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ABSTRACT

Background and objectives

Men who have sex with men (MSM) remain one of the groups with the highest HIV
prevalence in the UK. The goal of this study is to help inform appropriate health
policy by investigating the contribution to HIV transmission of various MSM
subgroups and estimating the impacts of alternative HIV control measures. The future
course of the epidemic is also projected.

Methods

Research questions were addressed through the use of rigorous data analysis and a
partnership-based HIV transmission model that takes into account key MSM and HIV
heterogeneities and intervention effects. The model was fitted and validated against
the observed data and reported estimates of various types. Sensitivity analyses were
conducted throughout the study to assess the effects of parameter uncertainty.

Results

Without additional interventions, the estimated 44,000 UK MSM living with HIV in
2013 could increase to around 52,000 men by the end of the decade, with around 2,400
new infections each year. The key group sustaining HIV transmission was the higher-
sexual activity MSM aged below 35 years living with undiagnosed asymptomatic
HIV. Pre-exposure prophylaxis (PrEP) with 44% efficacy and 100% coverage would
prevent approximately 10,000 cases (59% of total incidence) over 2014-2020.
Simultaneously offering PrEP, expanding HIV testing, and initiating a test-and-treat
programme in 25% of different target populations could save around 7,400 UK MSM
from HIV. An extreme increase in unsafe sex and number of sexual partners would
greatly reduce the incidence reduction but is unlikely to completely negate the
prevention benefit.

Conclusion

Increasing HIV testing uptake should remain the core of the national HIV/AIDS
strategy, but a combination of HIV prevention interventions are also necessary to
enhance the overall performance of HIV control measures. Combining a program to
expand HIV testing with other novel interventions, such as test-and-treat and PrEP,
has a great potential to save thousands of UK MSM from HIV and become the key
HIV prevention initiatives in the UK.



PROJECT SUMMARY

Primary goal

Research questions:

Methodology:

Researcher:
Supervisor:

Co-supervisors:

Advisory committee:

Develop a mathematical model to evaluate a range of
interventions for HIV transmission control among men who
have sex with men (MSM) and help inform HIV/AIDS
prevention policy in the UK

1. What are the current levels of HIV incidence and prevalence
among MSM in the UK?

2. What proportion of current HIV incidence among UK MSM
is contributed by various subpopulation groups, e.g.
diagnosed MSM with or without antiretroviral treatment
(ART), and infections from different disease stages?

3. What will be the potential future impact of implementing the
various interventions to control HIV transmission among
MSM in the UK?

4. What is likely to be the most effective combination of
feasible interventions to reduce HIV transmission among
MSM in the UK?

Literature review, data analysis, and HIV transmission
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ABBREVIATIONS AND DEFINITIONS

AIDS
ART
GUM
HIV
MSM
MPES
PHE

PreP
STI
STD
UAI
UIAI
URAI
UROI
UK
us

Acquired immune deficiency syndrome
Antiretroviral treatment

Genitourinary medicine

Human immunodeficiency virus

Men who have sex with men
Multi-parameter Evidence Synthesis
Public Health England

(previously known as HPA: Health Protection Agency)
Pre-exposure prophylaxis

Sexually transmitted infection

Sexually transmitted disease
Unprotected anal intercourse
Unprotected insertive anal intercourse
Unprotected receptive anal intercourse
Unprotected receptive oral intercourse
United Kingdom

United States of America
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Chapter 1

Introduction

In this chapter:

The background and underlying rationales
The primary research questions
The scope of study

The structure of thesis
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1.1. Rationale and justification

Sex between men continues to represent one of the most common routes of HIV
transmission in the UK. A total of almost 11,000 deaths among men who have sex
with men (MSM) caused by HIV infection has been reported [1] (Table 1-1). In 2007,
there were an estimated 32,000 MSM living with HIV in the UK, and of these around
a quarter were unaware of their HIV infection. Given that an estimated 420,000 MSM
aged 15-44 were living in the UK, HIV prevalence among this group was estimated to
be 5.3% [2]. The 2009 national HIV report confirms that MSM remain one of the
groups with the highest HIV prevalence [3]. HIV transmission through sex between
men is still a major public health problem in the UK.

Recent surveillance information shows that the number of new diagnosed infected
MSM increased between 1998 and 2005 and may have reached approximately 2,500
cases since then. During 2007, around 11% of MSM have tested for HIV at a
genitourinary medicine (GUM) clinic [2]. The uptake of HIV testing in GUM clinics
has continued to rise but, still, around 35% of infected MSM left clinics without
knowing that they are infected with HIV. Moreover, a community-based survey in
2005 reported that only 48% of MSM were offered a HIV test during their last visit to
a GUM clinic [4]. The average CD4 cell count at diagnosis among MSM has
continued to increase from 334 in 1999 to 416 in 2008 [5]; however, around 43% were
diagnosed with a CD4 cell count less than the threshold at which treatment should
begin (350 cells/pL) and 20% were diagnosed during the late disease stage (CD4 cell
count less than 200 cells/pL) which is associated with a significant increase in

mortality within a year of diagnosis compared with those diagnosed earlier [3].
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Table 1-1: Summary of current HIV epidemic among MSM in the UK

Indicators Number
Incidence and prevalence

Number of MSM aged 15-44 in 2007° 415,700
HIV prevalence among MSM aged 15-44 in 2007° 5.3%
HIV prevalence among London MSM aged 15-44 in 2007* 8.5%
Annual HIV incidence among MSM in 20072 1.8%
Proportion of MSM who get infected from abroad in 2008"* 17%
Diagnoses and deaths

Annual HIV diagnoses among MSM in 2008° 2,433
Cumulative HIV diagnoses among MSM up to the end of June 2009° 45,947
Annual AIDS diagnoses among MSM in 2008° 160
Cumulative AIDS diagnoses among MSM up to the end of June 2009° 13,825
Annual AIDS deaths among MSM in 2008° 180
Cumulative AIDS deaths among MSM up to the end of June 2009° 10,990
Number of MSM living with diagnosed HIV in 2007° 24,000
Number of MSM living with undiagnosed HIV in 2007° 8,000
HIV testing

Number of MSM offered HIV test in 2007° 45,748
Proportion of MSM accepting HIV test in 2007° 86%
Proportion of MSM leaving GUM clinic undiagnosed in 2007%** 35%
Number of MSM accessing HIV-related care in 2007° 23,990
Average CD4 cell count at diagnosis in 2008 (cells/pL)® 416
Proportion of MSM diagnosed at CD4 < 200 cells/pL in 2008° 20%
Proportion of MSM diagnosed at CD4 < 350 cells/uL in 2008° 43%

GUM: Genitourinary medicine

2 Sexually transmitted infections and men who have sex with men in the UK: 2008 report [2], ® HIV in
the United Kingdom: 2009 report [3], © Men who have sex with men: United Kingdom HIV new
diagnoses to end of June 2009 [1],  New HIV diagnoses show burden continuing in gay men [5], *
calculated by dividing the number of HIV-infected MSM diagnosed in 2008 who get infected from
abroad (=480) by the total number of HIV-infected MSM diagnosed in 2008 (=2,760), ** calculated by
dividing the number of MSM who left the clinic undiagnosed in 2007 (=121) by the total number of

MSM who were unaware of their infection before visiting the clinic in 2007 (=349).
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An increase in unprotected anal intercourse (UAI) was also reported in the 2005
sexual health survey of MSM attending community venues in London with
approximately 25% reported UAI with partners of unknown or discordant HIV status
[4] which presented a risk of both HIV transmission to an uninfected individual and
cross-infection by drug-resistant strains for HIV-positive men [6]. Results from this
survey also showed that HIV-positive men, particularly those who were unaware of
their infection, were more likely to practice UAI, have casual partners, and have
serodiscordant partnerships. These data and findings highlight the importance of
evaluating and improving the HIV control interventions which is in line the

recommendations made recently by Public Health England [2,3].

A transmission model that is parameterised using the latest biological, behavioural and
surveillance data collected in the UK can be used to explore a range of interventions in
terms of their prevention effectiveness to inform best practice. Such a model needs to
be flexible enough to include the important biological and behavioural factors and the
HIV testing patterns. This has the additional benefit of allowing an investigation into
the effects of promoting different testing policies as well as policies aimed to change
sexual behaviours. Conventional compartmental models have traditionally been
employed to evaluate the effects of such interventions, and yet this type of model does
not fully allow important heterogeneities (e.g. partnership duration, partnership
concurrency) to be incorporated and, more importantly, provides a very simplistic
representation of the role of partnerships and contact network in disease evolution.
Moreover, there may be more than one factor that is driving the ongoing transmission
among MSM. The contribution of these factors to net infections cannot be inferred
easily from behavioural surveys and surveillance data because of their complex
interactions and unknown underlying mechanism of HIV transmission. Using
mathematical models that are informed by rigorous data analysis to gain a clear picture

of the actual epidemic situation is, thus, necessary.

The main objective of this study is, therefore, to develop alternative modelling

approaches that include important heterogeneities and make a better use of available
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data than has been attempted to date to evaluate a wide range of the current and

potential future interventions for the control of HIV transmission in UK MSM. This

should help inform appropriate HIVV/AIDS policy and contribute towards an ultimate

goal of providing information that leads to reduced HIV transmission among MSM in

the UK.

1.2. Primary research questions

Through the use of the mathematical model, this study aims to answer the following

questions:

1. What are the current levels of HIV incidence and prevalence among MSM in
the UK?

2. What proportion of the current HIV incidence among UK MSM is contributed

to by the following MSM sub-groups?

a.

C.

HIV-undiagnosed MSM, diagnosed MSM who are not on antiretroviral
therapy (ART), diagnosed MSM who are on ART

MSM by HIV infection stage (primary, asymptomatic, and
symptomatic stages)

MSM by age group and sexual activity level

3. What will be the potential future impact of implementing the following

interventions to control HIV transmission among MSM in the UK?

a.
b.

d.

Changing the current HIV testing strategy, e.g. testing more frequently
Changing the current ART strategy, e.g. treating infected MSM earlier
in their disease

Implementing behavioural change intervention to reduce number of
partners and unsafe sex

Introducing pre-exposure prophylaxis

4. What is likely to be the most effective combination of feasible interventions to

reduce HIV transmission among MSM in the UK?
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1.3. Scope of the study

The scope of this study is described in Table 1-2.

Table 1-2: Summary of scope of the study

Index Description

Population Men who have sex with men aged 15 to 64 excluding
those at risk of infection from sharing injection
equipment. Men who have sex with both men and
women are included but the transmission route will
be limited only to sex between men.

Disease HIV/AIDS. Effects of other sexually transmitted
infections (STIs) are not included.

Geographic area The entirety of the United Kingdom without
geographic categorisation

Epidemic timeframe Year 2000-2020

Economic evaluation There is no economic evaluation of HIV prevention

interventions.

1.4. Ethical approval

Only frequency, proportion and count data will be used in this study. There is no
linked or traceable personal information of any kind involved, and thus, no ethical

approval was required.

1.5. Thesis overview

The thesis is comprised of seven chapters. The flow diagram in Figure 1-1 describes

the processes undertaken in this study.

Chapter 2 reviews the mathematical modelling methodology, the development and use

of modelling to simulate HIV transmission among MSM, and the HIV control strategy
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suggested by modelling studies. The review also identifies important heterogeneities

that have been used for designing the model in Chapter 3.

Chapter 3 presents the design of the HIV transmission model and the detailed
description of model development based on the literature review from Chapter 2. The
resulting model illustrates the proposed input parameters that are estimated in the next

chapter.

Chapter 4 initiates the process of parameter estimation by exploring model parameters
and various aspects of the required data from multiple sources in details including
characteristics, completeness, and bias. The parameter values obtained from data

analysis are used in the model, which then fitted to observed data in Chapter 5.

Chapter 5 describes the fitting of the developed model. The reported HIV surveillance
data and estimates are used to estimate unknown parameters. The final model with
complete parameter values are then used to investigate the current HIV epidemic
among MSM in the UK and project its future course. The primary research questions 1

and 2 are answered in this chapter.

Chapter 6 assesses the potential impact of a range of interventions in preventing HIV
transmission UK MSM. The primary research questions 3 and 4 are addressed in this

chapter.

Chapter 7 summarises the main findings from this study as well as the limitations and

implications for HIV prevention among MSM in the UK.
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Literature review
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Mathematical modelling

%
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}

Parameter estimation

)
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model analysis

)

Sensitivity analysis
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Figure 1-1: Flow process diagram of the study
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Thesis chapter 3

Thesis chapter 4

Thesis chapter 5
(Research questions 1 and 2)

i Thesis chapter 6
i (Research questions 3 and 4)



Chapter 2

Literature review

In this chapter:

The review of modelling methodology for HIV transmission

Modelling approach evaluation and selection

Publication:

‘Mathematical models for the study of HIV spread and control
amongst men who have sex with men’
European Journal of Epidemiology (2011)
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2.1. Introduction

The introductory chapter presented the motivation for this PhD and outlined the use of
HIV transmission model to address key research questions. This chapter reviews
relevant aspects of HIV/AIDS and men who have sex with men (MSM) characteristics
that are important for designing HIV transmission model. The previous modelling
works for HIV transmission in MSM since the early epidemic are also reviewed to
help inform appropriate modelling sequences and important population

heterogeneities.

2.2. HIV/IAIDS

Human immunodeficiency virus (HIV) is a retrovirus that primarily infects CD4 cells
and subsequently leads to the failure of human immune system and the acquired
immunodeficiency syndrome (AIDS) in the late stage of infection [7]. HIV was first
discovered in 1983 and variously named including “lymphadenopathy-associated virus
(LAV)” [8] and “HTLV-I1I” [9] before all were found to be the same type of virus and
renamed HIV in 1986 [7]. The first recognised AIDS cases were reported in 1981 [10]
before AIDS was initially defined by the US Centers for Disease Control and
Prevention in 1982 as “a disease, at least moderately predictive of a defect in cell-
mediated immunity, occurring in a person with no known cause for diminished
resistance to that disease. Such diseases include Kaposi's sarcoma, Pneumocystis
carinii pneumonia, and serious opportunistic infections [11]. The new AIDS-defining
clinical symptoms and conditions were subsequently added due to updated evidence
on epidemiology of HIV/AIDS. The current definition of an AIDS case could vary
across regions but commonly based either on a very low CD4 cell counts within HIV-
positive individuals, usually less than 200 cells/uL, or one or more symptomatic
conditions that occur during the infection [12,13]. In most European countries
including the UK, an AIDS case was defined according to the 1993 European AIDS
Surveillance Case Definition which has not included CD4 counts in the definition
[14].

10
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HIV is transmitted mainly through exchange of body fluids during sexual intercourse
which has accounted for with the majority of global HIV infections since the start of
the epidemic [15]. HIV transmission through an exposure to contaminated blood or
blood products, and from an HIV-positive mother to child during pregnancy are also
among the main routes. A few days after HIV enters the body and successfully bonds
to CD4 cells, the virus replicates rapidly and causes great damage to the host immune
system, which results in a very high viral load in the bloodstream [16]. The host body
then starts to seroconvert and recover CD4 cells in an attempt to fight the virus,
whereas the viral load continues to decrease until the setpoint is reached. The viral
load remains relatively stable at this level accompanied with a gradual decline in CD4
cell counts for a period of approximately 8-10 years depending partly on the viral load
setpoint [17]. No HIV-related symptoms are observed during this so-called
asymptomatic HIV infection. The HIV-infected persons subsequently progress to the
symptomatic stage of HIV infection where one or more opportunistic infections can
initially be observed. Without appropriate and urgent treatment, the disease will
progress rapidly towards AIDS with a greater frequency and severity of opportunistic
infections that eventually leads to death [18,19]. In the absence of treatment, the
median time from HIV seroconversion to AIDS and death is, respectively, around 10

and 11 years in developed countries [20], and 9 and 10 years in Africa [21].

Two major types of HIV, HIV type 1 (HIV-1) and HIV type 2 (HIV-2), have been
identified. HIV-1 is related to viruses isolated from the chimpanzee [22], and
responsible for the vast majority of global HIV pandemic [15]. HIV-2 is related to
viruses isolated from the sooty mangabey [22], and spreads mainly in West Africa but
an increasing number of cases have been found in other parts of the world [23,24]. The
severity of HIV-1 infection exceeds that of HIV-2 in many aspects. A direct
comparison study suggested that HIVV-1 patients have significant lower median CD4
cell count at AIDS diagnosis and shorter survival time after AIDS than HIV-2 patients
[25]. The excess mortality rate and mother-to-child transmission rate are also higher in
HIV-1-infected individuals [23]. Since HIV-1 is the predominant HIV type in the UK,

the instances of ‘HIV’ refer to HIV-1 unless otherwise stated.

11
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2.3. HIV and men who have sex with men

The term ‘men who have sex with men’, abbreviated ‘MSM”’, is defined according to
the UNAIDS Action Framework as males who have sex with other males, regardless
of whether or not they have sex with women or have a personal or social identity
associated with that behaviour, such as being ‘gay’ or ‘bisexual’ [26]. MSM did not
always identify themselves as gay [27]. Therefore, using the term ‘MSM’ to clearly
distinguish between the self-defined gender identity and actual sexual behaviours of
persons is of high importance for the epidemiological study of the spread of HIV and

other sexually transmitted diseases.

MSM are at increased risk of HIV infection mainly because of the unprotected
receptive anal intercourse (URAI) that is common among this population. A thin layer
of mucous membrane lining the anus and rectum has a physically delicate structure,
and contains several types of living cells including CD4 that are the main targets for
HIV [28,29]. Irritating the rectum by an act of URAI can cause damage to the lining
tissues and allows HIV from ejaculatory fluid to enter the body and infects the
surrounding cells [28]. Even without ejaculating, HIV found in the pre-ejaculatory
fluid of HIV-positive men still poses a risk for HIV infection [30,31]. The long length
of the rectum and colon also facilitates HIV infection from URAI [32]. HIV can be
transmitted through the unprotected insertive anal intercourse (UIAI) as well, but at a
much lower rate than the URAI [33].

The 2013 UNAIDS report estimated that 7-19% of MSM are infected with HIV
worldwide, depending on the region [15]. In many developed countries, the HIV
epidemic among MSM is not declining despite the fact that antiretroviral treatment
(ART) has been widely used in these countries [34]. In the UK, MSM account for an
increasingly large proportion of new HIV diagnoses, from around 30% in 2002 to
almost 50% in 2011 [35].

12
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2.4. HIV transmission model

In order to model the dynamics of the HIV epidemic, two main approaches have been
used. First, epidemic forecasts have been derived through two statistical methods:
extrapolation and backcalculation. The extrapolation is based on fitting a statistical
model to the AIDS incidence observed up to a particular time and using the fitted
model to predict future AIDS incidence. The backcalculation method combines the
knowledge about incubation period distribution and the observed AIDS incidence data
to reconstruct the HIV incidence curve in the past and forecast the AIDS incidence in
the near future. A common limitation of statistical models is that the mechanism of
disease transmission and dynamics of the epidemic is ignored [36-39]. Epidemic
projections without taking into account changes over time in the number of infected
individuals can be misleading [40]. Moreover, the temporal effects of behaviour
change and interventions cannot be directly incorporated, making an evaluation of
HIV/AIDS strategies not feasible through this approach [41].

Another approach is through transmission (or mechanistic) models which have been
developed to explicitly model the forces driving the epidemic. The most common
mathematical model is referred to as the dynamic compartmental model in which
populations are divided into subgroups (compartments) often by the disease-related
status. Transitions between compartments are governed by model parameters that
describe the disease evolution. Since HIV infection is incurable, the model consists of
at least susceptible and HIV-infected compartments. The dynamics of each

compartment can be described by the following differential equation systems.

as(t) (1)

T cpS(t) N 1)
di(t) 1(t)

prra cAS(t) N (2)

where S(t) and I(t) denote, respectively, the number of susceptible and HIV-infected
individuals at time t. The negative sign represents flows out of the susceptible into the

infected compartments which is determined by the effective contact rate [42], c, the

transmission probability, 4, and the prevalence of HIV infection at time t, 1&. This is
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the simplest form of the HIV dynamic system in which all individuals are considered
to be identical (except HIV status), mix randomly, and population demographics
(birth, death, and migration) are ignored. Far more sophisticated models have been
developed by taking into account a number of heterogeneities resulting in models that
are able to provide broader outcomes in a more precise way. These benefits are

highlighted in the published review presented in this chapter [43].

Taking into consideration the primary research questions, dynamic compartmental
model has a strong potential to fulfil the needs of this study. The flexibility of the
model allows various research questions to be investigated in detail. A complex
interaction among model parameters can be explicitly studied to facilitate the
discovery of the actual problem causes. Therefore, the literature review is focused on

dynamic compartmental modelling of HIV transmission and control among MSM.

2.4.1. Modelling approach

In this section, the disadvantages of the conventional approaches are described,
followed by a review and discussion of the alternative methods including their
strengths and weaknesses. The main purpose is to select the appropriate approach for

modelling HIV transmission and control among MSM.

2.4.1.1. Disadvantages of the conventional approach

The conventional compartmental approach (also called a ‘mean-field” model), in
general, has two main drawbacks that make it far from being realistic. First, there is
almost no limit to which a disease can spread into the population because an infected
individual in the system will always influence, to some extent, an infection in the
entire susceptible population. In the real-world situation, STIs are clearly limited by
how individuals form their sexual partnership with the others and it is not possible that
one infected individual can form partnerships with and pose an infection risk to every
person in a large community. Even within the non-random mixing compartmental

models where individuals from different classes mix according to some specific
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characteristics (e.g. sexual activity, age), this unrealistic phenomenon still exists
although it does not equally affect all individuals due to the mixing pattern. Another
drawback is that, in the conventional approach, sexual partnerships are formed and
separated instantaneously which, again, does not represent the actual partnership
formation and break-up. The following two dynamic modelling approaches—the
partnership-based model and the pairwise approximation model—are therefore
proposed to address these limitations.

2.4.1.2. Overview of the partnership-based approach

In the partnership-based model, the common assumption of instantaneous interactions
between members of a population is replaced by the sexual partnerships that last for
some specific length of time depending on partnership formation and dissolution
parameters. Time spent between partnerships is also explicitly taken into account.
Sexually transmitted infections can be transmitted only between individuals within a
partnership. For HIV transmission, the partnership-based approach was first
introduced in 1988 by Dietz [44] with its primary aim of capturing changes over time
in the number of single individuals (those without a partner) and the number of paired
individuals (those with a partner). Following the notations used by Eames [45], the
simplest form of the HIV transmission among MSM according to the partnership-

based model can be described by the following differential equation system:

C(Ij—f =-aS+ p(P, +Pyg) 3)
=l +p(Py +R) @
dg):s =Rt ss+2| ©)
ddpts' =—7P, — pP, +a% (6)
d(j%zZz‘PSI—pP”+asljl , (7)
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where « is the partnership formation rate, p the partnership separation rate, and z the
transmission rate within partnership. The numbers of single susceptibles and infecteds
are denoted by S and | while Pss, P and Py, are the numbers of paired individuals of
different types. A formation of a partnership between two susceptibles or two infected

respectively increases the number of Pss and Py by two. Ps; and Pis have the same

values and thus the (fixed) population size, N =S+ 1 + P, + 2P, + P, . The schematic

diagram in Figure 2-1 illustrates changes over time in the partnership status.

ar— W 0
s/@ : S @/S

time=1 time=2

Figure 2-1: Example of transitions of partnership formation and separation

2.4.1.3. Disadvantages of the partnership-based approach

Although partnership duration is explicitly taken into account in the partnership-based
model, all partnerships are assumed to be serially monogamous and overlapping
partnerships are generally ignored. One way to address this limitation is to model
concurrent partnerships as several rapidly changing monogamous interactions, each of
which lasts for only a short period. Another way is to use a combination of the
partnership-based and the mean-field models. The former is aimed to model HIV
transmission within steady partnerships whereas the latter accounts for infection from

concurrent partners.

Before the partnership-based model can be used as a predictive tool for the HIV
epidemic in UK MSM, a number of important heterogeneities must first be

incorporated. Two HIV MSM modelling studies included simultaneously the effects of
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variable infectiousness due to disease stages, partnership concurrency, partner types,
risky behaviour changes, HIV testing, and ART use at different disease stages [46,47].
Sexual activity levels and sexual roles were included in another study [48]. A

partnership-based model with age structure has not been implemented.

2.4.1.4. Overview of the pairwise approximation model

The pairwise approximation model is the network-based transmission model that
approximates the full set of partnerships between individuals in the sexual contact
network by examining only the connections among nearby individuals [49]. The
model allows the spread of infection in the network to be predicted and the control
measures that strongly depend on the formation of partnership, such as contact tracing,
to be properly investigated. In comparison with the results from the full network
simulations, the pairwise approximation provides highly accurate estimates under the
situation in which there is a small amount of clustering (partnerships are formed
mainly with nearby individuals). Therefore, the method is expected to perform well for
epidemics in large populations where majority of sexual contacts are formed
randomly. Within highly clustered networks, this approach slightly overestimates the

level of infection [50].

The formulations of the pairwise approximation model is described by following the
notations used in a previous study by Eames and Keeling [50] with some
modifications. Considering the basic HIV transmission model the susceptible
individual becomes HIV infected through an infectious partner and progresses through
the disease until being removed from the system. Using the notations given in Table 2-

1, the dynamics of the number of susceptibles and infecteds can be explained by

d n ngm

&I 1= [$"I"] (8)
%[l”]ﬂzm[S“lm]—ﬂ[l”] ©)
%[S”Im]zrzp([snsmlp]—[l"S”Im])—r[S”Im]—,u[S"Im] (10)
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%[S”sm]?rzp([snsmlm[lpsnsm]). (11)

Table 2-1: Notations used for model formulation

Term Meaning

[S" Number of susceptible individuals with n partners

[" Number of infected individuals with n partners

[S"1™ Number of partnerships between an S" and 1™

[S"S™P] Number of triples with S™ having both S" and I as partners
T Infection rate between a pair of partners

U Disease-induced mortality rate

Z [S"1™] Total number of infected partners of all S"

z [1ms"] Total number of susceptible partners of all 1"

Z Z [S"1M] Total number of partnerships between susceptible and

infected individuals

[nm] Number of partnerships between individuals with n and m
partners regardless of their infection status

[n] Number of individuals with n partners

Changes in the number of [S"I"] over time occur as a result of four events
corresponding to four terms in Equation (10). First, the transformation from [S"S™I"]
into [S"IIP] occurs at rate 7 as an S™ gets infected from an 1P (Figure 2-2) and increases
the number of [S"I]. The same pattern is also applied to the second term which
represents the transformation from [IPS"1™] into [I°I"I™] which decreases the number of
[S"I™]. Next, the infection within a pair converts [S"1"] into [I"I"™], and hence reduces
the number of [S"I"]. Finally, the pair of [S"I™] is terminated because an infected
individual is removed at rate x by disease-induced mortality. The first terms in
Equation (10) and (11) are identical corresponding to a transition between the two

equations. The last term of Equation (11) which represents the transformation from

[1PS"S™ into [IP1"S™] at rate 7 will be accounted for when evaluating £[S™1"].
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s" s" s"

Figure 2-2: Transformation of pair as a result of infection

Since the number of new infections is proportional to the total number ofzm[S“I "]

as perceived from Equation (9), the number of pairs and triples in the system can be
approximated by using the moment closure approximation method as follows.
> [S"mx Y. [1ms"] [nmIY pll’]
X
PO n[n]m[m]

(M=) x[S"S™]x[S™I "]
mx[S™]

[S"1"]=~ (12)

[S"S™IP]~

(13)

The size of the equation set depends on the maximum number of partnerships and is
much smaller than the equivalent full pairwise network model, making the pairwise
approximation model much more manageable. Approximating the number of pairs
using Equation (12) and triples using Equation (13) requires only the mixing matrices
identical to those used in the conventional approach, making a better use of regularly
available data [49].

2.4.1.5. Disadvantages of the pairwise approximation approach
The main limitation of the pairwise approximation model used to date is that the
network structure remains constant over time as well as the sexual activity level [49].

For STIs with a very long incubation period such as HIV/AIDS, this issue is of
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particular importance. To cope with the problem, using a similar solution to the
partnership-based model with additional mean-field compartments may be possible in
which the static networks and partnerships with high turnover are modelled by the
pairwise approximation model and the mean-field model, respectively. Another
possible solution is to use the pairwise approximation model only for the recent past
while the earlier periods are modelled by a mean-field approach. Adjustments will be
required to properly merge together two sets of forecasts from the two different
approaches. This issue is, however, still a challenge and will be investigated in this
study as illustrated in the next sections. Another challenge is the possibility of
including into the model a number of heterogeneities which have been confirmed to
have marked effects on the epidemic projections. The inclusion must be made and

tested before the model can be used to make quantitative predictions.

2.4.2. Method selection

The partnership-based model has been selected for further development in this PhD
because it provides a more realistic approach to modelling HIV transmission. The
partnership duration and time spent between partnerships can be explicitly taken into
account which will result in more accurate epidemic estimates and evaluation of
interventions. Change over time in partnership formation and break-up can be taken
into account in the partnership-based model while in the pairwise approximation
model, partnership between individuals is always fixed. Moreover, because of its
relatively simple structure in comparison with the pairwise approximation model, the
partnership-based model has more potential to be successfully integrated with a large
number of heterogeneities among UK MSM populations.
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2.5. Publication

A review on modelling HIV transmission and control among MSM populations
entitled ‘Mathematical models for the study of HIV spread and control amongst men
who have sex with men’ has been published in the European Journal of Epidemiology
in September 2011 [43]. The main aims of this review were to gain an understanding
of how models have been developed and used to explain the dynamics of the HIV
MSM epidemic with and without control measures. The MEDLINE and EMBASE
databases were searched up to the end of 2010 and a total of 127 studies were included
in the review. The findings are used as inputs for designing the model and helped
inform subsequent analyses in the next chapters. The published version of the review
is presented below, followed by a summary of key findings and its implications on this
research. The references located at the end of the published review are independent of

other citations found in this chapter.
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Abstract For a quarter of century, mathematical models
have been used to study the spread and control of HIV
amongst men who have sex with men (MSM). We searched
MEDLINE and EMBASE databases up to the end of 2010
and reviewed this literature to summarise the methodolo-
gies used, key model developments, and the recommended
strategies for HIV control amongst MSM. Of 742 studies
identified, 127 studies met the inclusion criteria. Most
studies employed deterministic modelling methods (80%).
Over time we saw an increase in model complexity
regarding antiretroviral therapy (ART), and a correspond-
ing decrease in complexity regarding sexual behaviours.
Formal estimation of model parameters was carried out in
only a small proportion of the studies (22%) while model
validation was considered by an even smaller proportion
(17%), somewhat reducing confidence in the findings from
the studies. Nonetheless, a number of common conclusions
emerged, including (1) identification of the importance of
assumptions regarding changes in infectivity and sexual
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contact rates on the impact of ART on HIV incidence, that
subsequently led to empirical studies to gather these data,
and (2) recommendation that multiple strategies would be
required for effective HIV control amongst MSM. The role
of mathematical models in studying epidemics is clear, and
the lack of formal inference and validation highlights
the need for further developments in this area. Improved
methodologies for parameter estimation and systematic
sensitivity analysis will help generate predictions that
more fully express uncertainty, allowing better informed
decision making in public health.

Keywords Compartmental model - HIV/AIDS -
Epidemic - MSM - Homosexual

Introduction

Acquired immune deficiency syndrome (AIDS) was first
recognized in homosexual men in 1981 [1]. As of 2008,
worldwide, over 1.5 million individuals who were living
with HIV had been infected through sex between men [2,
3]. The prevalence of HIV amongst men who have sex with
men (MSM) markedly exceeds that of the general popu-
lation in many developed countries [4]. For example, in the
United Kingdom, there were an estimated 35,050 MSM
living with HIV in 2009, corresponding to approximately
7% of the MSM population, in contrast to 0.19% preva-
lence in the total UK male population [5].

Mathematical models are used to gain an insight into the
key epidemiological drivers, and simulate epidemic tra-
Jjectories under a range of circumstances [6-8]. The ability
to make projections and evaluate different interventions
means that mathematical models are particularly useful for
evaluating public health policies. As such, mathematical

@ Springer
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models have been widely used in understanding and pro-
jecting the HIV epidemic amongst MSM; the first models
of HIV transmission amongst MSM being published in
1986. How has the field evolved since these early papers,
and what lessons have been learnt, both from the public
health perspective, and for mathematical models?

This study reviews the 25-year literature on HIV MSM
models focusing on the key findings for a public health
readership. We highlight developmental milestones and
synthesise what methods and model structures have been
employed. We also review models parameterisation and the
effects of parameter uncertainty on HIV epidemic fore-
casts. Finally, we summarise what interventions have been
explored by these modelling studies, a key contribution to
HIV control policy formation.

Methods
Search strategy and selection criteria

We searched MEDLINE and EMBASE databases for rele-
vant studies published in English from earliest date to end
2010 using the following search terms: (“HIV” OR
“HTLV” OR “human immunodeficiency virus” OR
“AIDS” OR *“acquired immunodeficiency*” OR “acquired
immune deficiency”) AND (“homosexual*” OR “trans-
gender*” OR “gay*” OR “MSM” OR “men who ha* sex

Fig. 1 Selection of studies and
search results

with men”) AND (“mathematic*”” OR “compartment™*” OR
“stochastic” OR “deterministic” OR *“transmission” OR
“epidemi*”) AND (“model*” OR “framework*”). The
references from relevant articles were also used to identify
further publications. Titles and abstracts were reviewed for
content on the epidemiology of HIV/AIDS in MSM, if found
full articles were obtained. Publications that proposed or
adopted dynamic compartmental models for HIV transmis-
sion amongst MSM and provided information on modelling
approaches used were included.

Search results

Of the 742 studies identified from MEDLINE and EM-
BASE and a further 23 through bibliographies, 127 studies
were included in this review (Fig. 1).

Milestones in model development

A quarter of a century has passed since the first mathe-
matical model of the HIV epidemic amongst MSM was
introduced [9] in 1986 (Fig. 2). Later that year, two other
studies were published. One was the comprehensive pre-
liminary work on the HIV transmission model [10] whereas
in another study [I1], existing transmission models for
gonorrhoea and the human papilloma virus were adapted
to explore the possible effects of a hypothetical HIV

742 abstracts identified from
MEDLINE and EMBASE
databases; titles examined

261 titles excluded due to
irrelevance

481 abstracts examined

350 abstracts excluded due to
irrelevance

131 studies assessed in more
detail

23 studies identified

through bibliographies

27 studies excluded after
detailed assessment
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The first modlelis proposed [2). Madels
account for variable disease prograssion
rates [10], role separation [11], potential
eflects of vaccing [11], sexual activity lovels
10, 11], and sexual behavior changes (9, 10))

Stachastic madalling approach [12] and
age-siructured models [13] are published
Variable infectiousness dus to fime since
infaction [14], STis cofactor effects [14], and
preferred mixing [15] are included in the
models.

Model designed for cost-effectiveness
evaluation of volunary confidental testing is
introduced [16]. Effects of antiretroviral
therapy 17), condom use (18], and changes
in population structures [19] are explored.

[The age-sexual activity-structured model is
introduced [20]

Models account for effects of education

121] and cases reporfing problems [22].
Model accounts lor pannership duration

and concurrency [23]

[The state-cpace model which also aceounts
for type of panners is iniroduced [24]

Effects of genetic heterogeneity [25, 26] and
ART-resistant sirains [27] are considered. The
Latin Hypercube sampling (27] and Bayesian

fitiing method are used [28].

Effects of highly active antiretroviral
| reatments [29, 30] and increasing drug
adherence [29] are examined

A partnership-based model is employed
131].
explored [32]
explored [33).

Patential effacts of circumcision [34) and
ser

rosorting [35] are explored.

[Model that is capable of tracing mutiple.
ART-resistant strain is inroduced [36]

1986

1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1996 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

Fig. 2 Development timeline illustrating, by year of study publication, the important methodological improvements of mathematical models for

HIV spread and control amongst MSM

vaccination. Since then various population and infection
heterogeneities, such as variable progression rate through
various disease stages [10] and variable infectiousness [12]
due to time since infection, have been incorporated into
models, and methodological improvement through the use
of more sophisticated modelling formulations, such as the
state-space [13] and partnership-based [14] formulations
have been proposed.

Some refinements have emerged as additional informa-
tion on the biological characteristics and control of HIV
became available. For example, models incorporating the
effects of highly active antiretroviral therapy [15, 16] have
replaced monotherapy since the early 2000s, and around
the same time, the genetic heterogeneity of HIV [17, 18],
and drug resistance [19] was first modelled. Recently, a
model that is capable of capturing the evolution of three
drug-resistant strains under three types of resistance classes
has been developed [20]. Other current developments
include investigating the potential effects of new HIV
prevention measures such as microbicides [21], chemo-
prophylaxis [22], circumcision [23], and serosorting [24].

Primary aims of model application
HIV transmission models were most commonly used to

make projections for the HIV MSM epidemic (31%); to
investigate the effect of incorporating various behavioural

or biological characteristics on the projections (72%); and
to evaluate the potential impact of interventions (44%).

Epidemic projections

San Francisco has been the most frequently studied popu-
lation because of the availability of reliable data since the
carly days of the epidemic [25, 26]. The AIDS incidence
amongst MSM in San Francisco has been estimated by
several studies [9, 13, 25, 27-31] to reach the peak during
the early to mid 1990s following trends similar to the
observed data (Fig. 3a). The congruence is not surprising
since most of these studies fitted their models to the
reported AIDS incidence data. On the other hand, HIV
prevalence has been estimated to have declined since its
peak in the early 1980s [13, 27, 28, 30] (Fig. 3b). A second
upward trend in the mid 1990s was also predicted [30, 31],
though the match between the models and subsequently
observed data for both the absolute level of prevalence and
trend was generally poor.

In Australia, the plateau of the number of newly infected
MSM for the period after the peak in 1980s was predicted
[6, 32-34] in line with the data on newly acquired HIV
infection that reported no sign of the second HIV incidence
peak during 1991-2009 [35]. In the Netherlands, a recent
study predicted an increase in HIV incidence and number
of new HIV diagnoses amongst MSM after 1999 [36]. In
the UK, four deterministic modelling studies provided
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Fig. 3 Projections of HIV epidemics in men who have sex with men.
a Annual AIDS incidence in San Francisco, 1977-2002. One study
reported low and high estimates; averages were hence plotted [9].
b HIV prevalence in San Francisco, 1975-2015. The estimated curve
from 1995 to 2015 was converted from percentages of HIV
seroprevalence by assuming a constant reduction rate of total MSM
population size from 55.800 in 1995 to 35,300 in 2015 [80]. Data on
annual AIDS incidence and HIV prevalence were reported by the San
Francisco Department of Public Health. Data were extracted from
graphs using Engauge Digitizer version 4.1 if numbers were not
reported in the articles

forecasts of the HIV MSM epidemic [37-40] and all dated
back to before 1991.

We found a small number of modelling studies that
look into the epidemics in developing countries. In Latin
America, predictions were made with models that explic-
itly link the HIV transmission amongst homosexuals,
bisexuals, and heterosexual males and females (Argentina
[7], Cuba [41], and Mexico [42]); while the trajectory of
HIV MSM epidemics in Asian (China [43]) and African
countries [44] were investigated only recently.

Investigation into effects of HIV-transmission-related
characteristics

Mathematical models allow epidemiologists to gain a
better understanding of how various biological and
behavioural characteristics might affect the dynamics of
the epidemic. Examples include investigation into the
impact of variable infectiousness [45, 46] and the role of
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primary HIV infection [47-49]. Such investigation may
result in some crucial parameter estimates such as fluctu-
ating infectivity over various disease stages [29, 50]. The
influences of differing key behavioural parameters such as
sexual contact patterns between sexual activity groups [39,
49, 51-57], age [34, 58, 59], and MSM sexual role sepa-
ration [60—62], have been widely studied. Anal sex was the
main and often the only route of HIV transmission in
the models. There were only three studies that included
transmission through intravenous drug use in MSM [63—
65] and none accounted for the effects of substance abuse
in increasing risky sexual behaviour. Other characteristics
were explored including temporal effects of changes in
unprotected sexual practices [66], the effects of other
sexually transmitted infections on HIV prevalence [67, 68],
and the relationship between perceptions on the future HIV
epidemics and current sexual behaviour [69].

Intervention evaluation

A common use of mathematical models in public health is
to evaluate the impact of proposed interventions, particu-
larly in the long-term epidemics which are difficult to be
quantified through epidemiological surveys. The benefits of
antiretroviral therapy (ART) [15, 16, 19, 70-74] have been
extensively evaluated under various settings. The com-
bined effects on epidemic projections of ART and educa-
tion [75], or host genetic differences [ 18], or both [76] have
also been explored. The impact of an increase in unpro-
tected sex as a consequence of ART has been repeatedly
highlighted since early in the epidemic [32, 77-79]. New
technologies for HIV prevention and control have been
hypothetically evaluated before they even become avail-
able [21, 22, 65, 80-83]. Less commonly, mathematical
models have been used in economic evaluations. Inter-
ventions such as ART [64, 84, 85], counselling to
improve drug adherence [86], chemoprophylaxis [22], and
expanding HIV screening [64, 87, 88] have been found to
be cost-effective preventive measures under a series of
implementation scenarios.

Key modelling methods

Figure 4a illustrates the proportion of studies using
the following methods in five different periods over
1986-2010.

Deterministic versus stochastic models

Stochastic models take account of the role of chance in

some or the entire simulated modelling processes, whereas
deterministic models are concerned with the average values
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Fig. 4 Proportions of key modelling characteristics by the number of
publications in period. a Modelling method Deterministic model:
deterministic or stochastic model; Proportionate mixing: proportion-
ate or non-proportionate mixing. Model was classified as ‘propor-
tionate mixing’ if mixing by all attributes (e.g. sexual activity, age, or
sexual role) available in the model were proportional; Model fitting:
whether model was fitted to data or not; Model validation: whether
model was validated or not. b Model structure Homogeneous
structure: homogenous or heterogeneous structure. Heterogeneous
structure with two or more strata: whether model was stratified by
infection status and at least two other characteristics or not. Sexual
activity structure: whether model was stratified by sexual activity or
not. Age structure: whether model was stratified by age or not. ART-
related structure: whether model was stratified by ART-related
characteristics or not

only. This results in more complicated analytical expres-
sions for stochastic approach which may help explain why
80% overall and more than 90% of recent studies employed
deterministic methods (Fig. 4a). Moreover, as the epidemic
has become more established, the effects of chance may be
less influential and thus excluded from models. Overall
around one fifth of studies adopted a stochastic framework
and these tended to be theoretical studies published prior to
2000 (Fig. 4a).

Because a continuous time formulation of a model is
complicated to handle [89], most stochastic models have
been formulated within a discrete time framework. The
degree of stochasticity may differ across the stochastic

studies. For example, disease duration was the only factor
that was modelled stochastically in two studies [90, 91],
and deterministic processes were assumed for disease
duration and probability of infection in another stochastic
study [28].

The studies comparing methods reported that deter-
ministic models tended to slightly overestimate the average
number of infecteds in the early epidemic phase, but dif-
ferences were minimal thereafter [92, 93]; although, some
studies reported similar predictions [13, 30, 94]. More
generally, these differences are less apparent for the epi-
demics that have a rapid growth [92], a large proportion of
infected individuals [50, 95], or a large susceptible popu-
lation [63, 96, 97], suggesting that the deterministic
approach may be appropriate for the settings in which HIV
is highly prevalent amongst MSM such as now occurs in
many developed countries.

Mixing

The determination of how MSM select their sexual part-
ners, within and between groups, can range from like-with-
like (assortative) mixing at one extreme to like-with-unlike
(disassortative) mixing at the other. In between, MSM can
be assumed to mix proportionately according to the con-
tribution of each subgroup to the total number of sexual
contacts. In some cases a proportion of contacts is reserved
for like-with-like mixing [47, 55, 98]. Proportionate mixing
(also known as a random mixing) was used in 64% of all
studies and has increased from around 60% to above 70%
during the last decade (Fig. 4a), mainly to simplify the
model and allow other heterogeneities to be incorporated
without too much complexity.

Findings from three studies suggested that MSM in San
Francisco had highly assortative mixing patterns [30, 31,
99], which contradicted the conclusion made by an earlier
study that this population tended to mix proportionally with
respect to activity levels [27]. In Australia, a recent study
estimated that MSM tended to mix assortatively by age and
as much as 30% of new partners were from the same age
group [100].

Parameter estimation through model fitting

Fitting models to data is clearly uncommon (Fig. 4a). On
average, 22% of all studies carried out some model fitting,
adopting Chi-square [6, 27, 91, 101], sum of squares [9, 25,
29], and maximum likelihood [36, 71, 90, 102] as model fit
criteria. The parameters estimated were often (57% over-
all) related to two primary quantities: HIV transmission
probability [9, 13, 20, 23, 29, 38, 50, 103, 104] and the
sexual contact rate [9, 20, 25, 27, 66, 71, 90, 101, 103—
105]. In some studies multiple parameters were estimated
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simultaneously using a larger number of data points [27,
29, 101]. In most cases, models were fitted using surveil-
lance or cohort data but other sources, such as simulated
data [99, 102], HIV incidence estimated using backcalcu-
lation methods [103], and mixing patterns derived before-
hand from prospective cohort data [13], were also used to
estimate parameters.

Using a model fitting procedure, in San Francisco and
Australia, it was found that the slower growth of AIDS
incidence during the early 1990s could not be explained
entirely by the introduction of ART but also required a
significant reduction in sexual contact rates [6, 27]. This
was supported by the finding that a time-varying contact
rate improved the model fit [25]. Statistical fitting also
showed that the increased number of newly diagnosed
MSM in the Netherlands during 1999-2004 was not only
due to an increase in new HIV infections, but was also in
part due to improved diagnosis rate [71].

Validity of model estimates

A comparison between the predicted and observed epi-
demic indicators can be used to evaluate the model valid-
ity. Figure 4a suggests model validation may have become
more common over time, from around 10% prior to 1996,
to almost 30% of studies after 2005. However, overall only
17% of all studies reported some model validation
(Fig. 4a). Furthermore, validation criteria were often sub-
jective and poorly described while explicit numerical cri-
teria were employed in only four studies [33, 50, 81, 103].
Together, this infrequent model validation raises doubts
regarding our confidence in the results of these modelling
studies.

If models are to be fitted and also validated, at least two,
ideally independent, data sets are required. Data are typi-
cally limited, and therefore non-ideal solutions have often
been implemented. For instance, reported AIDS incidence
data for three major US cities were separated into two
parts; the early part was used to fit the model and the other
was for model validation [9]. An age-mixing matrix during
1981-1991 was estimated using longitudinal cohort data in
New York City whereas the observed numbers of new
AIDS cases for the same time period were used to validate
the model [66]. As also seen in two recent ART studies [16,
71], multiple datasets can be used for performing a series
of validation tests and enhance model validity.

Model structures
Models can be classified into those with a homogeneous

structure (populations only stratified by infection status)
and those with a heterogeneous structure (populations
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stratified by infection status and one or more other char-
acteristics of interest). Figure 4b illustrates that the pro-
portion of models with homogeneous structure has
remained relatively constant over time (17% overall),
whereas more complex models have become more com-
mon. The proportion of models structured by infection
status and at least two other characteristics has increased
from around 20% prior to 1996 to 33% in the recent period.
This increase has been at the expense of models that only
stratified by infection status and one other characteristic
(not shown in Fig. 4b). Such trends may reflect an increase
in model complexity made possible by advances in com-
puting technology.

Stratification by sexual activity level

MSM were most commonly stratified according to levels of
sexual activity (37% overall). The proportion of models
grouping MSM by sexual activity decreased from more
than 50% in the earliest period to just above 20% more
recently (Fig. 4b). This decline over time was probably the
result of increases in the complexity of models with respect
to ART-related characteristics. Investigations into the
number of sexual activity groups suggested that using
only two groups may suffice to capture the effects of
sexual-activity heterogeneity [13, 30]. Models without
sexual-activity heterogeneity tended to overestimate the
proportion of infecteds in the early phase of the HIV epi-
demic [50].

Stratification by age

Overall, the proportion of the studies stratified MSM by
age remained considerably unchanged over time with an
average of 11% (Fig. 4b). The importance of age hetero-
geneity was highlighted by a finding suggesting that
ignoring AIDS-induced age-specific mortality, the initial
epidemic growth rate and endemic HIV prevalence would
be substantially underestimated [58]. Three studies incor-
porated age as a continuous variable [58, 59, 106] whereas
most divided the age into groups [6, 22, 23, 34, 37, 40, 66,
69, 107-109]. This grouping technique was often used to
make models simpler to implement; two models, for
example, were theoretically described with continuous
sexual activity and age but in their practical application of
sexual activity [58] and age [108] groups were used
instead.

Stratification by therapy-related characteristics
Approximately 17% of studies stratified MSM by ART

characteristics (Fig. 4b). This has been increasingly com-
mon since ART was introduced in the early 1990s and
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become the most common stratification in the recent
models (37%). The main groupings were whether or not
infecteds received HIV therapy [18, 19, 27, 70, 73-75, 83,
110, 111] and, in some cases, combined with grouping by
drug-resistant strains [15, 19, 20, 70, 86, 104, 110], or drug
adherence [15, 22, 86], and were normally related to CD4
cell count. As receiving ART requires HIV testing, strati-
fying infected MSM by undiagnosed, diagnosed without
ART, and diagnosed with ART, has increasingly become
more common in recent studies [32, 33, 36, 72, 112].

Effects of parameter uncertainty on HIV epidemic
forecasts

Because of uncertainty in model parameters values, it is
crucial to investigate the effects of these uncertainties on
model forecasts (Table 1). The five key elements—disease
duration, infectivity, sexual behaviour, mixing patterns,
and HIV testing and ART—were commonly investigated
using the one-way sensitivity analysis. More complex
approaches, such as Latin hypercube sampling of input
parameters [14, 15, 19, 20, 22, 33, 34, 48, 68, 70, 72, 104,
105, 110], which was first introduced to HIV MSM models
in 2000 [19], and a probabilistic sensitivity analysis [86],
were less common.

If disease progresses at a slower rate without changes in
infectiousness, increasing the duration of the lower infec-
tiousness incubation period would reduce the number of
new AIDS cases per unit time [84, 113]. The exact choice
of incubation period distribution was found to affect the
peak of both HIV [40] and AIDS incidence [40, 114] but
the endemic prevalence was less affected. Conversely, one
study showed that the long-term HIV incidence can be
markedly decreased by only a slight increase in the mor-
tality rate amongst HIV-infected MSM due to a smaller
number of people that can pass infection to others [34].

Many studies illustrated a substantial impact of infec-
tivity reductions on the epidemic spread and magnitude
[33, 39, 42, 64, 70, 77, 79, 92], particularly for the early
epidemic if the reductions occurred during the primary
infection stage [29, 39, 45, 48, 52, 53, 100], and for the
endemic prevalence if the reductions occurred in the HIV
symptomatic stage [39, 49, 50, 100]. As a result of a
smaller size of high-activity groups in the endemic state
due to higher HIV mortality in this population, primary
infection may have a less important role in spreading the
disease than it did in the early epidemic [48]. The effects of
transmission in a long period after the primary infection
would be more pronounced in the case of a longer duration
with steady partners or a decrease in the number of MSM
with casual relationships [48]. However, two studies had

differing views as to whether primary infection [49] or late
infection [50] has stronger effects on endemic prevalence.

Findings from studies suggested that the greater the
variation in sexual activity amongst MSM, the faster
infection would spread in the early epidemic [12, 39, 58]
because high-activity groups became infected more quickly
and, once infected, spread the infection more rapidly.
However, if the size of this group reduced rapidly due to
AIDS, the endemic prevalence would be lower [10, 12,
102]. The profound effects of sexual contact rate reductions
were confirmed [47, 51, 58, 63, 64, 79, 88, 96, 97, 115,
116], and even stronger impacts were reported if the
reductions occurred in both infected and at-risk individuals,
or earlier in the epidemic [37, 39, 42]. In terms of unsafe
sex, both direct [24, 27, 32, 36, 70, 116] and indirect effects
(increasing prevalence other sexually transmitted infec-
tions [33, 67, 68, 111]) on causing more HIV infections
have been suggested.

Disassortative mixing by sexual activity have been
commonly found to enlarge the HIV epidemic if HIV can
invade a population [27, 51, 53-56, 98, 102] as it results in
a larger number of low-activity individuals being exposed
to infected high-activity individuals. If the average contact
rate remained unchanged, infection spreads more slowly in
high-activity groups under disassortative mixing [54, 98].
More assortative mixing by sexual activity can result in
two HIV incidence peaks [51, 54, 55, 98]. The first peak is
driven by a rapid spread in high-activity groups followed
by a later epidemic in low-activity groups. The highest
total number of infections is obtained if MSM mix pro-
portionately by sexual activity [52, 55, 117] or when dual-
role MSM mix primarily but not completely with them-
selves [61]. Within-age-group mixing may cause a lower
endemic HIV prevalence in those under 25 years old
because infections are prevented from spreading from the
older to younger generations [66]. For partner types, one
study suggested that a complete separation between MSM
with and without casual partners would markedly delay the
epidemic in the latter population [54].

The positive impact of HIV testing on preventing
infection have been clearly illustrated in many studies [24,
33, 41, 48, 72, 79, 112], the total number of infections
averted due to HIV testing has been estimated to be dra-
matically larger than the total number of those have been
infected since the epidemic has settled amongst Australian
MSM [72]. The epidemiological benefit would be greater if
infected individual is tested earlier after infection [36, 113].
However, increasing frequency of population testing to
more than once a year may not provide a marked further
reduction in HIV incidence especially if the proportion of
MSM who are HIV tested at least annually is already high
[721.
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Table 1 Summary of the effects of varying model parameters

Factors Effects References
Disease progression
Longer average incubation or HIV Lower AIDS incidence [84, 113]
asymptomatic periods Higher HIV prevalence in endemic state (slightly) [66, 84]
Longer primary HIV infection stage More peaked HIV prevalence in early state [29]
Longer asymptomatic stage Less peaked in early state and lower AIDS incidence in [39]
endemic state
Higher HIV/AIDS death rate Lower HIV incidence [34]

Infectivity
Lower average transmission probability
Lower infectiousness in primary HIV
infection stage
Lower infectiousness in HIV
symptomatic stage
Lower infectiousness in HIV
asymptomatic stage
Sexual behaviour

Higher heterogeneity in sexual activity

Lower sexual contact rates

Higher degree of unsafe sexual practices

Higher number of MSM who have
casual partners

Higher partnership concurrency
Higher number of dual-role MSM

Higher number of partners of dual-role

MSM
Mixing pattern

Higher degree of sexual activity
disassortative mixing (in comparison
with assortative mixing)

Extremely high degree of sexual activity
assortative mixing

Sexual activity proportionate mixing

Higher degree of sexual role assortative
mixing

Sexual role proportionate mixing

Higher degree of age assortative mixing

Lower HIV incidence and prevalence over epidemic course

Slower spread in early state but less affected endemic state

Slower spread in early state
Lower HIV prevalence in endemic state
Lower HIV incidence in endemic state (slightly)

Faster spread in early state
Lower HIV prevalence in endemic state
Slower spread and lower HIV prevalence

Stronger positive effect if happening in either earlier
epidemic or both susceptible and infected populations

Higher HIV incidence and prevalence

Higher prevalence of other STIs and hence higher HIV
incidence

Higher proportion of new infections caused by ART-
resistant strains

Faster spread

Faster initial spread followed by a slower phase

Higher HIV incidence

Higher proportion of new infections from primary HIV
infections stage

Higher HIV prevalence

Faster spread in early state and higher HIV incidence and
prevalence in endemic state

Slower spread in high-activity group (slightly)

Two HIV incidence peaks

Highest total number of infections over epidemic course
(worst-case scenario)

Higher HIV prevalence

At some degrees of assortativity, can provide highest total
number of infections over epidemic course (worst-case
scenario)

Lower (when RO is low) and higher (when RO is high) total
number of infections than when dual-role MSM are
completely separated

Lower HIV prevalence in adolescents and young adults in
endemic state

[33, 39, 42, 64, 70, 77, 79, 92]
[29, 39, 45, 48, 52, 53, 100]

[52, 53]
[39. 49, 50, 100]
[48]

[12, 39, 58]

[10, 12, 102]

[47, 51, 58, 63, 64, 79, 88, 96,
97, 115, 116]

[37. 39, 40, 42]

[24, 27, 32, 36, 70, 116]
[33, 67, 68, 111]

[104]

[54]

[125]

8. 60, 61]

[62]

43]

[27, 51, 53-56, 98, 102]

[54, 98]
[51, 54, 55, 98]

[52, 55, 117]

[61]

(611

[61]

[66]
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Table 1 continued

Factors Effects

References

HIV test and therapy
Higher proportion of tested MSM
More frequent HIV testing Lower HIV incidence
Lower HIV incidence*

Higher HIV incidence*

Higher ART usage rate

Increased effects if ART is initiated during primary HIV

infection

Lower HIV incidence can be counter-balanced by only a

Slower spread and lower HIV prevalence

[24, 33, 41, 48, 72, 79, 112]
136, 113]

[19, 32, 36, 70, 73, 74, 79]
[111, 112, 116]

[33, 48]

[14, 19, 79]

small increase in unsafe sexual practices

* Opposing findings, MSM men who have sex with men, ART antiretroviral therapy, ST/s sexually transmitted infections, RO basic reproduction

number

Whether or not the ART could reduce overall transmis-
sion remains a controversial issue. Lower HIV incidence was
found to have resulted from a higher ART uptake [19, 32, 36,
70, 73, 74, 79], particularly if started during the primary
infection stage [33, 48]. However, an increase in incidence
was predicted as a consequence of a longer infectious period,
higher bacterial sexually transmitted infections prevalence,
and imperfect ART efficacy in decreasing infectiousness
[111, 112, 116]. Another issue concerns the interaction
between the widespread use of ART and changes in risky
behaviour. Three studies reported that the ART efficacy in
HIV prevention at the population level could be negated by
an increase of 10-100% in unsafe sex depending on assumed
infectiousness reduction and partner types [14, 19, 79], and
one study reported that implementing ART was better even if
it was accompanied by large increases in risk behaviour [43].
In contrast, the effects of improved ART adherence [86],
increased prevalence [19, 110] and transmissibility of ART-
resistant strains [70], and the potential effects of therapeutic
vaccines [69, 81-83] were found to be small.

Intervention strategies supported by modelling studies

Mathematical models have been used to evaluate a wide
range of HIV control interventions. The interventions can
be grouped into those promoting information, education
and communication (IEC), HIV testing, or HIV therapy
(Table 2). A combination of strategies has been most com-
monly suggested to maximize the overall effectiveness of
control programmes [19, 22, 36, 64, 72-74, 76, 81, 84, 87,
113, 116]. Each strategy has its own prevention purpose to
achieve: IEC seeks to change behaviour; therapy intends to
treat infection and reduce infectiousness; and HIV testing, if
combined with IEC and th