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ABSTRACT
Objectives Combination packages for HIV prevention
can leverage the effectiveness of biomedical and
behavioural elements to lower disease incidence with
realistic targets for individual and population risk
reduction. We investigated how sexual network
structures can maximise the effectiveness of a package
targeting sexually active adults in sub-Saharan Africa
(SSA) with intervention components for medical male
circumcision (MMC) and sexual partnership concurrency
(having >1 ongoing partner).
Methods Network-based mathematical models of HIV
type 1 (HIV-1) transmission dynamics among
heterosexual couples were used to explore how changes
to MMC alone and in combination with changes to
concurrency impacted endemic HIV-1 prevalence and
incidence. Starting from a base model parameterised
from empirical data from West Africa, we simulated the
prevalence of circumcision from 10% to 90% and
concurrency was modelled at four discrete levels
corresponding to values observed across SSA.
Results MMC and concurrency could contribute to the
empirical variation in HIV-1 disease prevalence across
SSA. Small reductions in concurrency resulted in large
declines in HIV-1 prevalence. Scaling up circumcision in
low-concurrency settings yields a greater relative beneﬁt,
but the absolute number of infections averted depends
on both the circumcision coverage and baseline
incidence. Epidemic extinction with this package will
require substantial scale-up of MMC in low-concurrency
settings.
Conclusions Dynamic sexual network structure should
be considered in the design and targeting of MMC
within combination HIV-1 prevention packages. Realistic
levels of coverage for these packages within southern
Africa could lead to a reduction of incidence to the low
levels observed in western Africa, and possibly, epidemic
extinction.

INTRODUCTION
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The predominant mode of transmission for HIV
type 1 (HIV-1) is sexual, with most infections
occurring within heterosexual partnerships in lowincome and middle-income regions, including
sub-Saharan Africa (SSA). Biomedical tools like
early antiretroviral therapy (ART) and oral preexposure prophylaxis are highly effective for HIV
prevention in these settings.1 Medical male circumcision (MMC) is another, surgical approach: the

prevalence of circumcision across SSA negatively
correlates with HIV-1 prevalence, and randomised
controlled trials (RCTs) have observed prevention
beneﬁts of over 50% for men.2 Yet MMC interventions alone will likely not eradicate HIV-1 within
SSA, due to less than perfect efﬁcacy, high levels of
coverage required and the potential for risk
compensation.3
Combination packages for HIV-1 prevention
leverage individual tools bundled together to
achieve synergistic reductions in disease incidence.4
Packages may include interventions like MMC
along with behavioural risk reduction components.
Although no RCT of a purely behavioural intervention has reduced HIV-1 incidence,5 their combination with biomedical technologies could generate
an impact. Even in the absence of behaviour
change, targeting packages based on behavioural
risk proﬁles of the population may maximise
package efﬁciency. Ongoing challenges in packaging
include estimating the contributions of combination
package elements alone and together for package
design, and also predicting the best settings for
cost-efﬁcient package targeting.
Mathematical modelling has been used to investigate MMC, alone and in combination packages, to
estimate impact on HIV incidence.6 One limitation
of prior models has been their representation of
baseline sexual behaviour (ie, before an intervention) and the type of behavioural change needed
for meaningful epidemic control.3 The mathematical framework of these models (deterministic and
compartmental) is limited in realistically representing dynamic sexual networks. Network structures
have strong inﬂuences on transmission potential:
small changes in network connectivity can generate
large, non-linear reductions in disease incidence.7
Models of HIV interventions with behavioural
components should therefore represent behaviour
within sexual networks realistically.
In this study, we use mathematical models that
explicitly simulate dynamic heterosexual partnership networks to understand an HIV prevention
package that combines MMC with changes to
network connectivity as a function of sexual partnership concurrency (having more than one
ongoing partner).8 9 Using a data-driven approach
to simulating sexual behaviour, we address three
related questions. First, to validate the behavioural
model speciﬁcations, do the differences in male

Jenness SM, et al. Sex Transm Infect 2016;0:1–6. doi:10.1136/sextrans-2015-052476

Copyright Article author (or their employer) 2016. Produced by BMJ Publishing Group Ltd under licence.

1

Downloaded from http://sti.bmj.com/ on June 13, 2016 - Published by group.bmj.com

Epidemiology
circumcision and network structure across SSA help to explain
the variation in HIV-1 prevalence across SSA? Second, how do
concurrency and MMC combine to reduce HIV incidence in
SSA, including to extinction levels? Third, even in the absence
of behaviour change, how does MMC intervention performance
depend on network structure for the purposes of MMC
targeting?

METHODS
This study used stochastic network-based mathematical models
of HIV-1 transmission dynamics among heterosexual couples in
SSA. More detailed methods, including model parameterisation,
simulation and data analysis methods are provided in the online
supplementary appendix.
Behavioural parameters governing the base model network
structure were estimated from the Migration & HIV in Ghana
(MHG) study, a 2012 cross-sectional study of adults in a
resource-poor area of Accra, Ghana, designed speciﬁcally to parameterise mathematical models.10 A probability sample of the
population was obtained; study procedures included a diagnostic HIV-1/2 test and a standardised survey on sexual behaviours,
including network data on partnerships.

Dynamic sexual networks
To simulate networks, we used temporal exponential random
graph models, a ﬂexible statistical framework for estimating the
parameters of partnership formation and dissolution across networks.11 Our models included parameters for heterosexual-only
mixing, mean momentary degree (average number of partnerships per person in any cross-section), and the prevalence of
concurrent partnerships (ie, degree >1). Degree terms were
stratiﬁed by sex, as men exhibited both higher mean degree and
prevalence of concurrency.12 A parametrical term was used to
model sex-asymmetry in age homophily typical of heterosexual
partners in SSA: persons tended to select partners similar in age,
but asymmetrically, as men were older than their female partners (an average 5.4 years in MHG).
Partnership dissolution was modelled as a constant hazard.
We used Kaplan-Meier methods to estimate the dissolution coefﬁcient as a transform of the mean partnership duration. This
coefﬁcient was adjusted to minimise the distance between the
HIV prevalence observed in MHG (4.7%) and the simulated
prevalence at equilibrium. This translated to a reduction in the
mean duration by 0.9 years; the expected number of lifetime
partners between the MHG estimates (9.6) and simulations after
this adjustment (10.1) were similar.12

HIV progression and transmission
We assigned a base CD4 count at infection conditional on sex,
with a downward non-linear slope (in the absence of ART) conditional on infection age.13 HIV viral load followed a trajectory
of peak viraemia during acute-stage infection, followed by a set
point viral load during chronic infection, with a subsequent rise
during late-stage infection leading to AIDS and disease-induced
mortality.14 Also upon infection, persons were randomly
assigned a CD4 count to initiate ART, based on clinical data.15
An upper limit for starting values (CD4=350) matched
Ghanaian health policy at the study time. We imposed an
overall cap on ART coverage given estimates that 30% of those
indicated for ART had initiated treatment.16 Upon ART initialisation, persons were partitioned into full and partial adherence
groups so that the average levels of HIV viral suppression
matched empirical estimates of suppression across SSA.17 ART
2

adherence caused an increase in CD4 to preinfection levels and
a reduction in viral load to undetectable levels.18
HIV transmission was simulated over active partnership dyads
given the network model structure at each time step. The perpartnership transmission rate was based on the statistical model
from Hughes,19 which predicted the per-act transmission probability as a continuous, non-linear function of the infected’s
viral load, as well as condom use and the sex, age and circumcision status of the susceptible. The ﬁnal transmission rate per
partnership per unit time was an exponential function of the
per-act transmission probability and the number of acts per partnership per unit time.

Base and counterfactual models
Our base model replicated the epidemic observed in the MHG
study. We then varied the two key inputs (levels of circumcision
and concurrency) over a range of values that included those
commonly reported across SSA. For circumcision, the base value
was 90%, while counterfactual models covered 10–90%. Point
prevalence of concurrency differed strongly by sex in Ghana—
17.8% of men and 2.8% of women reported >1 ongoing
partner—a differential consistent with most SSA heterosexual
populations. Levels of concurrency are known to vary considerably across SSA,8 reﬂecting both true differences and measurement error. We modelled four concurrency values that captured
this observed variation across SSA. The High scenario was the
observed level; Moderate was 75%, Medium was 50% and Low
was 25% relative to observed. Prevalence of circumcision and
concurrency within each scenario was assumed to be ﬁxed at
onset of sexual activity, with targeted levels stable for the duration of each simulation. We considered modelling an
individual-level correlation between concurrency and circumcision (for men) within each scenario, as circumcised men could
have differential rates of concurrency, but found no evidence for
this within-person association within either our MHG data set
or secondary literature from elsewhere in SSA. Across all scenarios, the mean momentary degree and partnership duration
were held constant, such that the per capita number of partnerships at any time, the partnership acquisition rate and the cumulative number of expected lifetime partners (all three functions
of mean degree and duration) were all equivalent. Variance in
the degree distribution increased minimally with concurrency
because we included a maximum degree constraint of three in
our models to be consistent with our data collection instrument.
A total of 36 scenarios (4 concurrency levels by 9 circumcision levels) were modelled. Each scenario was simulated 250
times over 100 years in a network size of 10 000 men and
women to establish the endemic prevalence and incidence. The
summary prevalence and incidence statistics, with associated
variance components, represented the ﬁnal 100 time steps in
each simulation set. Given the model stochasticity, 50% credible
intervals (CrIs) provided the range of most likely outcomes.

RESULTS
The base scenario model yielded an endemic HIV-1 prevalence
of 4.7% (CrI=3.7%, 5.6%), matching observed prevalence data
by design (see online supplementary ﬁgure S1). Endemic incidence was 0.43 per 100 person-years (CrI=<0.01, 0.51).
Stochastic variability in predicted prevalence and incidence was
signiﬁcant for the base model and other low-prevalence scenarios discussed below.
Table 1 provides a numerical summary of the endemic HIV-1
prevalence across all 36 parameter sets. Prevalence was lower as
concurrency decreased and circumcision increased, both
Jenness SM, et al. Sex Transm Infect 2016;0:1–6. doi:10.1136/sextrans-2015-052476
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Table 1 Equilibrium HIV type 1 (HIV-1) prevalence with 50% credible intervals (CrIs) and prevalence ratios (PrRs) comparing HIV-1 prevalence
by concurrency level within circumcision level
Concurrency Level*
High

Moderate

Medium

Low

Circumcision level (%)

Prevalence (50% CrI)

PrR

Prevalence (50% CrI)

PrR

Prevalence (50% CrI)

PrR

Prevalence (50% CrI)

PrR

90
80
70
60
50
40
30
20
10

4.7 (3.5, 5.6)
9.5 (8.2, 10.8)
14.4 (13.1, 15.7)
18.5 (17.2, 19.8)
21.2 (20.0, 22.4)
24.8 (23.4, 26.0)
28.3 (27.0, 29.4)
30.7 (29.6, 31.8)
33.6 (32.5, 34.7)

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

0.3 (<0.1, <0.1)
3.4 (2.5, 4.2)
7.1 (6.0, 8.0)
11.0 (9.8, 12.1)
14.9 (13.5, 16.1)
18.2 (17.0, 19.4)
21.6 (20.2, 22.9)
24.9 (23.7, 26.1)
27.6 (26.3, 28.7)

0.06
0.36
0.49
0.59
0.70
0.73
0.76
0.81
0.82

0.1 (0.0, <0.1)
0.7 (<0.1, 0.1)
1.4 (0.1, 1.9)
4.9 (4.0, 5.8)
7.4 (6.3, 8.4)
11.5 (10.2, 12.7)
15.2 (14.0, 16.4)
18.7 (17.6, 19.9)
21.3 (20.1, 22.7)

0.02
0.07
0.10
0.26
0.35
0.46
0.54
0.61
0.63

0.0 (0.0, 0.0)
0.3 (<0.1, 0.1)
0.9 (0.1, 1.2)
1.8 (1.3, 2.3)
3.9 (3.1, 4.5)
6.2 (5.2, 7.1)
9.6 (8.5, 10.6)
12.0 (11.1, 13.0)
16.2 (15.3, 17.3)

–
0.03
0.06
0.10
0.18
0.25
0.34
0.39
0.48

*High (observed)=17.8% for men and 2.8% for women; Moderate (75% of observed)=13.4% for men and 2.1% for women; Medium (50% of observed)=8.9% for men and 1.4% for
women; and Low (25% of observed)=3.3% for men and 0.5% for women.

independently and jointly, with means ranging from 0% to 34%
HIV prevalence at extreme values. Holding concurrency ﬁxed at
the observed base levels, endemic prevalence was predicted to
be 21.2% if 50% of men were circumcised versus 33.6% if 10%
of men were circumcised. In the Low concurrency scenario,
where an average of 4.5% of men and 0.7% of women exhibited concurrency, the maximum predicted disease prevalence
would be 16.2% in the scenario with 10% circumcision.
The prevalence ratios in table 1 contrast simulated prevalence
across concurrency scenarios but within circumcision levels.
Compared with the base scenario, prevalence would decline by
94% by changing concurrency to moderate levels. In the 40%
circumcision setting (typical of many regions in southern SSA),
reducing levels of concurrency by less than 10% for men and
less than 2% among women (contrasting the High to Medium
scenarios) would be expected to reduce endemic prevalence by
over half, from 24.8% to 11.5%. To achieve that level of prevalence reduction by circumcision would require nearly 40%
more men become circumcised (contrasting 40% to 80% in the
High scenario).

Figure 1 plots the differences in endemic HIV-1 prevalence
across two sets of counterfactuals, visualising the stochastic variability in outcomes and the non-linearity in prevalence reductions. Whereas changing concurrency from the base High values
results in a strong reduction of prevalence down to extinction
levels, differences in prevalence across circumcision scenarios
reﬂects a linear trend between intervention coverage and disease
outcomes.
In the 90% circumcision scenario, both ﬁgure 1 and table 1
show the skewed distributions of outcomes under the Moderate,
Medium and Low concurrency scenarios. The means for the
prevalence values fell outside their 50% CrI because of epidemic extinction, a phenomenon that occurs as the system nears
the threshold for sustainable transmission. Online supplementary ﬁgure S2 plots the probability of extinction on a continuous
scale. Extinction was only observed in four scenarios, three of
which were at this highest circumcision level; extinction probability in the four scenarios at 90% circumcision was 0%, 28%,
61% and 92%.

Figure 1 Distribution of equilibrium HIV prevalence across concurrency levels and circumcision prevalence levels. Concurrency categories:
High (observed)=17.8% for men and 2.8% for women; Moderate (75% of observed)=13.4% for men and 2.1% for women; Medium (50% of
observed)=8.9% for men and 1.4% for women; and Low (25% of observed)=3.3% for men and 0.5% for women. Left panel compares prevalence
given base circumcision value (90%) and varying concurrency scenario. Right panel compares prevalence given base concurrency scenario (High)
and varying circumcision value.
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Table 2 Equilibrium HIV type 1 incidence rates per 100 person-years with 50% credible intervals (CrIs) and incidence rate ratios (IRRs)
comparing incidence by circumcision level within concurrency level
Concurrency level*
High

Moderate

Medium

Low

Circumcision level (%)

Incidence (50% CrI)

IRR

Incidence (50% CrI)

IRR

Incidence (50% CrI)

IRR

Incidence (50% CrI)

IRR

90
80
70
60
50
40
30
20
10

0.43
0.90
1.36
1.78
2.09
2.49
2.88
3.18
3.57

0.119
0.252
0.382
0.499
0.587
0.698
0.808
0.892
1.000

0.03 (0.00,
0.31 (0.00,
0.64 (0.00,
1.02 (0.55,
1.40 (0.62,
1.75 (0.72,
2.11 (1.38,
2.49 (1.56,
2.79 (1.72,

0.009
0.110
0.230
0.365
0.501
0.627
0.756
0.891
1.000

0.01
0.06
0.12
0.44
0.65
1.05
1.40
1.77
2.05

0.004
0.027
0.061
0.214
0.319
0.513
0.686
0.864
1.000

0.00
0.02
0.07
0.15
0.33
0.53
0.83
1.06
1.47

0.000
0.017
0.049
0.101
0.224
0.359
0.564
0.722
1.000

(0.00,
(0.52,
(0.61,
(0.72,
(1.35,
(1.54,
(1.75,
(1.89,
(2.14,

0.52)
1.17)
1.87)
2.59)
2.86)
3.30)
3.79)
4.27)
4.66)

0.00)
0.49)
1.04)
1.62)
1.91)
2.53)
2.92)
3.34)
3.67)

(0.00,
(0.00,
(0.00,
(0.00,
(0.00,
(0.57,
(0.64,
(0.74,
(0.89,

0.00)
0.00)
0.00)
0.53)
1.06)
1.67)
1.95)
2.30)
2.91)

(0.00,
(0.00,
(0.00,
(0.00,
(0.00,
(0.00,
(0.52,
(0.59,
(0.68,

0.00)
0.00)
0.00)
0.45)
0.51)
0.99)
1.17)
1.65)
2.07)

*High (observed)=17.8% for men and 2.8% for women; Moderate (75% of observed)=13.4% for men and 2.1% for women; Medium (50% of observed)=8.9% for men and 1.4% for
women; and Low (25% of observed)=3.3% for men and 0.5% for women.

Table 2 shows incidence rates across the 36 scenarios compared with base model incidence of 0.43 per 100 person-years.
Incidence ranges from 3.57 (CrI=2.14, 4.66) in the highest-risk
scenario to effectively 0 in the lowest-risk scenario. The table
also shows the incidence rate ratios, comparing the predicted
incidence within each of the four concurrency scenarios but
varying the prevalence of circumcision. Increasing circumcision
coverage from 10% to 50% in the High scenario would reduce
the incidence by over 40%, but the relative change in the lower
concurrency scenarios would be even greater, with a relative
decline of over 75% in the Low scenario with the same change
in circumcision coverage.
Figure 2 plots the relative (left panel) and absolute (right
panel) changes in incidence by circumcision level in the four
network scenarios. The per cent of infections averted standardised the differences in incidence rate to the rate in the 10% circumcision scenario. On this metric, MMC scale-up yielded
better outcomes in lower-concurrency scenarios: incidence was

already lower due to less behavioural risk in the population, and
MMC scale-up contributed a larger reduction of that residual
incidence. In contrast, with the number of infections averted,
which did not standardise to the reference scenario, increasing
MMC coverage did not confer differential results up to modest
intervention levels (<40% circumcised). But above this, MMC
has the greatest impact in high concurrency, and therefore, highincidence scenarios. Increasing circumcision coverage from 10%
to 90% in the High scenario would avert 3142 infections per
100 000 person-years compared with 1467 infections in the
Low scenario.

DISCUSSION
In this mathematical model for HIV-1 transmission, we investigated how changes to the network structure and circumcision
rates could impact HIV-1 incidence among heterosexuals in
SSA. Using empirically grounded behavioural scenarios reﬂecting the natural variation in concurrency and circumcision across

Figure 2 Estimated per cent of infections averted (left panel) and number of infections averted (NIA) (right panel) comparing levels of circumcision
prevalence to lowest simulated value (10%), across the four concurrency levels. Concurrency categories: High (observed)=17.8% for men and 2.8%
for women; Moderate (75% of observed)=13.4% for men and 2.1% for women; Medium (50% of observed)=8.9% for men and 1.4% for women;
and Low (25% of observed)=3.3% for men and 0.5% for women. The per cent of infections averted is 1—the incidence rate ratio comparing the
HIV-1 incidence in each circumcision level of circumcision relative to the 10% scenario. The number of infections averted is expressed in terms of
100 000 person-years at risk of observation time, compared with the starting value in the 10% circumcision scenario.
4
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SSA, differences in only these two features helped to explain
much of the variability in HIV prevalence across the region. A
large scale-up of a combination package with MMC and behavioural risk reduction related to concurrency could drive the HIV
epidemic to extinction in this setting, but only with substantial
uptake of both elements. Directing MMC interventions based
on network structure could provide a robust, data-driven
method for package targeting.
To validate the baseline biobehavioural framework of our
model, we explored the endemic HIV-1 prevalence level associated with different levels of MMC and concurrency. Due to
technical challenges in modelling dynamic sexual networks, few
modelling studies have addressed this question. Previous models
have investigated the effects of network structure alone, without
circumcision, on HIV transmission. These models also required
assumptions about no demographic change,9 or did not incorporate ART.8 Our model implemented the current science related
to the HIV care cascade, including disease progression,13 entry
into medical care,15 adherence to ART,17 20 and the relationship
between disease progression on transmission in long-term and
outside sexual partnerships.19
Our main empirical ﬁnding was that differences in circumcision alone did not explain the variation in HIV-1 burden across
SSA; they were an important and necessary component along
with network connectivity.21 Circumcision and concurrency
combined to help explain the disparities in HIV-1 prevalence
and incidence observed today,17 ranging from 1–2% in western
Africa to 7–10% in eastern Africa to 15–25% in southern
Africa. Within West Africa, our study sample in Ghana represented a high-risk population: HIV-1 prevalence was over twice
that estimated in Ghana nationally (4.7% vs 1.9%). This likely
reﬂects the higher levels of concurrency in this urban population, that is, a hub of circular migration.10 More broadly, South
Africa and the neighbouring countries typically have exhibited
moderate to high levels of concurrency with lower rates of circumcision (<50%).22 Our model predicted endemic HIV-1
prevalence in this setting of 15–25%, consistent with seroprevalence surveys in those regions.17 Rural Uganda, where circumcision rates are similar to South Africa but concurrency is less
common, exhibits prevalence of 6–9% matched by our model
predictions.23
These model outcomes have implications for the design and targeting of combination HIV prevention packages with behavioural
elements.24 Previous mathematical models have often required
extreme behavioural assumptions to both replicate current HIV
prevalence levels and also predict the amount of behavioural
change needed to meaningfully reduce incidence: one model
assumed a baseline 120 lifetime sexual partners on average with
the simulated intervention reducing this to 80 lifetime partners.3
These baseline levels have never been observed in populationbased data, and no behavioural interventions have attempted at
such targets.25 Our models, in contrast, reproduce HIV epidemics
with data-driven parameters for sexual networks. This is largely
possible by allowing for concurrency: unlike most compartmental
models, we can model HIV transmission potential within a heterosexual couple that starts as concordant-negative, then becomes discordant because of an outside partnership, then becomes
concordant-positive.26 Our stochastic methods also improve on
the predominant deterministic modelling methods by providing a
range of plausible outcomes associated with each scenario, including the predicted extinction probability.
For a combination package design, small changes in concurrency had strong, non-linear effects on predicted incidence in
Jenness SM, et al. Sex Transm Infect 2016;0:1–6. doi:10.1136/sextrans-2015-052476

our models, consistent with prior research.27 Non-linear thresholds were present when scaling up MMC, but were not as
strong. For comparison, the predicted prevalence in a highconcurrency scenario in which there was already 50% circumcision was 21.2% in our model. Reducing concurrency just 4.5%
among men and 0.7% among women (the difference between
the High and Moderate scenarios) would decrease prevalence to
14.9%, similar to the 14.4% expected prevalence achieved by
circumcising another 20% of the population (to 70%).
A persistent challenge to HIV prevention interventions has
been targeting and scale-up. The success of packages depends
on potentially small changes to individual behavioural or biomedical elements. Given current levels of ART and other demographic features within SSA, we observed that epidemic
extinction was only realised in a combination prevention
approach that intervened on both the sexual network structure
and circumcision. Is this sort of behavioural change possible?
Variations in concurrency within West Africa and across SSA
suggest that alternative behavioural norms can become established,28 but even small changes to sexual behaviour over a sustained time may be challenging, especially compared with a
one-time circumcision surgery.29
Assuming no behavioural change, our study suggested that
targeting MMC should depend on epidemiological context.
Where to target depended on the baseline conditions and the
magnitude of MMC scale-up. Our model predicted MMC
yields the greatest relative beneﬁts in low-concurrency settings
where baseline incidence is lower. The non-linearity in incidence
at epidemic thresholds in low-concurrency scenarios is strong.
In comparison, the number of infections averted metric does
not standardise to the baseline incidence rate. Epidemic thresholds on this metric also suggested few differences at modest
levels of circumcision scale-up (to 40%), but then wide divergence in outcomes at higher levels. At the extreme, a circumcision scale-up of 80% (going from 10% to 90% circumcised)
would prevent 1675 more infections per 100 000 person-years
in the High versus Low scenario. Circumcising such a large fraction of the population in low-concurrency settings yields fewer
infections averted because the baseline incidence is much lower.
While the implication of targeting prevention packages at
high-incidence settings is intuitive, our study provides clear
model-based forecasts of potential impact based on a realistic
representation of the behavioural structure of sexual networks.

Limitations
These models required minor calibration for one behavioural
parameter, the mean partnership duration, to match observed
HIV-1 prevalence in our target population. As described in
more detail in the online supplement, this arises from the fact
that a single dissolution parameter inadequately captured the
heterogeneity in the statistical distribution of duration.
However, the calibration results in a difference of 0.5 higher
lifetime partners compared to the mean observed in the study.
Second, we did not simulate changes to concurrency or circumcision as explicit interventions with a deﬁned time horizon.
Instead, the changes in risk were modelled as ﬁxed at sexual
debut since we were interested in both the empirical questions
of natural epidemic dynamics and intervention scale-up.
Counterfactual comparisons should therefore be considered the
maximum effect of an intervention. Finally, network-based
mathematical models, like all models, are subject to the internal
and external validity of their algorithms. For network models
explicitly, and other methods implicitly, this raises a question
5
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about network boundaries.30 Our base models were based on
data collected from a high-risk core in an otherwise low-level
epidemic in Ghana. Persons in our sample reported sexual partnerships with those outside our sampling frame, including those
outside our age eligibility criteria or the target geography.
Secondary analyses suggest few demographic differences in the
reported partner population ineligible for the study, but behavioural differences are unknown. It is also unknown whether our
sensitivity analyses varying circumcision and concurrency would
substantially change if the model were calibrated to another
population network.

CONCLUSIONS
The primary contribution of the study was to estimate the synergistic effects of network structure and circumcision, both as
empirical patterns explaining the historical HIV-1 burden across
SSA, and as intervention components in a combined HIV prevention package. A substantial reduction in HIV-1 incidence will
require combined behavioural change and scale-up of biomedical technologies. Where to target prevention packages that
implement those depends on the epidemiological context driven
by the dynamic network structure.
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