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Abstract

Objective

To compare the effects of polygyny (only males can form concurrent partnerships) and
gender-symmetric concurrency (both genders can form concurrent partnerships) on
prevalence of long-duration STls using a dynamic stochastic network model.

Methods

We modelled two pairs of scenarios: polygyny and gender symmetry at higher and lower
levels of network concurrency (measured by the average number of concurrent partnerships
per partnership). The same level of sexual activity was modelled in all scenarios (measured
by mean per-capita partnership incidence and per-capita number of sex-acts). Partnership
duration and network concurrency were constant within each of the polygyny/symmetry pairs.
Infections that mimicked characteristics of HSV2 and HIV were introduced onto the networks
separately. The mean prevalence 100 years after introduction for the HSV2-like infection and
30 years after introduction for the HIV-like infection were calculated over 1000 model
iterations.

Results

Prevalence of both simulated STIs was significantly lower in the polygyny scenarios than in
the symmetry scenarios. At lower concurrency, polygyny resulted in a relative reduction in
HSV2-like infection prevalence of 19% (95% confidence interval= 15-23) compared to
gender-symmetry. At higher concurrency polygyny led to a relative reduction of 20% (16-23).
The relative reduction in prevalence of the HIV-like infection after 30 years was 14% (10-17)
at lower concurrency and 8% (5-11) at higher concurrency.

Conclusions

Polygyny can result in lower STI prevalence compared to populations where both genders
practise concurrency. Further work is required to explore whether this reduction is observed

when modelling more realistic populations and infection characteristics.
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Introduction

The burden of HIV/AIDS is disproportionately high in Sub-Saharan Africa. In 2008, the region
accounted for 71% of all new HIV infections [1]. Concurrent sexual partnerships (overlapping
partnerships with a partner in common) have been proposed as one explanation for the high
prevalence of HIV infection in some countries [2, 3]. Modelling studies suggest the presence
of concurrent sexual partnerships can increase the rate of invasion of STIs [4-6], but
empirical evidence is equivocal, partly due to difficulties in collecting information on and

quantifying concurrency [7,8].

In contrast, a recent multi-country empirical ecological analysis by Reniers and Watkins
showed that HIV prevalence is lower in countries with higher levels of polygyny (a specific
form of institutionalised concurrency where men have many wives but women are
monogamous) [9]. This association remained after adjusting for confounding factors such as
the level of male circumcision. A similar negative association was found in an earlier
ecological empirical study in Malawi [10]. Although these associations may be due to the
ecological inference fallacy [11] and therefore we cannot draw conclusions at the individual
level, the difference between polygyny and symmetric concurrency relates to the structure of
the network as a whole, rather than the behaviour of individuals, so examining data at the
ecological level is appropriate. Reniers and Watkins suggest one possible causal
explanation for this association: polygyny prevents the formation of larger groups of
individuals connected by partnerships (also called current-partnership network components)

compared to a situation in which both males and females can form concurrent partnerships

[9].

In this study we explored the hypothesis that polygyny may lead to lower HIV prevalence

compared to the scenario where both genders can form concurrent partnerships. We used a
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model to simulate the spread of two sexually transmitted infections (STIs) on a heterosexual
partnership network in which (a) only males can form concurrent partnerships (polygyny), or
(b) both males and females can form concurrent partnerships (gender-symmetric
concurrency), while keeping the overall level of sexual activity in the simulated populations

constant.



Methods

The Mukwano network STI model

Mukwano is a dynamic, event-driven individual-based network model [12, 13] which
simulates births and deaths, partnership formation and dissolution, and STI transmission in a
population over a period of time. Events are modelled to occur sequentially using a calendar
gueue [14]. The input parameters are used to set demographic, behavioural and
epidemiological characteristics at the individual or population level, and population level
outcomes, such as STI prevalence, can be measured from the model output. Details of the
model and how events are scheduled are given in the Supplementary Material Sections S.0-

S.4.

After Chick et al [15], concurrency in the simulated network was controlled by varying a
concurrency parameter 8, a real number between 0 and 1 which is specific to gender g. The
role of 8, in partnership formation is described in detail in the Supplementary Material Section
S.2. 84" can be thought of as the probability that a person with p current partners can take
another partner, where p is a non-negative integer. We defined 0° to be equal to one.
Therefore when we set 6, to be equal to one, the value of 6,” is equal to one regardless of
the value of p, so the probability that a simulated individual can take another partner is
unchanged for any number of current partners. If 8, is less than one the probability that a
simulated individual can take another partner decreases with increasing numbers of partners.
If we set 8, to be zero then simulated individuals can only take one current partner and
therefore behave monogamously. Balancing the number of partnerships acquired by males

and females followed a method proposed by Hallett et al [16].

Scenarios
We modelled two pairs of scenarios for the sexual network:

1. Lower level of concurrency a) polygyny
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b) gender-symmetry
2. Higher level of concurrency a) polygyny

b) gender-symmetry

All four scenarios were constructed to simulate the same level of sexual activity, measured
by the same per-capita mean annual partnership incidence, and the same per-capita mean
annual number of sex acts. The (a)-(b) pairs have the same level of concurrency, measured,
after Morris and Kretzschmar [6], by «, the average number of concurrent partnerships per
partnership in the simulated population. To measure k at a point in time, we summed, over
all partnerships in the network at that point, the number of other partnerships that partnership
was concurrent with (i.e. had a partner in common with). This number was divided by the
total number of partnerships in the population at that time to give an average number of
concurrent partnerships per partnership. If all individuals in a population are monogamous
then the number of concurrent partnerships is zero for all partnerships, and thus k = 0. If one
or both of the genders are not monogamous then the number of concurrent partnerships per

partnership increases and k > 0.

The infections mimicking HSV-2 and HIV were introduced separately onto each of these four

scenarios of the sexual networks, and therefore we simulated eight scenarios in total.

Demography

We simulated a population of 1000 males and 1000 females. The birth rate was 0.05 per
woman per year for women over 20 years of age. Individuals become sexually active at age
20, remain sexually active for 40 years, and then die at age 60. In the absence of HIV-

related mortality, population size was approximately constant.

Behaviour



In all scenarios the mean incidence rate of new partnerships was 0.15 per person per year.
The mean per-capita number of sex-acts per year was 35 in all scenarios (averaging over all
members of the population, including those not in partnerships). In the polygyny scenarios,
the value of 8 for males (6,,) was 1 and the value of 8 for females (6;) was 0. In the gender-
symmetric scenarios, 6, = 6; = 6. The values of 8 were found by fitting the model to the
desired values of partnership incidence rate, sex-act rate, and « as described in section S.5
of the Supplementary Material. The higher concurrency scenarios 2a and 2b had a longer
mean partnership duration (6.5 years) and a higher « (0.8) than the lower concurrency
scenarios (duration = 2.5 years and k = 0.4). See Table S.6 and S.7 in the supplementary

material for details of all parameter values.

The behavioural characteristics of the simulated network were found to stabilise by 50 years

for all scenarios, so STIs were introduced at year 50.

Infection

We simulated two long duration STIs. We first simulated HSV2 because this infection does
not alter the structure of the sexual network by causing death and therefore the results from
these scenarios are easier to interpret. We then repeated the scenarios with a second
infection to mimick HIV by causing death. For simplicity and to allow easier comparison with
the results for the non-fatal HSV2 infection, the same transmission probabilities were also

assumed for the ‘HIV-like’ infection. HIV treatment was not modelled.

In year 50 we separately introduced these two infections onto the simulated networks
described above. 1% of individuals were randomly selected for infection. After introduction,
the model was run for a further 100 years for HSV2 to allow an endemic prevalence to be
reached, and 30 years for HIV, approximating the time HIV has been spreading widely in

many sub-Saharan Africa countries.



In line with earlier modelling studies of HSV2 transmission in sub-Saharan Africa, for
simplicity the simulated natural history of HSV2 was categorised into three stages: ‘primary’,
‘middle’, and ‘late’ [17-20]. Per-contact male-to-female (MtoF) transmission probabilities for
both HIV and HSV2 were assumed to be twice those for female-to-male [21]. Per-contact
HSV2 transmission probabilities were assumed to be highest during the ‘primary’ stage
(MtoF=0.29) and lower during the ‘middle’ stage (MtoF=0.015) [22]. We assumed no HSV2
transmission during the ‘late’ stage. The durations of the STI stages were modelled as
Weibull distributions with shape parameter 2, and mean stage durations of 1 month, 10 years
and lifelong, respectively. Peaked distributions such as Weibull have been shown to provide
a better fit than exponential distributions, for example the time from infection to death for HIV
[23]. However, after around 10.1 years [24], individuals with the ‘HIV-like’ infection were

simulated to die, rather than entering a non-infectious ‘late’ stage as for HSV2.

Outcomes

The current (instantaneous) partnership network was analysed because polygyny is defined
on current partnership status rather than cumulative partnership status. To illustrate the
differences between the simulated networks, in addition to network characteristics described
above, for each scenario at year 50 we report the mean size of the largest connected group
of individuals (component) in the network and the mean component size distribution. We
selected, at random, one of the model iterations in which the observed largest component
size was equal to this mean (to the nearest integer), then selected, at random, one of the
largest components in this iteration to illustrate a typical ‘largest component’ in each

scenario. The mean distribution of the number of current partners is also shown.

Mean prevalence over time and 95% confidence intervals for the mean were calculated

based on 1000 simulation runs. The relative difference in prevalence was calculated 100
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years after introduction for HSV2 and 30 years after introduction for HIV. Confidence
intervals for the relative difference were calculated by taking a log-transform of the ratio [25].
For comparison with the HIV-like infection, we also calculated results at 30 years for the

HSV?2 infection.

Results

Behavioural characteristics of the simulated scenarios

The actual outputs of the model (given in full in section S.6 of the supplementary material)
agreed with the intended behavioural characteristics as described in the methods. The
simulated level of sexual activity was constant in all scenarios: the mean annual partnership
incidence per person was 0.15 and the mean annual number of sex-acts per person was 35.
The mean number of concurrent partnerships per partnership, k, was 0.4 in the lower

concurrency scenarios and 0.8 in the higher concurrency scenarios.

Figure 1 (left) shows the component size distributions in the four scenarios. The component
size distribution is fairly similar in the polygyny and symmetry scenarios, particularly at the
lower concurrency level. Reniers et al proposed that, despite the same overall level of
sexual activity and concurrency, polygyny prevented the formation of larger groups of
individuals connected by partnerships compared to gender-symmetry in concurrency. We
see this effect, particularly at higher concurrency. In the lower concurrency scenarios the
mean size of the largest component was 4.4 in the polygyny scenario and 5.5 in the
symmetry scenario. In the higher concurrency scenarios these figures are 6.1 and 10.1.
Differences in the structure of the typical largest component from the networks used can be
seen in Figure 1 (middle and right). Longer chains can form in the symmetry scenarios, but

under polygyny the longest chain is of length 2.

[Figure 1 about here]
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The mean number of current partners per person was the same in each gender and in each
polygyny-symmetry pair (0.35 in the lower concurrency scenarios and 0.80 in the higher
concurrency scenarios). Figure 2 shows the instantaneous mean partnership distribution for
the four scenarios. As expected polygyny increased heterogeneity in numbers of current
partners in males and decreased heterogeneity in current partners in women, compared to

gender-symmetry in concurrency.

[Figure 2 about here]

Infection prevalence
Mean infection prevalence was significantly lower in polygyny scenarios compared to
symmetric concurrency scenarios for both HSV2 and HIV at both concurrency levels (Figure

3).

[Figure 3 about here]

HSV2

After 100 years, in the lower concurrency scenarios the mean prevalence was 6.3% (95%
confidence interval= 6.0-6.5) in the gender-symmetric concurrency scenarios and 5.1% (4.9-
5.3) in the polygyny scenarios (Figure 3). The relative reduction in mean prevalence was
19% (14.6-22.9). In the higher concurrency scenarios, the mean prevalence was 7.2% (7.0-
7.5) in the gender-symmetric concurrency scenarios and 5.8% (5.6-6.0) in the polygyny

scenarios. The relative reduction in mean prevalence was 20% (15.8-23.1).

As a comparison with the HIV-like infection, we also present the results after 30 years. In the

lower concurrency scenarios the mean prevalence was 5.0% (95% confidence interval= 4.9-
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5.1) in the gender-symmetric concurrency scenarios and 4.5% (4.4-4.6) in the polygyny
scenarios (Figure 3). The relative reduction in mean prevalence was 11% (7.7-13.6). In the
higher concurrency scenarios, the mean prevalence was 6.3% (6.2-6.4) in the gender-
symmetric concurrency scenarios and 5.5% (5.4-5.6) in the polygyny scenarios. The relative

reduction in mean prevalence was 13% (10.1-15.5).

HIV

After 30 years, in the lower concurrency scenarios the mean prevalence was 2.7% (2.6-2.8)
in the gender-symmetric concurrency scenarios and 2.3% (2.3-2.4) in the polygyny scenarios
(Figure 3). The relative reduction in mean prevalence was 14% (10.2-17.4). In the higher
concurrency scenarios, the mean prevalence was 4.0% (3.9-4.1) in the gender-symmetric
concurrency scenarios and 3.7% (3.6-3.9) in the polygyny scenarios. The relative reduction
in mean prevalence was 8% (4.5-11.4). The impact on HIV on the network characteristics

after 30 years was small (see section S.8 in supporting material).

Discussion

The mean prevalence of both infections was significantly lower in simulated populations
where only one gender practises concurrency compared to those where both genders
practise concurrency. We compared simulated populations in which the mean rate of new
partnerships per person, the mean number of sex-acts per person, and the mean number of
concurrent partnerships per partnership, k, was the same, so this difference was not
attributable to a differing overall level of sexual activity or overall level of concurrency
between the populations, but how polygyny caused partnerships to be distributed within

these simulated populations.

The mean size of the largest component was higher in the symmetry scenarios, but the

overall component size distributions were fairly similar. However the structure of the largest
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components is different: markedly longer partnership-chains were observed in the symmetry
scenarios (Figure 1). Under polygyny, an STI cannot travel further than from a woman to a
man and his immediate partners until one of the partnerships dissolves. This constraint is

removed when both genders have concurrent partnerships.

It has been shown here that infection prevalence can be lower in polygynous populations
than in populations where concurrency is symmetric. However it does not prove that the
structural differences in the network drive the negative association described in the study by
Reniers and Watkins [9]; as the authors suggest, this could also be due to lower coital
frequency in polygynous unions, or an artefact of the ecological inference fallacy. In addition,
models are necessarily simplifications of reality and the simulations used in this study are
much simpler than real populations in terms of demography, sexual behaviour and
epidemiology. For convenience simulated fertility rates were lower than commonly observed
in sub-Saharan Africa to allow the population size to be kept constant. In order to compare
the high and low concurrency scenarios we required the overall level of sexual activity to be
the same. Constraining the parameters in this way necessitated a high proportion (70%, see
Figure 2) of the population to not be in partnership at a point in time in the low concurrency
scenarios. The population size was small and homogeneous in sexual behaviour within
genders. Only heterosexual partnerships were modelled, and we modelled random
partnership formation by age. To ensure the results were easier to interpret, other known
behavioural and biological determinants of transmission (such as casual partnerships, sex
work and STI co-factors for HIV transmission [26]) were not modelled. As a result we
simulated lower HIV and HSV2 prevalences than are typically observed in sub-Saharan
Africa populations [27, 28]. Our assumed transmission probabilities for the ‘HIV-like’
infection were much higher (around 10 times) than observed [29, 30] to allow us to more

easily compare the effect of an STI that leads to infection-related death to the effects of an
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‘HSV2-like’ infection. Further work is required to explore whether our results are robust to

modelling more realistic simulated populations and infection characteristics.

Concurrency is commonly thought to increase the prevalence of HIV [5]. In contrast, this
study tends to support the hypothesis from ecological studies that polygyny, a specific form
of institutionalised concurrency, may be protective against HIV at the population level [9, 10].
A recent Demographic and Health Survey working report of an analysis of data from 18
counties in Africa found that polygyny accounted for a substantial proportion (between 11%
and 21%) of concurrent relationships in all countries [31], so making a distinction between
polygyny and other types of concurrent relationships could be important for understanding
differing epidemiological trends and implementing interventions that seek to reduce levels of

concurrency [7].
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Key messages

e Concurrency is thought to fuel HIV epidemics but ecological data demonstrate that
HIV prevalence is lower in populations with more polygyny.

e One causal explanation for this finding is that polygyny prevents the formation of
large groups of individuals connected by partnerships.

e This modelling study tested this hypothesis and showed that the prevalence of
infections like HSV2 and HIV was lower in networks modelling polygyny.

e Making a distinction between polygyny and other types of concurrency could be
important for implementing interventions that seek to reduce levels of concurrency to

reduce HIV transmission.
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Figure legends
Figure 1 Component size distribution and typical largest network component in each
of the four scenarios

Figure 2 Distribution of number of current partners in simulated populations in each
of the four scenarios

Figure 3 Impact of polygyny vs. gender-symmetric concurrency on mean prevalence

of an HSV2-like and HIV-like infection over time. Dashed lines show 95% confidence
intervals for the mean
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