Concurrency can drive an HIV epidemic by moving
Ry across the epidemic threshold
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Objective: The objective of this study is to investigate whether concurrency can drive
an HIV epidemic by moving R, across the epidemic threshold.

Design and methods: We use a mathematical framework for a dynamic partnership
network and the spread of a one-stage infection to study how concurrency is related to
the basic reproduction number Ry. Two concurrency indices were used to measure the
level of concurrency. The model allows varying the level of concurrency in the
population, while other key network properties such as partnership duration and
lifetime number of partners are kept fixed. In this way, the effect of concurrency on
Ro is investigated as an isolated phenomenon.

Results: We find that an increase in concurrency is associated with an increase of Ry.
For plausible parameter sets for MSM populations, Ry is always above the epidemic
threshold of 1. For scenarios that are plausible for sub-Saharan African populations, we
show that increasing the level of concurrency can lead to R, crossing the epidemic
threshold. This occurs already at low levels of concurrency. Only a slight shift of the
network structure from a purely monogamous population to one wherein individuals
are allowed to have at most two partners is enough for this to happen.

Conclusion: Concurrency can be a driver of an HIV epidemic in sub-Saharan Africa for
low levels of concurrency, although it is not decisive in MSM populations. A small
increase in the level of concurrency can lead to R, crossing the epidemic threshold in a
sub-Saharan African setting. Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.
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are observed at any time or accumulated over a longer
time period.

Introduction

In the past, there has been much discussion on the role of

concurrent partnerships in driving the HIV epidemic in
heterosexual sub-Saharan African (SSA) populations.
Establishing conclusive evidence of the role of con-
currency in empirical investigations is difficult [1-3].
One of the reasons is the fact that concurrency cannot be
studied as an isolated phenomenon, but is connected to
sexual behaviour in all its complexity and is interwoven
with many other network structural properties [4]. More
specifically, when the distribution of partnerships over a
population or the duration of partnerships change, it will
also change the fraction of concurrent partnerships that

On the contrary, mathematical models consistently show
the impact of concurrency on incidence and prevalence
of HIV [5—9]. Watts and May [5] were one of the first to
use a mathematical model to investigate the influence of
concurrency on HIV dynamics. The authors used an
intuitive notion of concurrency and focused on the
dynamics over time for Ry more than 1. They found that
concurrency could lead to a very fast initial spread
compared with a monogamous population. Others have
mainly used simulation models to investigate the relation
between concurrency and initial growth rate or endemic

*Mathematical Institute, Utrecht University, PJulius Center for Primary Care and Health Sciences, University Medical Center
Utrecht, and “Center for Infectious Disease Control, National Institute for Public Health and the Environment, Utrecht, The

Netherlands.

Correspondence to Ka Yin Leung, Mathematical Institute, Utrecht University, Budapestlaan 6, 3584 CD Utrecht, The Netherlands.

E-mail: k.y.leung@uu.nl

Received: 6 January 2015; revised: 12 March 2015; accepted: 13 March 2015.

DOI:10.1097/QAD.0000000000000676

ISSN 0269-9370 Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.
Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.


mailto:k.y.leung@uu.nl
http://dx.doi.org/10.1097/QAD.0000000000000676

1098

AIDS 2015, Vol 29 No 9

situations [6—9]. In such models, it is inherently difficult
to control for different sexual behaviour properties. Also,
earlier modelling results have been refuted, because they
used unrealistic parameter values and neglected demo-
graphic flow through the population [10].

In ref. [11], it was suggested that for a factor to be
considered a driver of HIV, one needs to show that this
factor can drive the basic reproduction number R, across
the threshold value of 1, although all other factors remain
unchanged. Using a flexible mathematical model in
which different sexual behaviour properties can easily be
kept fixed, we investigated whether concurrency can be a
driver of HIV in this way.

Here, we focused on a model of a one-stage infection
(susceptible — infected) without recovery [12,13]. In this
model, formation and separation of partnerships is
dynamic, and demographic flow through the sexually
active population is incorporated. It allows a change in the
concurrency level in a population, although other key
parameters describing the contact network are kept fixed.
One of the central notions of the model that distinguishes it
from earlier approaches is the so-called ‘partnership
capacity’, a number n that denotes the maximum number
of partners that an individual can have at any time. Pair-
formation models for monogamous populations implicitly
take n=1. Infection can then be transmitted in a
partnership between an infectious and susceptible indi-
vidual. The model does not assume any disease-related
mortality. For this model, it is possible to derive an explicit
expression for the basic reproduction number Ry. This has
the advantage that Ry can easily be studied as functions of
infection and sexual behaviour and parameters.

We investigated how R, depends on concurrency when
duration of partnerships and lifetime number of partners
are kept constant. The parameter choices are based on
estimates from existing literature. We used a measure for
concurrency that allows us to compare populations with
difterent levels of concurrency. The concurrency measure
was then varied by varying partnership capacity n only.
Our aim was not to provide a realistic estimate of how
HIV transmission depends on concurrency in specific
populations, but to provide a proof of principle that
concurrency alone can be a driving factor of HIV
transmission by moving the reproduction number across

the threshold value of 1.

Materials and methods

The method used in this article is as follows; we have a
model for the spread of infection in a concurrent
partnership network wherein mean sexually active lifetime
1/, mean partnership duration dp, mean lifetime number
of partners 0 and transmission rate f are kept fixed.

Concurrency is purely a network characteristic and can be
measured using concurrency indices. The basic reproduc-
tion number R, can be calculated for this model. The
relation between concurrency and Ry is then investigated
for six scenarios. The different aspects of our method are
explained below (a more detailed description is given in the
Supplemental Digital Content).

Partnership network

In ref. [12], a model was introduced for a dynamic
partnership network with demographic flow. In this
model, we consider a population in which we do not
distinguish between sexes and all individuals have the
same characteristics, that is the population is homo-
geneous. The model generalizes earlier pair-formation
models to a situation wherein concurrent partnerships are
possible. This is done by introducing a maximum number
of partners an individual can have simultaneously. This
number 7 is called the partnership capacity. Monogamous
individuals then have partnership capacity n=1. One
may think of an individual as having # ‘binding sites’ for
partners that are either free or occupied by a partner. The
crucial (but also limiting) assumption is that these binding
sites behave independently of one another as far as
partnership formation and separation is concerned.

Concurrency

Concurrency is related to many other sexual behaviour
characteristics. The most straightforward of these are
partnership duration and lifetime number of partners.
Indeed, the longer the duration of a partnership, the more
overlap there can be with other partnerships and the more
partners an individual has, the more it can have at the
same time. Therefore, in order to be able to study the
effect of concurrency on infection dynamics, these
quantities need to be kept fixed when varying the level
of concurrency.

Our simple model has only four parameters. We can fix
mean sexually active lifetime 1/, mean partnership
duration dp and mean lifetime number of partners 6.
Then, the level of concurrency is varied by varying
partnership capacity n. This parameter is a theoretical
construct that does not have any measurable variable
associated with it. Therefore, for fixed network properties
1/w, dp and 6, we quantified concurrency in terms of
concurrency indices.

Various ways of quantifying concurrency in a population
have been suggested, both in theoretical context [12,14]
and for practical use [15,16]. Here, we use the partnership-
based concurrency index kp introduced in [12] and
compare it to the point prevalence of concurrency as
suggested by UNAIDS [15] that we denote here by k. The
point prevalence of concurrency is the fraction of the
population with two or more partners, while the
partnership-based concurrency index xp can be interpreted
as follows: choose a partnership at random and consider
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one of the two individuals in this partnership. kp then
describes the number of other partners of that individual.
In the model, kp can be computed explicitly [12].

Infectious disease dynamics

In the partnership network, we considered the spread of
an infection without recovery as described in ref. [13]. We
assumed that infection does not impact partnership
formation or separation nor does it impact the
demographic process. An infectious individual transmits
infection to its susceptible partner at a rate 8. A susceptible
individual becomes infectious at the very instant that it
gets infected and stays infectious with the same level of
infectiousness for the rest of its sexual lifetime. For this
model, we characterized the basic reproduction number
Ry [13] that we can evaluate numerically for given values
of model parameters 1/u, dp, 6, n and B.

Definition of scenarios

To study the impact of concurrency in different types of
populations, we defined a number of scenarios. These
descriptions are caricatures only. The model considers a
homogenous population. Therefore, it is fully deter-
mined by mean sexually active lifetime 1/, mean
partnership duration dp mean lifetime number of partners
0, partnership capacity # and transmission rate B.

We kept 1/ =40 years [17] and = 0.12 per year [18,19]
fixed throughout this investigation. A scenario is defined by
one set of parameter values for the partnership duration dp
and lifetime number of partners 6 (Table 1). For each
scenario, we considered populations with different con-
currency levels by varying partnership capacity n. The
scenarios are based on estimates from literature as follows.

We defined four scenarios representing sexual behaviour
in SSA. Because of the large discrepancies between male
and female sexual behaviour as reported in the literature,
we considered separate scenarios on the basis of male and
female respondents in SSA heterosexual populations.
Furthermore, we also defined distinct scenarios on the
basis of spousal versus nonspousal partnerships. Here,

Table 1. The six scenarios.?

Partnership Lifetime

duration number of
Scenario dp (years) partners 6
SSA 1 (women spousal) 10 2
SSA 2 (women nonspousal) 2.4 4.5
SSA 3 (men spousal 5 3
SSA 4 (men nonspousal) 1.7 6
MSM 1 1.5 45
MSM 2 0.083 135

Six scenarios defined by mean partnership duration dp and mean
lifetime number of partners 6. Scenarios SSA 1-4 represent spousal
and nonspousal behaviour of men and women in sub-Saharan Africa
and MSM 1,2 represent MSM populations. The parameter choices are
based on estimates from published literature such that the orders of
magnitudes are within plausible range.

SSA 1 and SSA 2 represent heterosexual SSA women in
their spousal and nonspousal behaviour, while SSA 3 and
SSA 4 represent the spousal and nonspousal behaviour of
heterosexual SSA men (for order of magnitude of these
values, we used [16,20—23]). Finally, we defined two
scenarios meaning to represent sexual behaviour of MSM
populations in their steady and casual partnerships,
denoted by MSM 1 and MSM 2, respectively [24,25].
The six scenarios are presented in Table 1. The parameter
value estimates are explained in more detail in the
Supplemental Digital Content.

Although the parameter choices are based on estimates
from published literature, these scenarios are not meant to
represent the complexity of sexual behaviour in
populations nor did we aim to make precise/detailed
quantitative statements for those populations. We chose
parameters such that their orders of magnitude are within
a plausible range. Our aim was to show that R, can cross
the threshold value of 1 when only the level of
concurrency is increased.

In the section below, we first studied the structure of the
sexual network. In particular, we computed degree
distributions and concurrency indices. We then studied
the dependency of Ry on model parameters and
concurrency indices.

Results

Sexual network and concurrency

First, we considered the network by considering degree
distributions (where the degree of an individual is the
number of partners it has) for different values of
partnership duration dp and lifetime number of partners
0 and for partnership capacities n =3 and n = 6; see Fig. 1.

The degree distribution may look very similar for
different partnership capacities (Fig. la, c¢). Note,
however, that they are never equal. There is always a
nonzero fraction of the population with the maximum
number of n partners. For instance, in a population with
n=~0, there is always a small fraction of the population
with six partners, while for n =3, no individual has more
than three partners (by definition of n). That small
fraction with many concurrent partners plays an
important role for transmission. Therefore, a shift of n
to larger values can have a significant impact even if the
degree distribution seems hardly affected. We see that
when n increases, the degree mean does not change
(degree mean is equal to the product 8dpu, which is
independent of n), while the variance does (Table 2).
However, the variance is almost always smaller than the
mean, that is the degree distribution is underdispersed.
Compared with observed degree distributions (see e.g.
[9]), the means in Table 2 are either lower or higher. We
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Fig. 1. Degree distributions for different parameter values. dp denotes mean partnership duration and # mean lifetime number of
partners. The parameter values for (a) and (c) correspond to scenarios SSA 4 and SSA 2, respectively (see also Table 1). (a) dp=1.7
years, 6=16 (SSA 4). (b) dp=10 years, 6=6. (c) dp=2.4 years, 6=4.5 (SSA 2). (d) dp=2.4 years, 6=45.

expect the variance to be larger than the mean in
real populations.

We next studied how the concurrency indices kp and ky
depend on the parameters of the sexual network (Fig. 2).
Intuitively, concurrency measures should increase as a
function of partnership duration dp (when keeping #n and
0 fixed) and as a function of 6 (when keeping #n and dp
fixed). Indeed, the longer partnership durations are or the
higher the lifetime numbers of partners, the more overlap
there has to be in order to ‘fit’” all partnerships into an
individual’s life. We found that this indeed holds for «p

Table 2. Mean and variance for different parameter values.”

Parameter values n Mean Variance
dp=1.7 years, 6=6 (SSA4) 3 0.26 0.23

6 0.26 0.25
dp=10 years, =6 3 1.5 0.85

6 1.5 1.32
dp=2.4 years, 6=4.5 (SSA2) 3 0.27 0.25

6 0.27 0.29
dp=2.4 years, §=45 3 2.7 0.28

6 2.7 1.59

“Sexual network characteristics captured by the mean and variance
for different parameter value combinations of mean partnership
duration dp mean lifetime number of partners 6 and partnership
capacity n. The first and third set of parameter values correspond
to scenarios SSA 4 and SSA 2, respectively (indicated between
brackets; see also Table 1 for the scenarios).

and ky. Using its explicit expression (see [12] and
Supplementary Digital Contents for details), we see that
Kkp 1s strictly increasing in dp and 0 (Fig. 2a,b). Numerical
investigation of ky showed that also this is strictly
increasing in dp and 6 (Fig. 2c¢,d).

We also expect that, for fixed partnership duration dp and
lifetime number of partners 6, an increase in n yields an
increase in the concurrency indices. Indeed, the larger the
maximum number n of simultaneous partnerships
individuals may have, the more concurrent partnerships
there may be in the population. We immediately find that
this is the case for kp (using its explicit expression; see [12]
and Supplementary Digital Contents for details). How-
ever, this is not necessarily the case for ky as we find in
Fig. 2 ¢,d. Here, we see that ky may decrease when n
increases. The reason for this, perhaps counterintuitive,
result becomes clear when looking at the changes in
degree distribution with increasing » for those situations
(see Fig. 1d). With increasing partnership capacity, some
individuals will have more partners, but at the expense of
alarger proportion of single individuals in the population.
The index ky is sensitive only to the latter, not to the
former. So, it could be that the fraction of the population
that has more than one partner decreases, whereas the
total number of overlapping partnerships increases. We
concluded that «y is not useful for our analysis and from
here on focus on kp

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.
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Fig. 2. Concurrency indices «p and ky as functions of partnership capacity n for different values of mean partnership duration dp
and mean lifetime number of partners 0. (a) 6=16; (b) dp=2.4 years; (c) 6=6; (d) dp=2.4 years.

Ry as a function of partnership capacity n

In the same way as we did for «p and ky in the previous
section, we also studied R,,. Using the explicit expression
for Ry (see [13] and Supplementary Digital Content for
details), we found that Ry is increasing in n. Therefore, we
can immediately conclude that the concurrency index kp
is always positively correlated to Ry when varying # only.
In what follows, we studied this in more detail, in
particular, we were interested in R, for the six scenarios.

Impact of concurrency on R,
We considered how «p and R, are related for the six
scenarios (Table 1). The results are presented in Fig. 3.

We see that an increase in n alone yields an increase in
both kp and R,. We also find that the MSM scenarios
yield relatively large Ry-values compared with the SSA
scenarios (Fig. 3a). In particular, for the smallest n, R is
already larger than 1. It also does not seem to be very
sensitive to changes in the concurrency level. Note that
MSM 1 yields larger values for Ry than MSM 2. Even
though the lifetime number of partners in MSM 1 is
much smaller, the mean partnership duration in MSM 2 is
much shorter. Therefore, the probability of transmission
within a partnership is also much smaller in MSM 2.

Next, we considered the SSA scenarios in Fig. 3b. For all
four SSA scenarios, we found that R, crosses the threshold

A MSM1 A MSM2 @ SSA1 O SSA2 m SSA3 [ SSA4
@ . i B,
2 3 456
6¢ 12
5,
1.1
€ 4 o€
1.0
3,
0.9
21 2345 1
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Fig. 3. The impact of concurrency on R, by varying partnership capacity n for the six scenarios. The six scenarios are presented in
Table 1. Numbers at each point reflect the corresponding partnership capacity number n. (a) MSM scenarios (b) SSA scenarios.
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value of 1 when concurrency is increased by increasing n.
This shows that it is possible that a population wherein at
first no epidemic outbreak is possible can change into a
population wherein an epidemic outbreak is possible when
more partnerships are concurrent (although all other sexual
behaviour remains unchanged). So, we see that con-
currency can be a driver of HIV for these SSA scenarios.
The crossing of the epidemic threshold occurs already at
low levels of concurrency (between n=1 and n=2 so for
small values of #).

The sensitivity analysis in the Supplemental Digital
Content shows that whether or not R crosses the
threshold value of 1 depends on the parameter values. Itis
certainly not always the case.

Discussion and conclusion

Using a model for a dynamic sexual network and the
transmission of infection, we analysed the association
between concurrency and R,. We found that, for
parameter sets that are plausible for MSM populations,
Ry is always above 1. Therefore, concurrency is not a
driver of HIV in these MSM populations in the sense that
in these populations, other factors such as the lifetime
number of partners are more important in determining
Ry, We also see that concurrency does not really have an
effect on the two MSM scenarios, supporting our
conclusion that it is not a driver in these MSM
populations. However, for parameter sets that are
plausible for SSA populations, we found that an increase
of the level of concurrency in a population can drive the
basic reproduction number from below to above the
threshold of 1. Only a slight shift of the network structure
from a purely monogamous population to one wherein
individuals have at most two partners is required for this

to happen.

Furthermore, we showed that two widely used con-
currency indices have different properties. In particular,
although the partnership-based concurrency index kp is
always increasing with increasing partnership capacity #,
this is not necessarily the case for the point-prevalence of
concurrency ky. The latter can possibly decrease with
increasing n, leading to some doubt about the usefulness
of ky in measuring the impact of concurrency on
transmission of infection.

The level of concurrency as measured by the index «p is
closely related to other network properties such as the
lifetime number of partners and partnership duration. By
defining a model in which all parameters except for the
partnership capacity n can be kept at a fixed value, we
were able to study the impact of changing concurrency
levels without changing lifetime numbers of partners and
partnership duration. As the network is dynamic, the
number of partners at age a are changing due to

partnership formation and separation over the course of
an individual’s life, even if lifetime number of partners is
defined as a constant parameter.

In all scenarios, we used the same estimate for the
transmission rate . However, it is expected that the
transmission rate is higher in MSM populations than in
heterosexual populations due to higher risk in sexual
practices and higher rates of sexual acts within partner-
ships; see for example [26] for estimated per-act
probabilities for different exposure routes. A larger
transmission rate B for MSM scenarios would also yield
a larger Ry and support our conclusion that concurrency
is not decisive for the epidemic in those populations.

Our results also illustrate that that the value of Ry is not
merely determined by «p but other parameters (partner-
ship duration dp lifetime number of partners 6 and
transmission rate ) play an important role as well (compare
e.g. scenarios SSA 2 and SSA 4 to MSM 2 in Fig. 3, which
all have similar xp values but different R, values).

Finally, we have only investigated whether concurrency
can lead to R crossing the threshold value 1 and therefore
allowing for an epidemic outbreak. In other words, we
have only investigated the impact of concurrency on the
beginning of an epidemic, not its impact on a mature
epidemic that has reached its endemic state. The role of
concurrency for persistence of HIV in an endemic state
could be different and has to be investigated in a different
way. Preliminary numerical investigations with our
model have shown that concurrency is also positively
correlated with endemic prevalence for the sub-Saharan
African scenarios. However, this has to be investigated
further and is outside the scope of this article.

Our modelling approach has a number of limitations that
have to be kept in mind. First, we considered a
partnership network in a homogeneous population with
only one type of individuals and one type of partnerships.
The model at present neglects all population heterogen-
eity and differences between men and women. However,
our framework can be generalized to a two-sex
population with asymmetry between men and women
in partnership capacity. Furthermore, our framework can
be modified to allow for two (or multiple) types of
partnerships. By distinguishing different types of partner-
ships, for example spousal and nonspousal, it is possible to
take different partnership dissolution rates into account.
See ref. [12] for a more detailed description on various
generalizations of the model.

Next, we do not take any disease-related mortality into
account. In the case of disease-related mortality, an
infectious individual has a shorter life expectancy and less
secondary cases may occur than in the case without
disease mortality, that is the Ry will be smaller. This means
that, with the addition of disease mortality, Ry will then

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.



Concurrency and R, Leung and Kretzschmar

cross the threshold value at somewhat higher levels of
concurrency than shown in Fig. 3. The addition of
disease-related mortality will not change the mechanism
demonstrated in this article.

The most important limiting assumption, however, is that
partnerships are considered to be independent of each
other. In other words, whether an individual already has
a partner or not has no influence on his propensity
to acquire another partner. Second, infection does not
influence partnership dynamics nor does it lead to an
increased mortality. Finally, we assumed that infectivity
is constant throughout the infectious period, thereby
neglecting the possibility of high transmission rates during
early HIV infection.

Although these are serious limitations when one wants to
make quantitative prediction in a real population, our
aim here was to establish the possible role of concurrency
as a factor in driving the basic reproduction number Ry
across the threshold value of 1 without changing other
network properties. We conclude that not only is this
possible in a dynamic sexual network but also that for
parameter sets that are plausible for heterosexual SSA
populations, crossing the threshold occurs for a shift of
concurrency from monogamous to very low levels
of concurrency.
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