschmar and Morris 1996; Eaton et al. 2011; Morris and
Kretzschmar 2000; Sawers et al. 2011). Additionally, we distinguish between primary
and secondary partnerships, as discussed in the previous section, and we allow each
partnership type to have a different mean duration.15

In a second deviation from the EHG2011 parameterization, our focal experiment
does not vary concurrency resistance. Whereas Eaton et al. (2011) consider 11 dif-
ferent values for concurrency resistance, our focal simulations consider just one. This
is because the EHG2011 results already demonstrate that epidemics fail to spread at
high levels of concurrency resistance. Our focal simulations therefore avoid recon-
sidering this issue, and we consider only the lowest level of concurrency resistance
in the EHG2011 scenarios (which correspondingly produces the highest concurrency
prevalence). Whenever we find that epidemics fail to emerge, our results are corre-
spondingly strong. (Sect. 3.2 nevertheless reports results for some additional values
of concurrency resistance, as scenario-contrast experiments.)16

Finally, our focal simulations use one-tenth the population of the EHG2011 simu-
lations. This is meant to enhance the replicability of our core results by reducing the

15 Thesemodels determinemeanduration bydrawing eachpartnership’s duration froma (shifted) geometric
distributionwith parameter σ = 0.005, the daily risk of dissolution. In contrast, wewill consider 21 different
values of σ for each partnership type, allowing that primary partnershipsmay be longer or shorter in duration
than secondary partnerships. (Our distinction between primary and secondary partnerships therefore does
not correspond to the distinction between long-duration and short-duration partnerships in Morris and
Kretzschmar (2000) or McCreesh et al. (2012), although it encompasses it.)
16 Results for the full EHG2011 range of concurrency resistances are available upon request.
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Fig. 4 Average outcomes for baseline parameterization: final values of HIV prevalence and concurrency
prevalence depend on the mean duration of primary partnerships and of secondary partnerships. Prevalence
levels are shaded between contours, as indicated by the adjacent legends

(still substantial) required simulation time.17 However, to demonstrate robustness to
scale, Sect. 3.2 additionally provides scenario-contrast experiments for variations in
the number of agents.

As in Eaton et al. (2011) and Sawers et al. (2011), we produce an initial HIV
infection by randomly infecting 1% of the population. The entire simulation sched-
ule then runs daily for 250 years. (We additionally consider shorter time horizons in
Sect. 3.2.) Figure 4 reports end-of-simulation mean HIV prevalence and mean con-
currency prevalence for the focal experiment. (Means are across 100 replicates, so the
figure displays results for the 44, 100 simulations run with the baseline parameteriza-
tion.) The first subplot is a contour plot of the final HIV prevalence for each considered
duration combination (primary-partnership mean duration and secondary-partnership
mean duration, measured in years). Some nonmonotonicity is evident, but these plots
nevertheless readily suggest some generalizations.

Most obviously, an increase in the mean duration of primary-partnerships tends to
reduce the likelihood of epidemic spread. Furthermore, if we select an arbitrary point in
the plot and then simultaneously increase primary-partnership duration and secondary-
partnership duration, HIV prevalence generally declines. Similarly, we usually see a
decline even if we increase only the secondary-partnership duration. However, if we
pick an initial point that has low secondary-partnership duration and then increase it
onlymodestly, the resultmay be an increase inHIVprevalence. This is understandable:
as noted in Sawers and Isaac (2017), in a partnership with a very brief duration, HIV
transmission is quite unlikely. Nevertheless, as a rough generalization, Fig. 4 shows
both for primary partnerships and for secondary partnerships that increased partner-
ship duration constrains epidemic spread. Furthermore, the figure encompasses both
the duration values used by MK1997 and EHG2011 and the empirically grounded

17 A single experiment comprises 441 distinct scenarios (i.e., combinations of primary-partnership mean
duration and secondary-partnership mean duration). Our focal experiment includes 100 replicates of each
scenario, which—for this focal experiment alone—implies more than 40, 000 simulations of daily actions
over our time horizon of 250 years.
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Fig. 5 Uncertainty in baseline
results: IQRs for HIV prevalence
vary with the mean duration of
primary partnerships and of
secondary partnerships. An IQR
across replicates is computed for
each duration scenario, and the
results are shaded between
contours (as indicated by the
adjacent legend)
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partnership durations suggested by Morris and Kretzschmar (2000). The former pro-
duce epidemic spread, while the latter produce epidemic extinction. This difference
highlights the crucial role of duration assumptions for the results in the existing liter-
ature.

The second subplot of Fig. 4 offers a look at concurrency prevalence, allowing
us to ensure that our epidemic results do not reflect some unexpected response of
concurrency prevalence to changes in partnership duration.18 This figure shows that
concurrency prevalence is in fact extremely high in this population at every combi-
nation of partnership durations. (Recall that for these results we used the lowest level
of concurrency resistance considered in EHG2011; for more plausible levels of con-
currency, see the scenario-contrast experiments below.) Unsurprisingly, concurrency
prevalence tends to rise as secondary-partnership duration increases, since it becomes
more likely that someone with a partner acquires an overlapping partner. This means
that, as seen by comparing the two subplots in Fig. 4, concurrency is actually highest
where HIV prevalence is lowest. In striking contrast to the MK1997 and EHG2011
conclusions, our focal results provide no reason for empirical researchers to expect a
positive simple correlation between concurrency prevalence and HIV prevalence.

The occasionally rough contour edges in the Fig. 4 hint at some underlying vari-
ability in the reported simulation outcomes. To better characterize this variability, we
adopt a popular robust measure: the interquartile range (IQR), which is the difference
between the third and first quartiles of a sorted data set. For each scenario represented
in the figure, we compute the IQR across replicates.

Figure 5 presents these IQRs for HIV prevalence under the baseline parameter-
ization. These are most often low. However, when both primary partnerships and
secondary partnerships endure approximately 15 years, we find evidence of a transi-
tion region, where where epidemics and extinctions are both frequent. In the regions
typical of the literature and in the most empirically plausible regions, IQRs are small.

18 Recall that EHG2011 has a single partnership duration for all partnerships, which is an unrealistically
short 200 days. This constrains the possible levels of concurrency prevalence. With more plausible (much
longer) partnership durations, we naturally see higher concurrency prevalence.
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We do not show corresponding results for concurrency prevalence, since the IQRs are
uniformly low (less than 0.01).

3.2 Exploring themodel

This subsection presents a collection of scenario-contrast experiments that shed light
on the scope and robustness of our reported results. Additionally, as a preliminary
exploration, we briefly examine the emergence of HIV epidemics in the baseline
model.

3.2.1 The first 100 years

Eaton et al. (2011) reported results after 250 years, in order to ensure they were
adequately representing the stochastic steady state of the simulation. The present
paper follows this practice for the same reason. An important additional reason is
to facilitate comparability with the EHG2011 and SIS2011 results. Nevertheless, the
emergence of the epidemic is also of interest. For example, the speed of emergence is
important for assessing the immediacy of any public health crisis. Additionally, it may
be tempting to dismiss outcomes in the distant future on the basis of ongoing efforts
to reduce transmission rates with ART and PrEP or of presumed advances in medical
technology.19 Figure 6 therefore illustrates the emergence of the epidemic at 25 year
intervals over the first 100 years.20

We find that the ultimate pattern of HIV prevalence (by partnership duration)
emerges almost completely in the first 100 years of the epidemic. It is instructive that
the most discouraging outcomes after 25 years are only a harbinger of worse things to
come. At 25 years, the worst outcomes are achieved when all partnerships are only a
few years in length, and this region continues to experience the worst epidemic spread
over time.

3.2.2 Population size

By considering substantially smaller and substantially larger populations, this sub-
section demonstrates that our results are robust to population size. Our baseline
parameterization has 2000 individuals. Here we present results for 400 individuals
and 20, 000 individuals. Aside from the change in population size, we maintain our
baseline parameterization.

First consider the results for the larger population. Unsurprisingly, a larger popula-
tion brings substantially decreased variability in outcomes. We therefore report results
for 50 replicates, in order to facilitate replicability. (Similar results with 100 replicates
are available upon request.) The first subplot of Fig. 7 shows the end-of-simulation
HIV prevalence outcomes for this larger population. Aside from the much smoother
contours, the results are very similar to our focal simulations, reported in Fig. 4.

19 For example, the PartnersDemonstration Project found that integratedART and PrEP delivery to serodis-
cordant couple drastically lowered HIV transmission (Baeten et al. 2016).
20 We do not illustrate concurrency prevalence since (as expected) the outcomes are not changed.
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Fig. 6 Epidemic emergence (baseline parametrization): HIV prevalence grows during the first 100 years,
particularly with low duration partnerships

Once again there is no support for claims that long-duration concurrency contributes
to epidemic spread. A smaller population brings substantially increased variability in
outcomes, sowe increased the number of replicates to 500. The second subplot of Fig. 7
shows the end-of-simulation HIV prevalence outcomes with this diminished popula-
tion.While it too resembles Fig. 4, epidemics clearly have more trouble getting started
in this smaller population. Nevertheless, as in our focal results, the HIV-prevalence
outcomes respond negatively to increases in partnership duration.

Concurrency outcomes change little in either scenario, so we do not report them.
The means that, as in our focal results, the lowest levels of mean HIV-prevalence
correspond to to the highest levels of concurrency in the population.

3.2.3 Coital dilution

Our model extends the EHG2011 model to explore the implications of partnership
duration. Sawers et al. (2011) extend this same model to argue that coital dilution
can have an important effect on HIV transmission. This subsection therefore briefly
addresses the importance of coital dilution.
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Fig. 7 Robustness to population size: in populations that are larger or smaller than the baseline, HIV
prevalence similarly depends on partnership durations

Coital dilution is a reduction in the frequency of sex per partner for individuals
with multiple partners. While data on coital frequency in sub-Saharan Africa and
elsewhere are thin, Sawers et al. (2011) summarize evidence suggesting substantial
coital dilution in the presence of multiple partners. As one example, respondents in
the Rakai survey reported coital dilution of more than 75% (Morris et al. 2010).21

However, some authors contest the existence of coital dilution (Delva et al. 2013;
Jenness et al. 2015), and directly allowing for coital dilution is rare in the theoretical
work on HIV transmission. We therefore include coital dilution as a scenario-contrast
experiment, rather than in our focal simulations.

Sawers et al. (2011) found that coital dilution constrains the spread of HIV and
thereby inhibits the emergence of epidemics. Here we illustrate similar epidemic-
dampening effects of coital dilution by adopting a rather conservative 25% coital
dilution rate for secondary partnerships. As in the SIS2011 model, we introduce coital
dilution by reducing the transmission rate in secondary partnerships. Aside from this
change, we duplicate the baseline parameterization used in our focal simulations,
reported above.22

The first subplot of Fig. 8 shows the end-of-simulation HIV prevalence outcomes
with coital dilution. In support of the results of Sawers et al. (2011), we find that
coital dilution has an important effect on epidemic likelihood in HIV simulations. In
comparison to our focal simulations reported in Fig. 4, we see substantial dampening
of epidemic outcomes. The SIS2011 result is not overturned by our consideration of
variations in partnership duration. It is noteworthy that even with primary-partnership
duration of a little as ten years, there is no level of secondary-partnership duration that
leads to an epidemic.

21 For additional evidence of coital dilution, see Gaydosh et al. (2013), Reniers and Tfaily (2010), Reniers
and Tfaily (2012), and Reniers and Watkins (2010).
22 Primary partnerships have the highest frequency of sex but need not have the longest duration. As a
concrete example, the post-war partnership between Sartre and de Beauvoir might be classified both as
long-duration and as secondary.
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Fig. 8 Effect of coital dilution: relative to the baseline parameterization, coital dilution lowers HIV preva-
lence at every combination of partnership durations. Concurrency prevalence does not change

The second subplot of Fig. 8 shows the end-of-simulation concurrency prevalence
outcomes with coital dilution. Unsurprisingly it closely resembles Fig. 4. Once again,
as in our focal results, the lowest HIV-prevalence outcomes correspond to the highest
levels of concurrency in the population.

As discussed above, we have so far accepted the Kretzschmar and Morris (1996)
admonition to hold constant the maximum number of partnerships in our pair-
formation model of concurrent partnering. However, as emphasized by Eaton (2013,
p. 60) the introduction of coital dilution begs the question of whether this admonition
should apply to the total number of partners or to the total amount of sex in the popu-
lation. For example, in a model of gonorrhea, Welch et al. (1998, p. 245) introduce a
“concurrency adjusted sex-act rate” with the goal of holding constant the total number
of sex acts in the population. This approach may be seen as more in tune with the
notion of individual “sex budgets” introduced in Blower and Boe (1993). Without
taking a position on which approach to coital dilution leads a theoretical model to
most helpfully guide empirical explorations, it is clear that the consequences within
a model for HIV spread must be quite different. The results reported here emphasize
comparability with the SIS2011 model.

3.2.4 Concurrency resistance

The focal simulations reported in Sect. 3.1 incorporate the lowest level of concurrency
resistance considered in the EHG2011 and SIS2011 models. The corresponding levels
of concurrency prevalence, displayed in the second subplot of Fig. 4, are therefore very
high. However, Sawers and Isaac (2017) suggest that realistic rates of concurrency
prevalence are 20% or less—quite plausibly substantially less.

This subsection therefore considers the implications of somewhat higher levels of
concurrency resistance—enough to push the lowest concurrency outcomes into an
empirically plausible region. The results are displayed in Fig. 9. With more plausible
levels of concurrency, there is a much smaller region of partnership durations in which
an epidemic may emerge. Two key features of our focal simulation remain visible:
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Fig. 9 Effects of concurrency resistance: with greater concurrency resistance, HIV prevalence falls at all
partnership duration combinations. Concurrency prevalence also falls

an increase in partnership duration generally reduces epidemic likelihood, and the
highest concurrency rates coincide with the lowest epidemic rates.

3.2.5 Concurrency and exclusivity

Our previous results treat the issue of concurrency resistance as in EHG2011 and
SIS2011. As a final scenario-contrast experiment, we reformulate concurrency resis-
tance so that it exhibits network sensitivity. As emphasized by Caraëel et al. (2004, p.
60) “people are put at risk not just by their own behavior but by that of others to whom
they are linked”, and (p. 71) “the partners of someone who has several partners may
not have other partners.” In this experiment, our agents display network sensitivity in
partnership selection. Specifically, although agents refuse to partner with those whose
partners have concurrent partners, multiple partnering is otherwise not resisted at all.

This network sensitivity implies a modification of our partnership-formation spec-
ification. Although there is no direct resistance to concurrency, there is resistance to
overlapping webs of concurrent partnerships. For example, under this specification, a
womanwould not resist joining a (formal or informal) polygynousmarriage, as long as
none of the other wives have multiple partners. However, individuals refuse to partner
with someone whose partners have multiple partners. Table 2 provides a decision-
table formulation of the new probability of partnership formation (φ∗). Equation (2)
provides an equivalent algebraic formulation of the process, where deg∗(p) denotes
the maximum number of current partners of any partners of person p.

φ∗(p1, p2, ε) =

⎧⎪⎨
⎪⎩
1 deg(p1) = 0 and deg∗(p2) < 2

1 deg∗(p1) < 2 and deg(p2) = 0

1 − ε otherwise

(2)
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Table 2 Partnership formation with network sensitivity

d2(p1) 0 0 0 1 1 1 2 2 2
d2(p2) 0 1 2 0 1 2 0 1 2

φ∗ 1 1 1 − ε 1 1 − ε 1 − ε 1 − ε 1 − ε 1 − ε

Conditional on an opportunity, partnership formation likelihood depends on the level of concurrency resis-
tance (ε ∈ [0..1]) and the structure of partnerships. Definitions: d2 = 0 means no partners; d2 = 1 means
one or more partners, but those partners have no other partners; d2 = 2 means at least one partner has
another partner

Fig. 10 Effects of network
sensitivity: concurrency
prevalence falls dramatically
(relative to the baseline) when
partnership formation is network
sensitive
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We do not show a contour plot for the end-of-simulation HIV prevalence out-
comes with network-sensitive concurrency resistance, because no epidemics arise at
any combination of partnership durations. A key reason for this is rather surprising:
concurrency plummets with this partnership-formation specification. Figure 10 shows
the end-of-simulation concurrency prevalence outcomes with network-sensitive con-
currency resistance. Despite the complete absence of concurrency resistance when it
comes to star networks, concurrency prevalence is extremely low at every partnership-
duration combination. This is becausewhenever an agent’s partner has another partner,
the agent is no longer attractive for partnership formation.

4 Conclusion

Assumptions about partnership duration have a large influence on the results of agent-
based pair-formation models of concurrency and HIV spread. We demonstrate the
size of this influence by adapting the well-known EHG2011 epidemiological model
(Eaton et al. 2011). Even at the lowest level of concurrency resistance considered
in this model—which produces extremely high levels of concurrency—partnership
durations determine whether or not an initial HIV infection will result in an epidemic.

Our results contradict claims that long-term concurrent partnering is an important
contributor to HIV spread. In general, a longer mean partnership duration slows the
pace at which simulated epidemics grow. We allow mean partnership duration to vary
between primary and secondary partnerships. With empirically plausible assumptions
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about partnership duration and at levels of concurrency found in sub-Saharan Africa,
simulated HIV epidemics grow slowly or not at all.

Our results are consistent with the hypothesis that long-duration partnering is pro-
tective against HIV and inconsistent with the hypothesis that long-term concurrency
drives the HIV epidemics in sub-Saharan Africa. Additionally, our results provide
no reason for empirical researchers to expect a positive simple correlation between
concurrency prevalence and HIV prevalence. Nevertheless, holding mean partnership
duration constant, an increased reluctance to form concurrent relationships produces
a reduction both in concurrency and in the likelihood of epidemic spread.

These results have implications for empirical work on the relationship between con-
currency and HIV prevalence. We have seen that even at extremely high concurrency
levels, there is no epidemic spreadwhen partnership duration is high. Our results estab-
lish the importance for empirical work of recognizing that both HIV prevalence and
concurrency prevalence are endogenous outcomes. Behaviors that increase concur-
rency prevalence—here, average partnership duration—can reduce HIV prevalence.
Empirical as well as theoretical studies of concurrency and HIV should therefore
control for partnership duration. Our results raise particularly serious questions for
researchers whose model parameterizations impose unrealistically short values for
mean partnership duration. This would include the MK1997 model and the EHG2011
model, but not the MK2000 model.

We also find that coital dilution has a strong effect on epidemic likelihood. As with
the SIS2011 model Sawers et al. (2011), our results suggest that the empirical debate
over the extent of coital dilution will have important implications for HIV modeling.
Finally, we find that resistance to concurrency ismuch less important than commitment
to exclusivity in limiting HIV spread.

A core question in HIV research is the status of the concurrency hypothesis. Is
long-term concurrency a primary explanation of HIV’s rapid 20th century growth
and persistently high HIV prevalence in certain countries of sub-Saharan Africa?
Despite closely aligning our model of HIV transmission and concurrent partnering
with key models in the literature that have supported the concurrency hypothesis, our
results raise serious doubts about this hypothesis. In particular, we show that long
duration partnering is protective, even in the presence of unrealistically high levels
of concurrency. We also demonstrate that, in the presence of concurrency, longer
duration partnering implies more concurrency but less HIV. In this sense, our findings
suggest that the two-decade effort to explain HIV prevalence in sub-Saharan Africa
by focusing on the role of concurrency has been misguided. Instead, we lend support
to a substantial literature asserting that stable polygyny can be protective against HIV
(Blower and Boe 1993; Kretzschmar et al. 2010; Lurie and Rosenthal 2010a; Reniers
and Tfaily 2012; Reniers and Watkins 2010).

A detailed parameterization

This appendix provides a detailed parameterization for the baseline model. Refer-
ences to EHG2011 are to Eaton et al. (2011). References to MK1997 are to Morris
and Kretzschmar (1997). References to HAF2008 are to Hollingsworth et al. (2008).
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Note: EHG2011 effectively has only primary partnerships, so primary and secondary
partnership parameters are identical in the baseline parameterization below.

[nMale]
type : int
value : 1000
source : see paper
description : number of males in the population
[nFemale]
type : int
value : 1000
source : see paper
description : number of females in the population
[nRandomSeed]
type : int
value : 7930881
source : EHG2011’s R code
description : base random seed for each scenario; incremented per replicate
[rho]
type : float
value : 0.01
source : MK1997, via EHG2011 Table 1
description : partnership formation rate
[pSeedHIV]
type : tuple of float
value : 0.01 0.01
source : EHG2011 Table 1
description : proportion of males and females seeded with HIV
[nBurnDays]
type : int
value : 365*5
source : EHG2011
description : number of burn days before disease seeding
[nSimDays]
type : int
value : 365*250
source : EHG2011
description : number of simulation days after seeding
[transmissionRatesHIV]
type : tuple of float
value : 0.007315068 0.0002904110 0.002082192 0.0
source : the file concprimaryinf/R/conc.sim.R accompanying EHG2011
description : average (m/f) DAILY transmission probabilities during each stage
[durationsHIV]
type : tuple of int
value : 88 3054 274 307
source : HAF2008 via EHG2011, Table 1
description : duration (in DAYS) of infection stages
[duration01]
type : float
value : 200
source : MK1997, via EHG2011 Table 1 (equates to sigma of 0.005)
description : mean duration (in DAYS) of primary partnerships
[duration02]
type : float
value : 200
source : to match EHG2011 Table 1 (which does not differentiate pship types)
description : mean duration (in days) of secondary partnerships
[secondarySexfreq]
type : float
value : 1.0
source : chosen to match EHG2011 (which does not differentiate pship types)
description : relative sex-act frequency (secondary vs primary pships)
[epsilon]
type : computed float
value : None
source : MK1997, via EHG2011 Table 1, float in (0,1), see paper
description : concurrency resistance parameter
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[pTransmissionMotherChildHIV]
type : float
value : 0.0
source : EHG2011 has no MTCT, so 0.0 baseline probability
description : probability of seropositive mother-to-newborn transmission
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