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Abstract

Background: Although HIV prevalence in Japan is low, new HIV notifications are
increasing rapidly amongst men who have sex with men (MSM). Little is known about the
dynamics of the HIV epidemic in Japan, but understanding how the disease is spreading and
future trends in prevalence is essential to planning interventions and setting priorities for the

health system.

Objectives: This study used a deterministic compartmental mathematical model of HIV to
understand the dynamics of the HIV epidemic in Japan, to project trends 30 years into the

future, and to identify interventions that may be effective in controlling the epidemic.

Methods: I developed a deterministic compartmental model of HIV/AIDS that divides the
population into ten compartments based on HIV serostatus, CD4 count, knowledge of HIV
serostatus and treatment activity. This model was applied to three risk groups: MSM,
low-risk women and low-risk men. I derived an analytical expression for the basic
reproduction number of this model in a simplified MSM-only population, and analyzed the
effect on the basic reproduction number of key parameters related to behavioral and
biomedical interventions. I used data on numbers of MSM, HIV/AIDS cases, and disease
transmission parameters to develop forecasts of HIV prevalence in the three risk groups over
the next 30 years for two scenarios: a high HIV risk scenario that models what is known
about Japanese risk and treatment-seeking behavior now, and a lower HIV risk scenario that
models reasonable and achievable improvements in this behavior. Results from the models

were analyzed statistically to identify determinants of epidemic spread.

Results: In the base case high HIV risk scenario, HIV prevalence amongst MSM increased
over 30 years from a baseline value of 2.1% to 10.4% (sensitivity range: 7.4—18.7%).
Prevalence decreased amongst low-risk men women, but in a minority of models prevalence
amongst women began to increase again after 20 years, probably because of limited sexual

contact with MSM. With moderate changes to sexual risk and treatment-seeking behavior
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proposed in the lower HIV risk scenario, prevalence at 30 years amongst MSM was 1.1%,
with a sensitivity range between 0.2% and 4.1%. In the lower HIV risk scenario there was no
risk of epidemic growth amongst low-risk men and women in any model run. Mathematical
analysis of the model equations showed that the progress of the epidemic is highly dependent
on testing rates, that small increases in testing rates can have a large effect on epidemic size
in communities with low testing rates, and that current Japanese sexual and treatment-seeking

behaviors are on the edge of the parameter space required to contain the epidemic.

Conclusion: Both projections and mathematical analysis suggested that small changes in
sexual risk and treatment-seeking behavior would be sufficient to contain the epidemic in
Japanese MSM. However, if these changes do not occur, the projections in this study show
that the HIV epidemic amongst MSM will grow rapidly in scale over the next 30 years.
Urgent improvements in testing rates, changes to treatment guidelines to encourage early
entry into treatment, and scaling up of current interventions to a more coherent and intensive,

community-wide program are essential if the epidemic is to be contained in Japan.

Keywords: HIV/AIDS, Japan, mathematical model, epidemiology, HAART, sexual behavior
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1. INTRODUCTION

1.1. HIV/AIDS in Japan

Although HIV prevalence remains low in Japan[1], new HIV infections are at an all-time
high, and have been increasing rapidly for the past 10 years. The majority of new infections
in Japan are among men who have sex with men (MSM), and of these the vast majority are
Japanese nationals[1]. This suggests a dynamic of increasing prevalence of the illness
amongst a hard-to-reach, poorly-researched minority[ 1, 2], and the HIV epidemic among
Japanese MSM may be following the same path it followed in MSM in other countries 20

years ago[3-5], with the same risk of reaching a high prevalence in Japanese MSM.

Japan commenced surveillance of HIV/AIDS in 1984, and the first cases of HIV in MSM
were notified in 1985'). The epidemic initially developed slowly among MSM, and Japanese
concerns focused on the epidemic among hemophiliacs, due to the use of blood contaminated
with HIV between 1983 and 1985[7]. Until the early 1990s the majority of notified HIV cases
in Japan remained recipients of blood products, and as late as 1995 the primary driver of the
future of the epidemic was believed to be heterosexual contact[8]. Court cases and an
advocacy movement for those infected by tainted blood focused public attention on this

group of people living with HIV (PLWH), and some researchers have suggested that the
resolution of these cases in the late 1980s and early 1990s gave the Japanese public a sense of
resolution of the challenges of HIV/AIDS|[7]. The early focus of journalists on recipients of

tainted blood as donors often counter-posed them with “reckless” or “immoral” MSM or sex



workers[9], and these men and women may have experienced the stigmatization and
marginalization common at this time in other countries[10]. Against this backdrop of
medically-acquired HIV, representative organizations for MSM did not become publicly
active until the 1990s[11], and government-supported non-government organizations (NGOs)
only began widespread anti-HIV activities from 1998[12]. This delay in activism and the
focus on victims of tainted blood products has restricted the awareness of HIV amongst MSM

in Japan.

The HIV epidemic changed rapidly, however. While in 1997 only 14% of new HIV/AIDS
cases were attributable to homosexual contact[13], by 2012 this proportion had changed to
66%][14]. Figure 1 shows the trend in HIV and AIDS notifications to 2010, clearly showing
the recent rapid rise in HIV and AIDS notifications amongst MSM. In contrast to the
epidemic amongst MSM, the number of notifications of HIV and AIDS cases due to

heterosexual contact has plateaued.
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Figure 1: HIV and AIDS by transmission method, 1985-2010

Source: AIDS Prevention Information Network, 2011

This rapid increase is driven by low awareness of HIV, high-risk behavior amongst MSM,
and limited focus on testing or awareness of serostatus. Newly-identified cases of HIV in
Japan often have very low CD4 counts consistent with long-term infection[15], and in 2006
only 33% of newly-identified HIV cases arose from routine testing in public health centres or
clinics; the remainder were identified through case-finding associated with clinical

investigation of other STIs, or directly due to investigation of HIV-related symptoms[15].

Understanding of the status of the epidemic in Japan, and research into the risk behavior of
MSM, is limited compared to countries at a similar level of economic development which
experienced HIV first among MSM, such as Australia or the USA, and interventions amongst

MSM are both less developed, less visible and heavily focused on behavioral interventions.
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1.2. Biomedical and behavioral interventions to reduce HIV transmission in Japan

Recent research overseas has identified a promising role for biomedical interventions in
preventing the transmission of HIV, and models in both developed[16] and developing[17]
nation populations have shown the possibility that an intervention strategy based on universal
access to voluntary counselling and testing (VCT) and antiretroviral treatment (ART) may
contain or even eliminate the epidemic. These strategies require assumptions of high rates of
testing and treatment against a backdrop of successful behavioral interventions that may not
be realistic in many settings[ 18], but recent studies have shown that even with more realistic
intervention assumptions, and allowing for high-risk sexual behavior in some
sub-populations, elimination may be possible through test-and-treatment strategies, though

over considerably longer time frames[19].

Most studies targeting elimination through test-and-treat strategies have been conducted in
sub-Saharan Africa, however, in high-prevalence generalized epidemics, and less attention in
the literature has been focused on elimination of epidemics in high-risk sub-populations.
Amongst MSM, epidemic control was achieved in some countries such as Australia and the
USA before the availability of modern anti-retroviral treatment (ART), primarily through
behavioral interventions, and behavioral interventions amongst other high-risk populations
such as sex workers[20, 21] and injecting drug users[22] have also shown considerable
success. Although guidelines for the testing and treatment of HIV/AIDS in MSM in countries
with successful behavioral change campaigns now include early treatment as prevention[23],

and some countries such as the USA are implementing a nationwide voluntary testing and



counseling strategy[24], it remains the received wisdom that behavioral interventions
amongst MSM can be sufficient to contain the progress of HIV epidemics. Recent research,
however, has confirmed that the early successes observed in some behavioral intervention
strategies are not representative of the overall effectiveness of behavioral intervention
programs, and that these programs alone cannot be expected to be successful either amongst

MSM only[25] or in generalized epidemics[26].

In Japan, however, behavioral interventions remain the mainstay of the HIV prevention
strategy[12]. In contrast to US HIV/AIDS treatment guidelines, the Japanese treatment
guidelines do not yet recommend routine anti-retroviral treatment for prevention in
asymptomatic newly-infected patients[27], and ART for preventive purposes is not supported
by Japan’s universal health coverage system. Testing is not widespread, and free anonymous
HIV testing is only routinely available at a network of public health centres that are difficult
to access and not widely advertised[28]. Testing is sometimes promoted during specific HIV
testing events[29], and general HIV testing information is not directly linked to testing
centres or activity. Instead, HIV prevention activities in Japan are focused around behavioral
interventions promoted through community education, outreach and counseling[30]. There is
no systematic research into the effectiveness of these intervention strategies or even the

extent of their coverage.

Given the limited knowledge available about the sexual and risk behavior of MSM, it is
unlikely that behavioral interventions operating in Japan will be effective. Without

knowledge about the community being targeted, it is difficult to craft behavioral interventions



from a robust theoretical standpoint, or to target them at the correct people. Research has
shown that information about homosexual transmission risks is not widely disseminated in
school sex education classes[31], so young MSM are likely to enter this high-risk population
with very little baseline knowledge about the risks they face and behavioral interventions
developed overseas for use in populations with a higher level of safe sex knowledge are

likely to be ineffective.

Assessing how such strategies might work in Japan requires both an understanding of the
current level of awareness and utilization of HIV testing in the Japanese population, and
projections of the future path of the epidemic. HIV prevention guidelines, decisions about
testing and treatment strategies, and decisions about the size and distribution of HIV
intervention funding, depend on understanding the scale of the problem and good projections
of the future of the epidemic. Attempts have been made in the past to estimate the total size
of the HIV epidemic in Japan[32], but past efforts at forecasting the future have been
criticized for their inaccuracy and limited policy-development value[33]. In order to make
decisions about the future of HIV prevention in Japan, better projections of the epidemic in
the future are required, using more sophisticated models than those that have been used in the

past.

1.3. Objectives

To date, there has been very little research focusing on the dynamics of the epidemic in
Japan, and no attempts to project the possible future course of the epidemic. Given the

increasing awareness of the high risk of HIV faced by MSM in Japan, such projections are
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essential to help policy-makers understand the future health care burden that HIV may
present in Japan, the importance of interventions, and the risk of the epidemic spreading

beyond the MSM community.

This study presents projections of HIV transmission in Japan, employing a deterministic
compartmental mathematical model to examine trends among MSM and non-MSM (male
and female) over a 30 year period. Due to an absence of available research on sex work and
injecting drug use in Japan, the non-MSM population did not include any assessment of these
high-risk groups. Consistent with the risk patterns identified in surveillance data in Japan, for
this study HIV risk was determined entirely in terms of homosexual sexual activity amongst
men, and consistent with this all non-MSM were defined as low risk, and hereafter referred to

as low-risk men and low-risk women.

The study aims to explore the development of the epidemic under reasonable starting
assumptions, to identify the key weaknesses in current research among MSM, to understand
the extent of risk of an uncontrolled HIV epidemic amongst MSM, and to determine what

may need to be done to prevent the spread of this disease.

The deterministic compartmental model developed in this study will be used to conduct three

key tasks:

1. Calculate projections of the future trend in prevalence of HIV amongst MSM, low-risk
men and low-risk women under two scenarios, one representing the likely current state

of knowledge and activity in Japan and one representing a realistic estimate of how



behavioral risks and testing and treatment activity could be changed through
interventions

2. For the MSM population only, develop an analytical expression for the basic
reproduction number, the key parameter describing evolution of the epidemic, explore
its mathematical properties and the roles of key epidemic parameters that can be
influenced through intervention strategies

3. Develop policy recommendations for the Japanese government, and recommend the
most effective combination of intervention strategies that could be used to contain the

HIV epidemic over the next 30 years

It is hoped that this research will provide crucial information to support efforts to combat
HIV in a high-risk population that is clearly on the cusp of a major epidemic. Given the linear
trend in new infections amongst MSM, it is clear that current intervention activities in Japan
are not working. Through careful assessment of the future trends in HIV, and evaluation of a
realistic intervention framework, it may be possible to develop recommendations for an
improved HIV prevention strategy that can make a difference in the fight against HIV

amongst Japanese MSM.



2. METHODS

2.1. A deterministic compartmental model of HIV

A mathematical model of the epidemiology of HIV was developed to describe the progress of
HIV through 10 compartments across three risk groups, based on an existing published
model[16]. The 10 compartments represent stages of progression of HIV infection from
HIV-negative to AIDS, with HIV infection divided into symptomatic stages according to
current treatment guidelines, and further divided into compartments according to knowledge
of serostatus. The model was developed using population parameters for the 15-59 age group
in 2005, enabling comparability with current estimates of the size of the MSM population[34].
Prevalence figures were obtained from the Ministry of Health, Labour and Welfare[35] for
the population aged 15 — 59 years of age. Figures for those infected through contaminated
blood represented less than 3% of all PLWH in 2011[35] and were difficult to divide by sex

and other risk categories, so these cases were excluded from the model.

In this chapter I will describe the structure of this model, the mathematical methods used to
explore its dynamic properties, and its implementation for projecting HIV prevalence in

Japan.



2.1.1. Main model structure

In order to estimate HIV transmission and progression rates, I developed a deterministic
compartmental model, capturing transmission through both heterosexual and homosexual
contacts. I subdivided the target population into three groups: men who have sex with men
(MSM), low-risk men and low-risk women. Once infected, individuals progress though
asymptomatic, symptomatic, and AIDS stages. Although in Japan AIDS is a clinical
condition defined in terms of a combination of clinical and virological criteria [ref], this
model does not include stochastic properties of all possible opportunistic infections that
might define an AIDS case, and the disease stages in the model are defined entirely in terms
of CD4 counts, rather than a more nuanced clinical case definition. The model separates the
basic compartments for these disease stages by serostatus (identified/unidentified) and
treatment status (treated/untreated). Because voluntary testing and treatment strategies
operate at a population level as well as amongst populations at higher risk, the model includes
a compartment for HIV-negative individuals who have been tested and identified as negative,
and who are assumed to remain aware of their HIV status for one year. This compartment in
this model is an artifact of the testing process and is included for completeness; no
differential risk behavior is assumed for this group. Figure 2 shows the compartmental
structure of the model, with flows between compartments represented by arrows. This model
structure expands on earlier models depicting test-and-treatment strategies[17] by allowing
different rates of testing and treatment entry at each stage of the disease, and incorporates

testing through passive case-finding and active VCT strategies.The compartmental structure
10



USA[16] and China[36].

was developed based on a previous model used to describe HIV transmission dynamics in the
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Figure 2: Compartmental structure of the mathematical model

All symbols shown in Figure 2 are defined in Table 1. Figure 2 shows the compartmental
structure for a single risk group in the model, but the model divides the population into three
risk groups: MSM, low-risk men and low-risk women. In Table 1 the risk groups are denoted
by the subscript i, where i€[1,2,3] for MSM, low-risk men and low-risk women
respectively. The compartments are denoted by the subscript j, with values of j corresponding
with the numbers assigned to the compartments shown in Figure 2. The population of each
compartment is then denoted by a capital X. Thus, for example, the population of low-risk

men identified as HIV positive and currently receiving ART is denoted X, . For any
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mathematical expressions developed only for a single risk group model (such as in section
2.2), the subscript denoting risk group will be dropped, and all populations referred to only by

their j subscript.

Forces of infection are represented through the symbol A , testing rates by ¥ and V, and
treatment entry rates by & . Mortality rates due to HIV are different in every compartment,
and are denoted by U ; in all HIV-positive cells background mortality rates for all other
causes are denoted b. The model allows for HIV negative individuals to be identified as HIV
negative (compartment 2) and contains a separate compartment for HIV positive individuals
who have been identified through testing but are not yet in treatment in each of the three
disease stages (compartments 4, 6 and 9). Consistent with current Japanese HIV treatment
policy[27], asymptomatic individuals are not assumed to receive any form of highly-active
antiretroviral treatment (HAART), but must enter the symptomatic stage before entering
treatment. In the symptomatic and AIDS stages, individuals can enter treatment directly upon
being identified as HIV positive, but some are assumed to spend a period of time untreated in
these stages. The parameter ¢ determines the proportion of newly-identified cases that

progress directly to treatment.
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Table 1: Definition of variables and parameters in the compartmental model

Variables/Symbols Definition

Demographic characteristics

X, Number of people in risk group i with status j
b! Annual background mortality rate

1 Annual mortality rate due to HIV/AIDS

Ty Annual maturation rate

P Annual entry rate

Sexual transmission

oy, Annual transmission probability per partnership from female to

male, where z= asymptomatic HIV, symptomatic HIV, and AIDS

o, Annual transmission probability per partnership from male to

female, where z= asymptomatic HIV, symptomatic HIV, and AIDS

o Annual transmission probability per partnership from male to male,

where z= asymptomatic HIV, symptomatic HIV, and AIDS

n Annual same-sex partners of MSM

u, Condom use with same-sex partners, percent

13



n Annual opposite-sex partners in risk group i

u Condom use with opposite-sex partners in risk group i
K Condom effectiveness
HIV screening
7 Fraction of population tested in past 12 months for risk group i

with status j, percent

1/ o, Average duration (years) that uninfected individuals remain

identified after screening in risk group i

v Annual probability of symptom-based case finding in risk group i
with status j, percent

n Reduction in sexual behavior among persons identified as
HIV-positive, percent

r Reduction in sexual behavior among patients with HIV-related
illness, percent

ART Treatment

@ Fraction starting ART at CD4 cell count of 350 in risk group i with
status j

2 Annual ART entry rate if CD4 cell count <350 of risk group i with

14



Others

o

>4,

J=3

status j

Reduction in sexual infectivity due to ART, percent

HIV disease progression rate for individuals in risk group i with

status j

Transmission forces for each risk groups i

2.1.2. Model equations

Based on the model framework described in Section 2.1.1, the transition process described in

Figure 2 can be expressed through a set of 10 differential equations describing the flow of

individuals through all compartments in the model. Thus for three risk groups the complete

model comprises 30 equations. The 10 equations for each risk group are shown in equation 1.

dX

—=p Y X, -V,

dt -
dX, i2 i X
ar w4,

1 _w;Xi,z _(
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Equation 1: Basic transition equations

where i denotes the risk group and the compartments are labeled 1 to 10 in this set of

equations.

2.1.3. Force of infection

The key driver of the dynamic process of infection in a deterministic compartmental model is

the force of infection[37], denoted in this model by the symbol A . The force of infection

identifies the rate at which individuals from the susceptible population enter the infected

population, and is composed of a combination of parameters reflecting the infectiousness of

contacts and the probability of a potentially infectious contact occurring. In this
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compartmental model the force of infection in risk group i is composed of the sum of forces

of infection in that risk group due to all potentially infectious compartments,
_ ¥10
A=2A,

Susceptible individuals can become infected in two ways: heterosexual and homosexual
contact. Table 2 shows the details of potential modes of infection between any two risk

groups. Heterosexual transmission is considered to be to be possible for MSM in this model.

Table 2: Potential modes of HIV transmission by risk group

MSM Male Female
MSM Homosexual Heterosexual
Male Heterosexual
Female Heterosexual Heterosexual

Transmission forces 2/1 () for the three risk groups can then be expressed in terms of the

j>3

probability that an individual will not be infected by any sexual contact with an HIV-positive
member of any risk group at time ¢. These probabilities for each of the three risk groups are

written as:

N _MSM j The probability of not being infected by any sexual contact with people from compartment

j in the MSM risk group

N_M, The probability of not being infected by any sexual contact with people from compartment
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j in the male risk group

N _Fj The probability of not being infected by any sexual contact with people from compartment

j in the female risk group

The total force of infection can then be calculated for each of these values based on the

following assumptions:

1. The probability of infection from sexual contact is independent between individuals

2. The probability of infection from sexual contact is independent between risk groups

3. The probability of infection from sexual contact is independent between

compartments

Under these assumptions the force of infection can be calculated as the complement of the
probability of not being infected by any sexual contact with any risk group. Since the
probability of not being infected by any sexual contact in a risk group is independent between
risk groups and individuals, the total probability of not being infected by sexual contact in a
given risk group is simply the product of the probability of not being infected in each sexual

contact. The forces of infection are summarized in Equation 2.
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Equation 2: Forces of infection

2.1.4. Common transmission formulae

The probability that men are not infected by HIV-positive women in compartment j, through

one heterosexual contact, N .M, (j=3~10) is shown in Equation 3.

1-ulx 1-r)(1-u’K
N7M3= 1- 33 3( Uy )O-f,m ;N7M4= 1— 34 3( I’)( u, )O-fm
| I CT, |
Xn(l ) ] I n(1-r)(1-u’c) )]
NM,=|1-| 22 2268 N M, =|1- Xt »
| I CT, |

1- 1- K X 0 1— OK-
N7M7= 1- i ( r)( = ) j,m(l—rz)]:|;NM8=[1—(_3‘8n3éT Uy )O-;“,i)s j:l

F

N7M9 — 1 [ 39 3 (1 ')(l_u;)’() AIDS )] N M |:1 [ 3,10 3 (1 ')(1_14;)’() AIDS(I_ )]]
CT, CT,

F F

Equation 3: Common transmission probabilities (heterosexual men)

19



In equation 3 CT,is the total number of heterosexual contacts among women. Parameters in
these equations are described in Table 1, and include assumed condom effectiveness, number
of partners, rates of condom use and effects of post-test counseling and AIDS diagnosis on

numbers of partners.

In this model, the number of sexual contacts is assumed to be reduced amongst those who
have received testing and treatment, due to the effect of post-test counseling and/or changes
in sexual behavior after onset of AIDS. For this reason, the total number of sexual contacts in
individual compartments are not equal, and the total number of sexual contacts needs to be
calculated based on an assumed baseline number of sexual contacts in healthy women living
with HIV who do not know their serostatus, modified by the effects of testing and treatment
on sexual contacts in compartments 4 — 10. The formula for total heterosexual contacts

among women is:

CT,=( Y, X, )n{(1-ul)+( Y, X, )nl(A-r)1-ul)+( D, X, )n(1—r")1-ulK)

J=1,2358 J=4.6,7 J=9.10

The common probabilities that MSM are not infected by HIV-positive MSM in compartment

j through one homosexual contact, N .MSM, (j=3~10) are shown in equation 4.

20
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MSM MSM
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Equation 4: Common transmission probabilities (Homosexual men)

where CT . 1is the total number of homosexual contacts. As with women, this total number

MSMm

of contacts is derived as:

CT, =( Y, X ' (=u'm)+( Y, X, ' A-r)A-u'0)+( Y, X, n’ A—r )1 -u'K)

Jj=1.2358 j=4,6,7 j=9,10

N_F,, (i=1,2; j/=3~10) is the probability that women are not infected through heterosexual
contact with risk group 7, and compartment j. The formulae for N_F, are shown in Equation
5. Here CT,, is the total number of heterosexual contacts with men. As in the other groups,

this is calculated using different assumptions about the effect of testing and counseling:

. =Z{( X =)+ ( 3, X, Jn) A=) =)+ (Y, Xl-,.,-)n?(l—rlv(l—u?’f)}

i=1,2 538 j=4.6.7 7=9.10
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Again i corresponds to 1: MSM, 2: Male, 3: Female; and j denotes the 10 compartments
reflecting HIV progression (1: unidentified uninfected, 2: Identified uninfected,
3:unidentified asymptomatic, 4: Identified asymptomatic, 5: unidentified symptomatic, 6:
Identified symptomatic, 7: Identified symptomatic with ART, 8: unidentified AIDS, 9:

Identified AIDS, 10: Identified AIDS with ART).

i 1-u’x) ) [ =) 1-u’%) )]
N7E3: 1- Mo-mf ;N—E4: 1— ,4 ,( }")( u, ) mf

' L CTM h 1 ’ | CTM 2 |

[ 1-u’c) ] [ =) 1-u%) ]
N—Esz 1- M ri/_ ;N_F:.GZ 1- '6 ’( I")( U, ) ;:/.

’ i CT, § | ’ I CT, . ]

(X A=) -u’K X n°(1-u’x
N, =1 Z D 51 1y ||, =1 F O o
’ L CTZM ’ ’ CTM ’

NE i [ X (=)0 -u’K) ]]NF L [ X A=) o, )ﬂ
I CT, T,

M

Equation 5: Common transmission probabilities (Heterosexual women)

2.1.5. Model outputs

Prevalence, incidence, and cumulative incidence of HIV were calculated based on the

compartments in Figure 2.

The number of susceptible individuals in risk-group i is given by

=X, (O+X,@)

The number of PLWH in risk-group i is given by
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10
I = ZX,,J ()
=

HIV prevalence in risk-group i is given by

EX ()
EX )

New infections in risk-group i are calculated as

i (Eki./(t)) * <X[,1(t) + Xi,l(t))

Jj=3

Cumulative new infections in risk-group i are given by

CI, = j((zz (r)j X,(0+X, (r))}

723

2.2. Mathematical properties of the model

Mathematical models can be used to explore the properties of the epidemics they represent
through simulation or through examination of the mathematical characteristics of the model
itself. Section 2.3 describes how I examined the HIV epidemic in Japan, and the potential to
contain it, through numerical implementation of the model under two separate scenarios. In
this section, I describe how I explored the relationship between risk behavior, testing
behavior and the future of the HIV epidemic through the examination of the mathematical

properties of the dynamic system of equations itself. As is typical for a deterministic
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compartmental model, this investigation proceeds through an analysis of the relationship

between individual model parameters and the basic reproduction number of the model, R, .

2.2.1. The basic reproduction number of HIV

The basic reproduction number of a disease, R, , is a numerical value greater than 0 that
indicates the propensity of the disease to spread through a community[38]. The value of R,
indicates the number of new cases that will be generated by a single case of the disease in a
completely susceptible population. Values of R, above unity indicate that the disease will
propagate through the community, becoming an epidemic, while values below one indicate
that the disease cannot replicate itself fast enough to spread, and will ultimately die out.
Identifying an expression for this value is crucial for the proper understanding of the risks
that a disease poses to the community. Values of R, can range from about 1.5 in the case of
influenza to as high as 20 for measles[37]. Typically, the basic reproduction number of a
disease is context-specific but also biologically determined: basic virological properties
combine with the social context of the disease and the risk behavior of its target population to
determine R, . For example, seasonal influenza has a distinct virological profile, but children
are more susceptible to this profile than adults and, due to schooling practices, children are
more likely to socialize with other children than adults, making children more vulnerable to
influenza epidemics; case isolation through such mechanisms as mandatory home care or
school closures can therefore reduce the value of R, for the entire population, because of

the differential risk behavior and susceptibility of this group[39]. In such a case,
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understanding the effect of case isolation vs. treatment on the value of R, helps

policy-makers to judge the most effective intervention to contain or prevent an influenza

epidemic.

Unlike influenza, HIV has several transmission mechanisms and in mature epidemics is
usually seen as spreading through three different transmission mechanisms: injecting drug
use, homosexual activity between men, and heterosexual activity. The basic reproduction
number of HIV varies depending upon the degree of each type of risk behavior in the
community and the extent to which these groups interact, but simple likelihood-based
estimates using data from Western Europe suggest that HIV can have a basic reproduction

number between 3 and 4 during the early growth phase of an epidemic[40].

Calculation of the basic reproduction number of HIV is complicated by the existence of
high-risk groups with non-heterogeneous mixing[38], and the possibility of changes in
infectiousness over time[41]. However, for populations still undergoing rapid early growth
and with relatively heterogeneous mixing, a method for calculating R, based on the
next-generation method exists!*?. Although the accuracy of this method depends on the
degree of heterogeneous mixing in the population being studied, the resulting expressions for
R, can offer useful insights into the dynamics of the HIV epidemic. In particular, the
relationship between the basic reproduction number and some key parameters subject to

intervention can be explored.
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2.2.2. Calculating the basic reproduction number using the next generation method

To calculate the basic reproduction number of HIV in this model, I use the next generation
method[43]. I apply the next generation method to a simplified version of the model
described in section 2.1. This simplified version of the model has the same compartmental
structure but only one risk group, MSM. This simplification makes calculation of the next
generation matrix mathematically feasible, and defensible provided the heterosexual
transmission component of HIV within the MSM risk group is negligible compared to the
homosexual component. We will see in section 2.3 and the results of chapter 4 that this
assumption is reasonable, so for the analysis of dynamic properties of the model I will

proceed to calculate R, for a model with a single risk group of MSM.

The next generation method decomposes the system of ordinary differential equations
(ODEs) that describe the transitions in all infectious cells of the compartmental model
(equation 1) into two processes: the generation of new infections in particular compartments,
and the transition of previously-generated infections between compartments due to processes

such as symptom transitions, disease identification and treatment.

For the mathematical model described in equation 1 with only one risk group, MSM, these
two processes are expressed as two vectors. Both of these vectors have eight entries, one for
each infectious compartment in the model. The infection generation vector, f, consists of all
elements of the ODEs in equation 1 that correspond with the generation of new infections.

The transition vector, v, consists of all components of the ODEs in equation 1 that
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correspond with transitions between the compartments for all other reasons. Both f and v are

8x1 vectors.

For a model with only one risk group, MSM, the i subscript in equation 1 can be dropped,
and all variable subscripts can then be assumed to refer to their corresponding compartment.
For the remainder of this section, we will use the i subscript to denote elements of a vector or
rows of a matrix; the j subscript will denote columns of a matrix, or will be used in partial

derivatives to represent differentiation over a dimension orthogonal to that of the differand.

Using the notation ‘ ; to denote a component of a differential equation that corresponds with
infection generation, and ‘T to denote a component corresponding with transition, we can

express the i-th entry of f as

f = dX,
dt |,
and the i-th entry of v as
dX,
vV, =—
dt |,

Between them, these two vectors contain all components of the right hand side of equation 1.
From both vectors we then calculate Jacobian matrices, whose (i,)" element contains the
partial derivative of the i-th element of the vector with respect to the j-th variable. That is, we

can generate a new infection Jacobian matrix F with (i,7)" element

_9%
70X,
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and a transition Jacobian matrix V with (i,7)" element

_9v,
’oX,

The value of the basic reproduction number, R, , is then obtained as the maximum

eigenvalue of the product of F and the inverse of V , that is

R,=max(p;) j=1...,10

where p; represent the eigenvalues of the matrix product FV™' | that is they represent the
eight possible solutions to the polynomial expression obtained from the standard matrix

expression,
|pI-FV~|=0
where here I is the identity matrix.

The same method can be applied to equation 1 derived for the full three risk groups, but
requires a more complex expression for f andv (as 24x1 vectors) and is more difficult to
solve analytically, since calculating R, in this case would require calculation of the inverse
of a 24x24 matrix. For such a situation the basic reproduction number can be derived
numerically for specific cases, using a matrix mathematics package to perform numerical
calculations with parameter values inserted directly into F andV | In this section,
however, with only one risk group, the maximum eigenvalue can be calculated by hand, and
an analytical expression for the basic reproduction number derived directly. However, the

process of long-hand calculation of this eigenvalue, though not difficult, involves calculation
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of the inverse of a 8x8 matrix, or at least the derivation of the form of a series of
cofactors[44], and is prone to error. For this reason, the final calculation of the maximum
eigenvalue was performed using Mathematica 8.0, which is capable of symbolic mathematics
with matrices of this size. The detailed derivation of F and V and calculation of the basic

reproduction number is given in section 3.1.

2.2.3. Analysis of the basic reproduction number

Once an analytical expression for the basic reproduction number has been obtained, values of

R, will be plotted for different key parameters. Specifically, values of R, will be plotted

against the following parameters:

® Testing rates
® (Condom use proportions
® Treatment entry rates

®  Number of partners

In each case, the plots will be generated for a range of fixed values of the remaining
parameters, and also in every case with the remaining parameters fixed at those used in the
base case model implementation. The purpose here is to explore the complex relationships
between the key parameters that can be influenced by specific interventions, under different

assumptions about the range of values that other parameters may take.
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From these plots, we will infer information about the best possible range of values for
different parameters under different assumptions. Once the model has been implemented
under two different scenarios, model implementation results will be compared with the
findings from the analysis of the basic reproduction number. Numerical analysis of the
formula for the basic reproduction number and a variety of parameter values is shown in

section 3.2.

2.3. Model implementation

The model was solved for specific starting parameters and variables using a
difference-equation method. For each of the differential equations shown in section 2.1.2 a
difference-equation form was identified. These difference equations were coded using
MATLAB R2011. I then ran the program forward for 30 years, based on the starting
parameters. Sensitivity analysis was conducted using a Monte Carlo simulation-based
approach to generate 1000 replicates of the original model from randomly-varying starting
parameters. Model outputs were plotted for the 30-year forward projection. Finally, outputs
after 30 years were regressed against initial values of key parameters and starting populations

to identify the influence of these parameters on long-term trends in HIV prevalence in Japan.

2.3.1. Key parameters of the base case model

Starting values of the key parameters for the model are shown in Table 3.
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Table 3: Baseline parameters used in the compartmental model

Variable Value References
Demographic characteristics

Annual mortality rate (background)

Men 0.0092 [45]

Women 0.0045 [45]

Annual mortality rate (due to HIV/AIDS)

Asymptomatic (CD4>350) 0.02 [46]

Symptomatic (200=CD4=350) 0.063 [46]

AIDS (CD4<200) 0.22 [47,48]

Annual mortality rate (due to HIV/AIDS)

Symptomatic with ART 0.05 [46]

AIDS with ART 0.075 [46]

Annual maturation rate

Men 0.0271 Calculated, Census Data
Women 0.0232 Calculated, Census Data
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Annual entry rate

Men 0.0167 Calculated, Census Data

Women 0.0162 Calculated, Census Data

Initial population (aged 15-59)

MSM 680,000 [34]

Low-risk population

Men 38,056,434 Calculated, Census Data

Women 37,491,351 Calculated, Census Data

Initial prevalence (aged 15-59), %

MSM 2.1% (1.2-4.7%) Calculated: [35],[34]

Low-risk population

Men 0.03% Calculated: [35], Census

Women 0.02% Calculated: [35], Census

Sexual transmission

Transmission probability per partnership
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Heterosexual (female to male)

Asymptomatic HIV

Symptomatic HIV

AIDS

Heterosexual (male to female)

Asymptomatic HIV

Symptomatic HIV

AIDS

Homosexual (male to male)

Asymptomatic HIV

Symptomatic HIV

AIDS

Annual same-sex partners

MSM

Annual opposite-sex partners

MSM

0.01

0.02

0.03

0.03

0.04

0.08

0.04

0.05

0.12

5.5

0.1

[49]

[49]

[49]

[49]

[49]

[49]

[50]

[50]

[50]

[31]

Assumed
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Low-risk population

Men 1.1 Calculated: [51]

Women 1.12  Calculated®

Condom use with same-sex partners, %

MSM 37% [28, 30, 31]

Condom use with opposite-sex partners, %

MSM 20% [52]

General population

Men 20% [51,52]
Women 20% [51,52]
Condom effectiveness 0.9 [53]
HIV screening

Proportion of population tested in past 12 months, %

MSM 13% [30]

Low-risk groups 5% Calculated:[54, 55]
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Average period that uninfected individuals remain identified

after screening, years

Annual probability of symptom-based case finding, %

HIV

AIDS

Reduction in sexual partners among identified HIV-positive,

%

Reduction in sexual behavior among patients with

HIV-related illness, %

ART

Proportion starting ART at CD4 cell count of 350

Annual ART entry rate if CD4 cell count >350

Reduction in sexual infectivity due to ART, %

Progression Rates

From asymptomatic to symptomatic

From symptomatic to AIDS

35

10%

100%

20%

90%

75%

0.05

90%

0.152

Assumed

Assumed

[56]

Assumed

Assumed

Assumed

[57]

[17]



Untreated 0.303 [17]

Treated 0.165 [17]

*This number was calculated to balance total contacts amongst women with total sexual contacts amongst all men.

2.3.2. Population entry and maturation

The target population is adults aged 15-59 years old. The rate at which people enter the target
group is composed from the background population growth rate and the rate of maturation
into adulthood. In the same way, the maturation rate is the sum of the background mortality

rate and the rate of aging.

HIV prevalence in risk group 1i:

_ Number of People living with HIV in risk group i

i

Population of risk group i

Entry Rates:

15 years old population

p=—In(1- )+ growth rate

15-59 years old population

Maturation Rates:

59 years old population

=—In(1- )+ mortality rate
U

15-59 years old population
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2.3.3. Estimates of the MSM population

The number of MSM in Japan has been estimated at about 2% of the male population based
on probability samples[34]. Although these probability surveys have low response rates and
may not be representative, this proportion is consistent with estimates from other Asian
countries. This population prevalence was assumed for this study, but because of the
difficulty of identifying this population precisely and the likely sensitivity of the model to the

size of this high-risk population, the population of MSM was included in sensitivity analysis.

2.3.4. Prevalence estimates

Counts of reported cases of HIV/AIDS by year until 2010 were obtained[35] and the
combined count of men living with HIV/AIDS whose HIV was reported as due to
“homosexual activity” or “unknown origin” was used to estimate the number of HIV cases
among MSM. All other cases were considered to have occurred amongst the low-risk
population. All observed values of the number of HIV cases were inflated by a factor of 2.7
to reflect the assumption that only 37% of non-AIDS HIV cases have been identified[28], and
to reflect criticisms of a previously-assumed ratio of 5.1[33]. However, the number of

unidentified AIDS cases was assumed to be zero at baseline.

Initial values for the population of each risk group and compartment are shown in Table 3,

calculated from population size and prevalence information in existing studies.

37



Table 4: Starting populations by risk group and compartment

Risk Group Compartment
1 2 3 4 5 6 7 8 9 10
MSM 422,466 248,115 4035 2370 1281 188 564 0 O 981

Male 23,541,451 13,825,931 3281 1927 1042 153 459 0 0 2190

Female 23,616,306 13,869,894 2237 1314 710 104 313 0 0 473

2.3.5. Estimating sexual risk behavior

Information on number of partners and condom usage was obtained wherever possible from
Japan-specific surveys of sexual behavior. These may not be representative population
surveys, having been carried out through postal survey or through interview surveys in only a
limited area[51]. All risk behavior variables were included in the sensitivity analysis in order
to reflect this. No clear information was available on rates of partnership between MSM and
women, so a nominal, small rate was assumed and given a wide possible range in sensitivity
analysis. In modeling HIV/AIDS transmission in Asia it is important to model this risk
behavior, since different sexual identities and attitudes towards homosexuality, family and
public identity mean that many homosexual men are likely to adopt publicly heterosexual
identities[58], a phenomenon that has been described specifically in Japan[13]. Little is
understood about this behavior or the extent to which it may affect the progress of the HIV

epidemic in Japan, and little has been done to model the possible effects of this phenomenon
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in Asian populations. Given the very low prevalence of HIV in the heterosexual population in
Japan, heterosexual interaction between MSM and wives or occasional female partners may
form an important mechanism by which the epidemic can break out from a focused to a
generalized epidemic. Given low rates of migration and low incidence of HIV/AIDS among
foreigners living in Japan, it is possible that this interaction between high-risk MSM and
otherwise low-risk heterosexual women may be the only mechanism by which such an

epidemic transition could occur.

2.3.6. Treatment and screening parameters

Treatment guidelines for Japan indicate that people with asymptomatic HIV and a CD4 cell
count below 350 cells /mL should be advised to take up HAART in consultation with a
doctor [27]. Because no research is available on treatment uptake rates amongst patients with
asymptomatic HIV, treatment uptake was assumed to be 75% for patients in this stage,
representing effective implementation of the guidelines. Rates of HIV testing are difficult to
estimate in Japan, but some reports suggest that 13% of MSM in some community surveys
received an HIV test in the past year [30]. Using data on total HIV tests conducted per year
[54, 55], and assuming near-complete testing amongst pregnant women, it is possible to
estimate the rate of testing amongst non-MSM. The population of people living with HIV
was assigned to symptomatic or asymptomatic condition states in proportion to the inverse of
the death rate for each condition (Table 4), which put about 75% of all people with HIV in

the asymptomatic state. Passive case-finding was assumed to occur at twice the rate of the
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testing rate among non-MSM, since no research was available on the nature of case-finding

procedures in Japan.

Given that Japan has universal health coverage, it was assumed that 100% of symptomatic
AIDS cases would be identified every year. At baseline, all AIDS cases were assumed to be
identified and in treatment. This assumption, though likely incorrect, guarantees that the

model results give conservative projections for the future.

2.3.7. Multivariate sensitivity analysis

The range of possible values that could be used in the model and their effect on the overall
outcomes was estimated using multivariate sensitivity analysis. This sensitivity analysis was
implemented using Latin Hypercube Sampling (LHS), in which values were simultaneously
sampled from specified distributions for several of the parameters considered most significant
in the model. Under this method, the range of possible values for every parameter is divided
into sections of equal width, and these sections are sampled without replacement. From
within each section a value is sampled randomly, based on the assumed probability
distribution, and the resulting set of values is then entered into the model. This enables the
full range of possible values for each parameter to be sampled efficiently. The model results
were compared to observed numbers of new HIV infections amongst males for a run-in
period between 2006 to 2010, using the modeling efficiency parameter EF[59] to assess

goodness of fit. One thousand Latin hypercube samples were taken, and the 200 models with
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the best EF statistic were retained for comparison with the baseline model. All models were

then run for 30 years from 2010.

Table 5 summarizes values used in the multivariate sensitivity analysis. The triangular
distribution was used to eliminate any risk of selecting negative values, while retaining the

assumption that the value used for the point estimate was the most likely value.

Table 5: Parameters used in sensitivity analysis and their ranges

Variable Value Possible Range
Number of MSM 682,800 450,648 — 908,125
Testing rate 10% 2% -20%

Rate of ART Treatment for 75% 50-100%

CD4 count= 350 mg/mL

Number of sexual partners per

year
MSM 5.5 3-7
Low-risk men 1.1 0.8-2
Female partners of MSM 0.1 0.01-0.3
Low-risk women 1.12* Calculated”
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Condom use

MSM 0.37 0.2-0.5

Low-risk population 0.2 0.1-0.3

*This value is calculated to balance with the total number of male sexual contacts with women.

2.3.8. Forecast scenarios

Two scenarios were modeled. The base case, modeled to represent the situation in Japan now,
is referred to as the High HIV Risk scenario. A second counter-factual scenario, based on the
assumption of successful but limited behavioral intervention, was also modeled. This is
referred to as the Lower HIV Risk scenario, and assumes higher rates of condom use amongst
MSM, higher rates of HIV testing, and more effective passive case finding in people living

with HIV/AIDS.

These scenarios were defined in terms of three key variables: condom use, testing rates and
passive case finding rates. These variables were chosen because experience in other countries
has shown that these three variables are the easiest to control through behavioral intervention
and awareness raising, and the analysis of the basic reproduction number showed that these
variables have more influence on the progress of HIV than variables such as treatment entry
rates. Interventions that control influential variables should be favoured over those that

influence variables that have less influence on the progress of the disease, or those that
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attempt to influence variables that are more difficult to change. These three variables can be
seen as constructing a three-dimensional subspace of the total (very high) dimensional space
of all parameters affecting the model. Within this subspace there is a region of values of these
three variables within which the basic reproduction number will be below unity; the edge of
this region, which is likely to be an obloid sphere in shape, is a surface in this subspace that
defines the combined values of the three variables below which the basic reproduction
number will be less than unity. The goal of any public health intervention is then to change
the combination of all three variables such that they lie inside this surface, within the region
of the subspace corresponding with a basic reproduction number with low enough value to

halt the growth of the disease.

The specific parameter values were:

® High HIV Risk Scenario: condom use amongst MSM and the low-risk population was
37% and 20% respectively, MSM were screened at a rate of 13% per year, and the
passive case-finding rate was 10% per year

® [ower HIV Risk Scenario: condom use amongst MSM and the low-risk population was
55% and 30% respectively, MSM were screened at a rate of 35% per year, and the
passive case-finding rate was 40% per year

The values for the Lower HIV Risk scenario represent a compromise between the current low

values observed in Japan and the extremely high awareness of HIV in developed countries

such as Australia, which has achieved testing rates of 50-70% and high condom use rates of

about 60-80% [60].
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2.3.9. Statistical analysis of long-range forecasts

Linear regression analysis was conducted on the 30-year model results to identify the
parameters most strongly associated with long-term increases in prevalence. The key model
output was prevalence presented as a percentage, but for some risk groups the long-range
forecasts produced very low prevalence estimates. To reduce the risk of confidence intervals
for predicted values that overlapped zero, the rate ratio (RR) at 30 years was modeled. RR is
simply the ratio of the prevalence at 30 years and the baseline prevalence (measured in 2010).
These models were conducted separately for the lower and higher awareness scenarios. The
models were run separately for the low-risk women and MSM risk groups, since different
predictors were expected to be important in each risk group. Low-risk men showed a
long-term reduction in HIV prevalence in both scenarios, so models were not constructed for

this risk group.
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3. RESULTS

3.1. Dynamics of HIV among MSM

In this section I will develop a theoretical explanation of the dynamics of HIV among a single
risk group — MSM — based on the use of the next generation method described in section 2.2.
In section 3.1 I derive the form of the new infection generation vector and the transition
vector, and their corresponding Jacobian matrices. In section 3.2 I present the formula for the
basic reproduction number derived from these objects. In section 3.3 I analyse this quantity
numerically, for a general range of conditions and for the parameters assumed in the two
projection scenarios described in section 2.3.8. Section 3.4 offers a brief summary of the key

dynamic properties of this HIV model.

All the material developed in this section assumes a population with only one risk group
(MSM). This is equivalent to the assumption that the sexual activity between MSM and
low-risk women is of such low risk as to be essentially ignorable, and that the MSM risk
group can be described entirely in terms of interactions within this group. Given the value of
the sexual activity numbers assumed in section 2.3.1 this assumption appears defensible, and
we will see in chapter 4 that there is very little effect of sexual interaction between MSM and
low-risk women; furthermore, in the few models where there is any effective coupling
between the risk groups it serves to increase HIV prevalence in low-risk women but shows
very little influence on dynamics amongst MSM, suggesting that the reduction of the model

to a single risk group for dynamic analysis purposes is defensible.
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3.2. Transition vectors and Jacobian matrices

The new infection generation vector f has eight elements representing the number of new
infections generated in each infectious compartment per unit time. Note that this vector does
not include elements for the first two compartments of Figure 2, because these are the
uninfected cells and never contain any infectious cases due to either the generation of new
infections or transition of old infections. In fact all elements of f except the first are zero,
because new infections are only generated in compartment 3 of the model, which corresponds

to the first element of f . Thus f can be expressed as

f=| > A,0X,+ Xz),o,o,o,o,o,o,o}

j=3

For calculation of R, we require that the system be at disease-free equilibrium (DFE)[43],
which requires that there be no infections in the system, i.e. that X, =0 for i >3, which

implies that X, + X, = N, so we can rewrite the expression for f as

f= {2%1\7,0,0,0,0,0,0,0

>3

The transition vector is more complex, because it contains all other transition processes
derived from equation 1. Equation 6 shows the eight elements of v .
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v, =y, +Vv,+0,+ U, +by)X,
v,=0,+u,+b)X,—(y,+vy)X,

V=W +V,+0,+ U +b) X —0,X,

Vv, =0+, + U, +b)X,—0,0-0,)X, —(ys +v,)(1-0,)X;
vi=(0,+u, +b)X,—o X, —(ys+v)o X —0,0,X,

Ve =(Us +by +Vy + ) X, — 0. X

vV, =(Uyg+by +0) Xy —0,X, — (Wi + V)1 —0) X,

Vo =l +5,0) X0 — 0 Xy — (W + V)P X — 0, X,

Equation 6: Elements of the transition vector

Note that v does not need to be calculated at DFE.

In order to calculate the Jacobian matrices F and V we need to calculate partial derivatives
of every element of the corresponding transition vector with respect to every variable. We
consider the partial derivatives of elements of f first, but before we do so it is necessary to
consider the elements of the force of infection, A , which themselves contain the variables

X, . From equation 2, the force of infection for MSM is (ignoring the contribution of

heterosexual women)

Z/lj ()= 2{1 -N_ MSM;ZI»Y(I—MI“K)}

Jj=3 Jj=3

N _MSM ; given in equation 3 we note that we can rewrite each of the infection
probabilities in the form

47



8(X;)

N_MSM,=1-—>""1"_
WX X))

Then, by application of the quotient rule to the partial derivatives of N _MSM ;, we obtain

equation 7 for the k-th partial derivative of the total force of infection.

J

X,

T
X, < h(X;.., X,)

:_Z a o g(X]) ni (1-ujx)
“X, Xy Xy)

3500240
dg(X,) oh(X,,....X,,)
At (l=ufic - —— (X, X)) —g(X, )—— el
o gxy Y| oy M Xio)mg(X)T
=2 m =) 1= - ;
= h(X,,....X,) hX,,....X,)

Equation 7: Partial derivatives of the total force of infection

This all needs to be calculated at DFE, where we have
h(X;,....X,,)=(X, + X,)n;(1—u/x)= Nn(1-u/x)
and, at DFE,

gX)=Xn(l-ux)o,=0 Vj=3

,f,,,,, or 0.™ depending on the value of j

m,m

where here o, can be taken to mean Cpm> O

(see Equation 4). We further note that

dg(X;)

=0 Vj#k
X, /
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. T L . oA .
Inserting these simplified expressions into the equation for X we obtain
k

ag(Xk)
J A= 0X, _ i dg(X,)
X, Nnj (1-u;x) N 0X,

ny(1—u/x)

ag(Xk)

k

Furthermore, can be easily shown to take the following values depending on the

value of k:

&g(_)i?) =n'(1-uK)o’,,
"*g(_;?) = (1= uK)1-r)o",
aga(iés) =n (1~ uK)o,
@g(_;ié) = ni (1= u)(1-1)o?,,
855(_;?) = (L~ ug)1-r)(1-1,)5,,
&%ﬁx) = (1= u k)5
aé (;?) =’ (1-ux)(1 -1, Yo
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8(X,,) ,
‘ZT;O = (1= ugc)(1— 1) (1= 1)

Inserting these simplified versions of g(X;) and h(X,...,X,,) into the expression for%
k

, we obtain expressions for the force-of-infection components of the Jacobian shown in

Equation 8.
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a
m,m

d P n (1-ux)o
X, N

0 , nm(-ux)l-r)o,,

A
X, N
0 1o n(1-uKx)o,
X, N

9, _m-ux)l-1),,
oX, N

9, _mU-ux)l-r)1-1)0,,
X, N

AIDS

m,m

) P n(1-ux)o
X, N

0 Py n(1-ux)1- rl')O';‘,"ZS
X, N

0, _mA-urx)l=r)1-1)0,,
a)(10 N

Equation 8: Force of infection components of the infection Jacobian matrix

We will denote these components of the force-of-infection elements of the Jacobian by S, ,

where k=3,...,10 . Then we can write

J B
A=k
X, N

at DFE.
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From these terms, we can generate the Jacobian matrix associated with f as

F = % _ ﬁi ifj=1
Tlox, || 0 ifj>1

i.e. F isa matrix with the first row non-zero and composed of the set of f, , and all other

rows zero. Written explicitly, we have

B B B B. Bs B B By

S O O O o o O
S O O O O oo
S O O O o oo
S O O O o oo
S O O O O O O
S O O O O O O
S O OO O oo
SO O O OO oo

with f, written as above.

We can now turn our attention to the calculation of v, which is simpler because the vector
does not contain the force of infection terms, and thus we do not need to apply the quotient

rule in partial differentiation. By partial differentiation of each element of v with respect to

the variables X, we obtain the matrix shown in equation 9.
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Yy +V,+0,+ 1+ b,y 0 0 0 0 0 0 0
—(y, + 1) 0,+,+b, 0 0 0 0 0 0
A 0 W5 +Vs+0s + s + by 0 0 0 0 0
Ve 0 -0,0-9¢,) —(ws+v)d—-¢5) O+ + s +bg 0 0 0 0
0 —0.,9, (W5 +V;)9s —0 0+, +b, 0 0 0
0 0 -0 0 0 W+ U +bg + Vg 0 0
0 0 0 -0, 0 (W +v)(l=0y) Uy +by+ot 0
L 0 0 0 0 _67 —(Wg +V; )0y - My + blo

Equation 9: Transition Jacobian matrix

We can then combine F and V™' and calculate R, as their maximum eigenvalue.

Conducting this calculation in Mathematica, we obtain the value of R, shown in equation

10.

Equation 10 shows that, as expected, the basic reproduction number is linear in the number of

partners and condom use rates (the various f3; values established in equation 8), and shows

a non-linear relationship with other parameters, which measure testing, disease transition,

treatment entry and mortality rates.
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_ B1 n B2 (vs + 13) "
by + 03+ ps + v+ 13 (by + 04 + pa) (b + 03 + p3 + v3 + 13)
B303 .
(b3 + 03 + ps + vs +1b3) (b5 + 05 + p5 + v5 + 95)
Babs (1 — ¢5) (vs + ¥s5) "
(bg + ag + 06 + p6) (bs + 03 + ps + v5 + 3) (bs + 05 + ps + vs + 15)
B404 (1 — ¢4) (V3 + 93) n
(ba + 04 + p1a) (bs + 6 + 06 + p16) (b3 + 63 + pz + v3 + P3)
Bsaels (1 — ¢s5) (vs + Ps5) "
(be + a6 + 06 + p6) (b7 + 07 + pi7) (bs + 03 + ps + v3 + 93) (bs + 05 + 5 + v5 + 9s5)
Bsasts (1 — ¢a) (v3 + P3) n
(ba + 04 + p1a) (b + a6 + 06 + pi6) (b7 + 07 + p7) (bs + 03 + pz + v3 + ¥3)
Bsb3¢5 (vs + ¥5) n
(b7 + 07 + p7) (b3 + 05 + pz + v +1b3) (b5 + 05 + s + v + 15)
Bs01¢4 (v3 + 13) "
(ba + 04 + pa) (b7 + 07 + p7) (bz + 03 + pz + v3 + P3)
B60503 n
(b3 + 03 + pz + vz +13) (bs + 05 + ps + v5 + 1s) (b + pg + vs + 1g)
Br0503 (1 — ¢g) (vs + 1g)
(bg + g + pg) (b3 + 03 + puz + v3 +3) (bs + 05 + pus + v5 + 5) (bs + ps + vs + g)
B3 (1 — ¢5) (vs + s5)
(b6 + a6 + O + p16) (bg + g + pg) (b3 + O3 + pz + vz + 9P3) (bs + 05 + ps + v5 + s5)
Brbsbs (1 — ¢a) (vs + ¥3)
(ba + 04 + p1a) (b + a6 + 06 + p16) (by + g + pig) (bs + 03 + ps + v3 + ¥3)
Bagbs03 (1 — ¢g)
(bo + arg + pag) (b1o + p10) (b3 + 03 + pz + vz +103) (bs + 05 + s + vs +1bs) (bs + g + v + g)
Bsbsgls (1 — ¢5) (v5 + ¢Ps5)
(bs + a6 + 06 + p6) (bg + g + pg) (bio + ft10) (b + 03 + s + vz +3) (bs + 05 + s + v5 + 15)
Bbsagfs (1 — dg) (V3 + 3) "
(bs + 04 4 pa) (bs + a6 + O + p16) (bg + g + p1g) (1o + p10) (b3 + O3 + 3 + v3 + 43)
Bsls03ps (vs + 1) n
(b1o + p10) (b3 + 03 + pz + vz +1b3) (bs + 05 + ps + vs + 1s) (b + g + vs + 1g)
BsOraet3 (1 — ¢5) (vs + 1s5) "
(bg 4 a6 + 06 + p6) (b7 + 07 + pi7) (bro + pr10) (b3 + 03 + pz + v3 4 13) (bs + 05 + ps + vs + ¥s)
Bsbrabs (1 — ¢4) (v3 +103) N
(bs + 04 4 pa) (b + a6 + O + p16) (br + 07 4 p7) (bio + p10) (b3 + 03 + p3 + vz + 13)
Bsb703p5 (vs + 5)
(b7 + 07 + p7) (b1o + pao) (bs + 03 + pz + v3 + 3) (bs + 05 + ps + v5 + Y5
Bsbr01¢4 (vs + 3)
(b4 + 04 + u4) (b7 + 07 + [L7) (b10 + ,ulo) (bg 4+ 03 + pz + vz + ¢3)

Ry

)—|—

Equation 10: The basic reproduction number
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3.3. Dynamic properties of the basic reproduction number

The dynamic properties of the mathematical model can be explored through examination of
the effect of different parameters on the basic reproduction number as described by equation
10. First, I will plot the relationship between R, and key testing and treatment variables
across a range of behavioral factors. Specifically, I will plot separate charts of the relationship
between R, and the testing and treatment entry rates at condom use rates of 20%, 40%,
60% and 80%; I will then plot these charts again for annual average number of partners of
1.2,2.5,5.5,7.5 and 10. Subsequently, I will explore the effect of testing, treatment entry and
condom use rates in the setting of the two specific scenarios described in section 2.3.9 (the

High HIV Risk and Lower HIV Risk scenarios).

3.3.1. Effect of testing rates on epidemic progress

In order to explore the effect of testing rates on epidemic progress, I calculated values of R,
using assumed parameter values from the High HIV Risk scenario, across a range of levels of
behavioral risk. These ranges of behavioral risk were expressed in terms of condom use rates
and partner numbers, and the basic reproduction number was plotted varying these values
separately. Where the condom use rates were varied, partner numbers were set at the base
case assumption in the High HIV Risk scenario (5.5 partners per year); where the partner
numbers were varied, condom use rates were also set at the base case assumption in the High

HIV Risk scenario (condoms used in 37% of all sexual encounters).
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Figure 3 shows the relationship between R, and testing rates across the full range of testing
rates and at different levels of risk behavior. It shows a non-linear relationship between
testing rates and R, , with the largest effect of increases in testing rates being observed in the
lower half of the range. Although not explored quantitatively, it appears from Figure 3 that
the inflexion point — beyond which the benefits of increased testing rates begin to diminish —
shifts to the right as the level of risk behavior (measured as lower condom rates or higher
partner numbers) increases, suggesting that in high-risk populations scale up of testing has

benefits across a wider range of testing rates than is the case in low-risk groups
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Figure 3: Relationship between basic reproduction number and testing rate

The presence of inflexion points in the curves in Figure 3 also suggests that scaling up of
testing rates has diminishing returns beyond a certain point. For example, for the scenario
with 37% condom use and 5.5 partners (Figure 3, left panel, red line) the relationship
between R, and the testing rate becomes approximately linear beyond a testing rate of about

0.4, while before this point R, is decreasing rapidly.
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Figure 3 also shows that very high testing rates do not necessarily guarantee elimination of
HIV where risk behavior is high — that is, the basic reproduction number does not drop below
unity at any testing rate. For example, for the scenario with 20% condom use and 5.5 partners
per year (Figure 3, right panel, green line) the value of R, is above I across the entire range
of testing rates. This suggests that the interaction between testing and treatment entry and risk
behavior includes a threshold effect: at very high levels of risk behavior, testing and
treatment strategies alone will be insufficient to control the epidemic, and some level of

successful behavioral intervention will be essential.

Finally, Figure 3 shows that for partner numbers of about 5.5 per year, and condom use rates
of 37% (Figure 3, left panel, red line), epidemic elimination may be possible even with
relatively low rates of testing of about 0.1 — 0.2. The High HIV Risk scenario functions in
this range of risk behavior (5.5 partners per year and 37% condom usage), so it is possible

that containment of the epidemic can be achieved with modest scale up of testing.

3.3.2. Effect of treatment entry rates on epidemic progress

The effect of testing on the HIV epidemic is dependent on the rate at which tested subjects
enter into treatment. Current Japanese HIV treatment guidelines do not recommend automatic
entry into treatment for people with CD4 cell count greater than 350 cells/uL, and the official
health insurance policy does not allow reimbursement for treatment of asymptomatic HIV;

however, HIV is defined as a disability in Japan and people living with HIV can obtain a
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special disability support card that entitles them to free treatment, and consistent with the
guidelines many HIV specialists recommend ART treatment. For these reasons the baseline
assumption in the mathematical model is that 75% of newly-identified HIV cases with CD4
cell counts of 350 cells/uL or below proceed immediately to treatment. The remaining 25%
are assumed to enter treatment at a rate of 0.05 per year. It is important to understand the
relationship between treatment entry and epidemic dynamics amongst those newly-identified
HIV cases who do not proceed directly to treatment, since low treatment entry rates will

reduce the effectiveness of testing strategies.

Figure 4 shows the relationship between treatment entry rates among identified HIV-positive
individuals who did not proceed directly to treatment, and R, at different levels of risk
behavior for the parameters fixed in the base case model of the High HIV Risk scenario. The
left hand panel shows the effect of treatment entry rates across a range of partner numbers
and the right hand panel shows the effect across different levels of condom use. The
relationship between treatment entry rates and R, is essentially flat, with very little effect of
treatment entry rates on the dimensions of the epidemic. This reflects the dynamics of rapid
direct entry into treatment amongst newly-identified symptomatic individuals, and low rates
of HIV testing in the community. With very few people being tested annually and the
majority of newly-identified symptomatic cases entering treatment immediately the primary
driver of new infections is unidentified asymptomatic HIV positive individuals. Increasing
treatment entry rates amongst newly-identified individuals who do not immediately enter

treatment will have little effect, since such an approach will only affect a very small number
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of high-risk individuals. It is much more important to raise testing rates amongst the entire
community at risk than to improve treatment entry rates in a small number of identified

asymptomatic individuals.
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Figure 4: Relationship between treatment entry rates and basic reproduction number

In the context of the current Japanese HIV epidemic, reform of treatment guidelines will

make little difference until testing rates can be improved.
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3.3.3. Comparison of testing rates in two scenarios

In this study I modeled two different HIV awareness scenarios representing different levels of
HIV awareness. One of these scenarios was developed based on available data for the current
situation in Japan; the other represents a modest improvement in awareness amongst Japanese
MSM towards a level similar to — but not intended to be equivalent to — the level of
awareness in MSM communities in Australia and the USA that have effectively contained
HIV. These scenarios primarily differ on rates of screening, passive case-finding and condom
use, and assume no difference in treatment entry rates or partner numbers. The two scenarios

are described below.

Figure 5 shows the effect of testing rates on the basic reproduction number in each of these

scenarios.
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Figure 5: Effect of testing rates in two scenarios

In the low awareness scenario increases in testing rates have a large effect on the basic
reproduction number, and increasing these rates beyond 0.2 (20% of all MSM receiving
testing every year) will likely force the value of R, below unity, ensuring the epidemic can
be contained or eliminated. Thus, without any significant reductions in personal risk
behavior, the HIV epidemic amongst MSM may be contained by an approximate doubling of

current testing rates.
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3.4. Summary: HIV dynamics and testing policy in Japan

In this section I have developed an analytical expression for the basic reproduction number of
HIV based on the mathematical model developed in section 2. Closed form expressions of

R, are rare in the literature due to the complexity of the mathematical models required to
describe the epidemic in the era of test-and-treat strategies, and to the best of my knowledge
this is the first attempt to explore R, analytically using the next generation method for a

model of this size and complexity.

Analysis of the dynamics of the mathematical model based on the relationship between key
parameters and R, suggests that the HIV epidemic amongst MSM is fragile and close to the
edge of the parameter space required to maintain epidemic expansion. Small increases in

testing rates, or small reductions in risk behavior, may be sufficient to drive R, below 1,

suggesting containment and eventual elimination of the epidemic.

While evidence from overseas suggests that achieving behavioral change is difficult and may
not be sufficient to control the HIV epidemic even amongst MSM[25], improving testing
rates is a feasible intervention in most MSM communities[61]. This is likely to be
particularly successful in Japan, where a large proportion of newly-identified cases have
already progressed to low CD4 cell counts and are likely to be immediately referred to
treatment under current guidelines, although such an intervention would be even more
successful if the guidelines were to be updated to ensure that all people living with

HIV/AIDS receive immediate treatment for prevention regardless of CD4 cell count.
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Analysis of epidemic dynamics based on the basic reproduction number have their
limitations, however. The expression for R, developed here depends on strong assumptions
about disease free equilibrium that obviously do not apply in a rapidly expanding epidemic
such as Japan is currently experiencing. HIV is also known to be spread through high-risk
behavior in small sub-populations, and estimates of the basic reproduction number from
models that assume homogeneous mixing (as this model does) are by necessity limited[62].
Analysis of this model in a setting with heterogeneous mixing might lead to a different range
of values of the basic reproduction number[63]. These constraints do not change the
fundamental relationship between parameters driving the model, however, and only affect
specific estimates of the values of parameters required to achieve the threshold value of the
basic reproduction number (i.e. R, =1) required for disease elimination[64]. Thus the broad
conclusions about relationships between key disease parameters drawn in this chapter should
hold even where the constraints on analysis of R, prevent precise analytical estimates of the
threshold values required for epidemic containment in Japan. To reflect these limitations on
analysis of R, using the methods described here, I have avoided giving precise estimates of
threshold values of key parameters necessary to eliminate HIV, and have given only heuristic

descriptions of the effects of the variables and their inter-relationships.
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3.5. HIV Projections: The High HIV Risk Scenario

The model was run for 30 years under the baseline assumptions given for the High HIV Risk

scenario, starting in 2010. The range of prevalence values for each of the three risk groups,

and the histogram of HIV prevalence among MSM at year 30, is plotted in Figure 6. The

values for the base case model are shown in red.
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Figure 6: 30 year projections of HIV/AIDS prevalence among three risk groups and
histogram of prevalence among MSM at 30 year endpoint, Low Awareness Scenario

From a baseline value of 2.1%, prevalence among MSM increases over 30 years to 10.4%

(sensitivity range: 7.4—18.7%). Prevalence decreases amongst low-risk men from 0.018% to
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0.0014% (sensitivity range: 0.0013—0.0022%) and amongst women from 0.012% to
0.0038% (sensitivity range: 0.0019—0.0099%). The number of MSM was varied in
sensitivity analysis to allow for uncertainty in the definition of this risk group, while counts
of HIV cases remained fixed, with the consequence that initial prevalence rates entered into
the model also varied, and it is clear from Figure 6 that the final prevalence over 30 years
among MSM is highly dependent on the initial prevalence. This suggests that long-term
prevalence amongst MSM in Japan is highly dependent on trends in prevalence over the next
few years, and also implies that accurate knowledge of HIV prevalence in Japan is essential

for predicting long-term trends of the epidemic.

For low-risk women the model bifurcates, and two model outcomes are possible. The lower
range of values in Figure 6 corresponds with epidemic extinction, and shows HIV prevalence
among low-risk women declining in a similar way to low-risk men. However, the higher
range of values corresponds to epidemic growth, though still at a very low absolute level.
Inspection of the relationship between parameter values and end-state prevalence in low-risk
women suggests that the main driver of this bifurcation appears to be the rate of heterosexual
contact with MSM. This relationship is illustrated in Figure 7, which shows the rate ratio of
HIV prevalence at 30 years for each model run compared to the HIV prevalence for the
model with the lowest heterosexual/ MSM contact rate, plotted against the rate of annual
sexual contacts between low-risk women and MSM for each model. There is a clear linear
relationship between this contact rate and the rate ratio, which indicates that the primary

driver of HIV prevalence in low-risk women at 30 years is the heterosexual/MSM contact
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rate. This effect is particularly striking because it appears to occur independently of the HIV
prevalence in low-risk men. This bifurcation also occurs in only some of the model runs, and
is delayed until 15 or 20 years into the simulations, indicating that it only occurs after HIV
prevalence amongst MSM reaches higher values. This suggests that in the absence of
significant in-migration of HIV-positive cases to Japan, the only risk of HIV transmission

spreading beyond MSM lies in contact between MSM and heterosexual women.
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3.5.1. Statistical analysis of predictors of long-range prevalence

Figure 8 shows the relationship between HIV prevalence at 30 years and HIV prevalence at
baseline amongst MSM and low-risk women. The prevalence of HIV amongst MSM at 30
years is highly dependent on the prevalence at baseline (year 2010), showing a strong linear
relationship, while amongst low-risk women this relationship is weaker. This reflects the

strong dependence of the HIV epidemic among low-risk women on sexual interaction with

MSM.
Men who have sex with men Low risk women
® o S L2y
o0 _|
L ° ° o' - )
o0 ° : o
© _ P ° 3 | °e e o °
° S ° ®
L ] L ° °
() o o ..
o o.:.o ° o o %o S
< ° o %o e 3 ° L
IS e & C X ] °
- e 0® 0% o °
< o® °® S0 o °%
@ ° © S % ® o
) S oo 8 *ea¥ o °
= ° = % ) ° °
o ° ® ®es 2 °® ° ’ o ®
S % S we’ g vo°3
'52_ - [ .‘ : hd [ ] o ss_ ’& ° ‘
pe e i-d A
o“o‘f‘g 3 | o’o:... o °
21 “Perbe. R A
.- Ry S A
[ ] ) (]
? ° e oo
" “ o
°
0 - 0.%’ N ¢ d
°® 81 ° ®
T T
115 é 2:5 é 315 .O1|15 .0|12 .01|25 .Ol13 .0135 .014
Prevalence in 2010 Prevalence in 2010

Figure 8: Relationship between prevalence in 2040 and prevalence in year 2010, low
HIV-awareness scenario
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Figure 9 shows the relationship between HIV prevalence at 30 years and the testing rate for
MSM and low-risk women. This figure shows that there is no clear relationship between
prevalence at 30 years and the proportion of people receiving tests from in each year. This is
likely due to the confounding effect of condom use, number of partners and initial
prevalence. In order to explore the relationship between the model parameters and long-term

prevalence it is necessary to construct a linear regression model.

A linear regression model of prevalence at 30 years with baseline prevalence as a predictor
showed very poor residuals, indicating that additional non-linear terms would be necessary to
properly estimate the relationship between all parameters and final prevalence using such a
model. However, a linear regression of the rate ratio (prevalence at 2040 divided by
prevalence at 2010) showed good residuals, that were both normally distributed and showed
no pattern over the range of predicted values. For this reason, regression models in this

chapter are based on the model of rate ratios rather than raw prevalences.
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Figure 9: Relationship between prevalence at 30 years and testing rates, low HIV-awareness
scenario

Table 6 shows the results of linear regression of the rate ratio of prevalence at 30 years
against baseline parameters, for MSM and low-risk women. The model for MSM had an
R-squared statistic of 0.89, indicating that the model explained 89% of the variance in the
rate ratio. The model for low-risk women had a similar R-squared statistic of 0.90, explaining

90% of the variance in the rate ratio.

This regression model shows that in the absence of significant test-and-treatment
interventions, the long-term prevalence of HIV in MSM is highly dependent on behavioral

variables, most especially the number of partners. In the lower-awareness scenario, every
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percentage point increase in the proportion of MSM who receive testing annually reduces the
long-term rate ratio of HIV by 0.05, but even very small increases in the number of partners,
or decreases in condom usage, will swamp the effect of case-finding. This indicates that when
testing-based interventions are limited, the epidemic is essentially uncontained and its growth

determined only by contact behavior.

Table 6: Regression model of rate ratio against baseline parameters, low-awareness scenario

95% confidence
Parameter Effect on RR P value
interval

Men who have sex with men

Testing rate -0.054 -0.062 to -0.046 <0.001
Number of partners 4.321 4.108 to 4.541 <0.001
Condom use proportion -0.316 -0.330 to -0.297 <0.001

Low-risk women

Testing rate -0.002 -0.003 to -0.000 0.03
Number of partners -0.030 -0.055 to -0.005 0.02
Condom use proportion -0.003 -0.004 to -0.001 <0.001
Number of MSM contacts 2.089 1.992 to 2.187 <0.001
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This effect is not observed to the same extent among low-risk women, where condom use has
a limited effect on the progress of the disease. The main driver of the long-term rate ratio in
this risk group is the number of sexual contacts with MSM. The contradictory effect of
increasing the number of partners reflects the fact that the total number of heterosexual
partner numbers for women is balanced against that for low-risk men, and so a higher number
of heterosexual partners necessarily constrains the number of MSM sexual contacts. Note that
although heterosexual behavior has limited effect on the RR in this risk group, the number of
sexual contacts varies amongst a much smaller range, and testing can still serve a role in
reducing the long-term prevalence regardless of initial prevalence. Compared to MSM,
amongst low-risk women the benefit of increasing testing is greater relative to behavioral
interventions, because their risk behavior is generally assumed to be low and so interventions

reducing risk behavior will have limited benefits.

3.6. HIV Projections: The Lower HIV Risk scenario

3.6.1. HIV prevalence projections

Prevalence estimates from the Lower HIV Risk scenario, with sensitivity analysis ranges and a
histogram of prevalence among MSM at year 30, are shown in Figure 10. The main model for
this scenario is plotted in red. The prevalence at 30 years among MSM is 1.1%, with a

sensitivity range between 0.2% and 4.1%. Among low risk men prevalence declines to
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0.0013% (sensitivity range: 0.0012%—0.0016%) and among low risk women prevalence
declines to 0.0015% (sensitivity range: 0.0012%—0.0033%). In the Lower HIV Risk scenario
the epidemic tends to extinction in both low-risk women and low-risk men, and appears to be
slowly declining amongst MSM for the majority of cases. A small number of models show
epidemic growth amongst MSM but this result does not appear common in this sensitivity
analysis. There is no evidence that heterosexual contacts between MSM and women are

sufficiently infective as to produce epidemic growth amongst women.
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Figure 10: 30 year projections of HIV/AIDS prevalence among three risk groups and
histogram of prevalence among MSM at 30 year endpoint, Higher Awareness Scenario
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The Lower HIV Risk scenario differs from the High HIV Risk scenario only in that it models a
small increase in condom use rates amongst MSM and a significant improvement in passive
case-finding and voluntary testing rates amongst MSM. These changes would be sufficient to
reduce the prevalence of HIV among MSM to approximately 1% over 30 years. Epidemic

growth is rare in the Lower HIV Risk scenario.

3.6.2. Statistical analysis of predictors of long-term prevalence

Figure 11 shows the relationship between prevalence at 30 years and baseline prevalence for
MSM and low-risk women. The relationship between baseline prevalence and long-term
prevalence in MSM is less pronounced than in the lower awareness scenario, while it is more
obvious amongst low risk women. There are also some outliers amongst MSM, in which the
final prevalence is much higher than might be expected given the initial prevalence; this is
possibly consistent with a non-linear relationship between final and initial prevalence, and
reflects the small number of break-away epidemics in the high HIV-awareness scenario
(Figure 6). For all initial prevalence values, however, there are some final prevalence values
that are lower than the starting value, indicating that in the high HIV-awareness scenario it is
always possible to control long-term prevalence through control of health-system and
behavioral factors; this is not the case for any of the model runs in the low HIV-awareness

scenario.

The relationship between initial and final prevalence is also more pronounced among
low-risk women in the high HIV-awareness scenario. This reflects the reduced effect of

sexual contact with MSM in this scenario. In the absence of contact with this high-risk group,
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low risk women’s risk of HIV is primarily determined by the prevalence of HIV in the

heterosexual community.
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Figure 11: Relationship between prevalence in 2040 and prevalence in year 2010, high

HIV-awareness scenario

Figure 12 shows the relationship between prevalence at 30 years and testing rates for MSM

and low-risk women. Despite the higher levels of testing seen in this scenario, the

relationship between testing and final year prevalence remains unclear and confounded by

other variables in these charts.
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Figure 12: Relationship between prevalence at 30 years and testing rates, high
HIV-awareness scenario

Table 7 shows the results of linear regression analyzing the relationship between baseline
parameters and the rate ratio of prevalences at 30 years, in MSM and low-risk women. The
R-squared statistic for the model among MSM is 0.87, similar to that of the low
HIV-awareness model. The R-squared statistic in the model among low risk women is 0.49,
indicating just under half of the variance in rate ratios is explained by this model. This lower
R-squared value reflects the downward trend in prevalence amongst all model runs for low
risk women in the high awareness scenario, and suggests that there are threshold levels of one

or more of the model parameters above which all models behave similarly. In this scenario a
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much larger proportion of all variance arises from random variation in starting values rather

than from the particular effects of model parameters.

This effect can also be seen from the regression coefficients presented in Table 7. Although
testing is no longer significantly associated with a reduction in rate ratio at 30 years, the
effect of number of partners and condom use is significantly reduced. This is most noticeable
in MSM, with the effect on the rate ratio of the number of partners reduced by a factor of 10.
The effect of increasing condom use is also reduced by a factor of 10 compared to the
low-awareness scenario. A similar relative reduction in the importance of MSM contacts and

condom use is observed among low-risk women.
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Table 7: Regression model of rate ratio against baseline parameters, high-awareness scenario

Effect on 95% confidence

Parameter P value
RR interval

Men who have sex with men

Testing rate -0.002 -0.007 to 0.002 0.3
Number of partners 0.423 0.393 t0 0.453 <0.001
Condom use proportion -0.041 -0.045 to -0.038 <0.001

Low-risk women

Testing rate -0.001 -0.001 to 0.001 0.1

Number of partners 0.020 0.009 to 0.031 <0.001
Condom use proportion -0.001 -0.002 to -0.001 <0.001
Number of MSM contacts 0.285 0.239 to 0.330 <0.001

In the context of higher rates of testing and condom use, a very different relative balance of
effectiveness exists in the model outputs. This indicates a non-linear effect of test-and-treat

policies on the progress of the epidemic. Where attention to knowing HIV serostatus is
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limited, the epidemic is free to spread rapidly amongst those taking higher risks. However,
when test-and-treat policies are scaled up, the effect of risky behavior is significantly limited.
This ten-fold reduction in the effect of increases in behavioral risk has been achieved by an
average three-fold increase in screening behavior and a four-fold increase in passive-case
finding rates. The resulting testing and case-finding rates are modest compared to the goals of
new screening policies in, for example, the USA. Even small increases in biomedical
responses to the epidemic can significantly reduce the dangers of risky behavior. This has
significant implications for the control of HIV, since behavioral change is difficult to achieve
in many contexts, and suggests that the epidemic can be controlled with smaller reductions in
high-risk behavior when case-finding rates — and subsequent treatment entry rates — are
higher. This relationship is also supported by the findings in chapter 3, that the largest gains
in control of the epidemic arise with increases in testing rates in the range of testing rates (0.1

—0.2) below those assumed in the Lower HIV Risk scenario.

3.7. Summary: The future of HIV in Japan

Long-term projections of HIV prevalence in Japan show that under current conditions the
epidemic is likely to continue to grow rapidly, showing approximately quadratic growth over
the next 30 years. Final prevalence at 30 years in this scenario is heavily dependent on initial
prevalence, suggesting that better understanding of the prevalence of HIV in the present is

crucial for long-term predictions of its spread. This finding also suggests that delays in
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implementing changes to risk and testing behavior will have long-term ramifications for total

prevalence, and that expansion of interventions is urgently needed.

Long-term projections were also run under an assumed Lower HIV Risk scenario in which
voluntary testing and passive case finding rates, and condom use proportions are increased
modestly. This model shows almost no risk of epidemic growth over the next 30 years in any
of the three risk groups, and a large proportion of model runs are driven towards elimination
over this period. This suggests that even moderate improvements in awareness and reductions

in risk behavior will have a huge long-term benefit.

Both of these models support the findings of chapter 3, that the HIV epidemic in Japan is near
the edge of the parameter space required to maintain growth and that modest but urgent
changes in risk behavior — that could be implemented through an expansion of testing and

treatment strategies — would be sufficient to control the epidemic in the near future.
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4. DISCUSSION

In this study I developed a deterministic, compartmental model of the HIV epidemic in Japan
which incorporates testing, treatment, and differential treatment entry rates suitable for
replicating the current Japanese treatment context. I derived a closed-form expression for the
basic reproduction number, and explored the influence of different behavioral and
intervention parameters on the progress of the epidemic by numerical analysis of this
expression for the basic reproduction number. I then ran a pair of numerical simulations, with
uncertainty estimates, to reflect the situation in Japan as it is best understood at present, and
the effect of a moderate improvement in HIV awareness, expressed through testing and

treatment.

This is the first model to project the prevalence of HIV in Japan in the era of testing and
treatment, and the first time that an analytical expression for the basic reproduction number
has been derived for a model of this kind. It is also the first attempt to model the effect of a
comprehensive behavioral- and treatment-based intervention on the progress of HIV over the
next 30 years. The findings of this model are important for policy-makers and planners
concerned with the future progress of the HIV epidemic in Japan, and should act as a warning

about the risks facing MSM in Japan over the near future.
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4.1.1. Findings of the Models

Under the baseline assumptions given in Table 3, HIV prevalence amongst MSM will
increase over the next 30 years from the current low level of about 2% to over 10%, while
prevalence amongst the low-risk population will decline slowly over the same period. The
epidemic will become increasingly entrenched among the MSM community, though there is
evidence that the progress of the epidemic amongst low risk women depends strongly on the
degree of overlap between the heterosexual and homosexual communities. This finding of
rapidly growing HIV prevalence is consistent with the findings of earlier mathematical
models of HIV in Japan [33, 65], though earlier models presented a more rapid and earlier
rise than shown in this model[66], probably because they were implemented before the HIV
transmission prevention properties of HAART were well understood. The difference in model
design and different assumptions about the proportion of HIV cases that are identified make
comparison of the final numbers in the different models impossible, but the general findings
of all the models are similar. Projections from this model show a slower epidemic growth
path than predicted in some earlier models, but the same general trend, and the results of this
model offer no basis for complacency. They show that after 10 years of interventions the
basic dynamics of the HIV epidemic in Japan is largely unchanged from that predicted in

earlier models.

Understanding the sexual risk patterns of bisexual and homosexual men in Japan and rates of
sexual contact with women is thus essential to predicting the long-term patterns of HIV in
women. The results of the Lower HIV Risk scenario suggest that with consistent and realistic
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increases in rates of safe sex, limited intervention to improve voluntary testing rates amongst
MSM, supported by better training and engagement of physicians who provide health
services to MSM, the epidemic could remain stable and HIV prevalence could even decline

over the long term.

I also analysed the relationship between key disease parameters and the basic reproduction
number, using the next generation method to generate the basic reproduction number. This
method was applied to a simplified single risk group population in order to ensure
mathematical tractability, but the results from this analysis supported the findings of the
models run empirically using estimated prevalence and population data from Japan. The
findings of this analysis suggest that small increases in testing rates alone would be sufficient
to contain the HIV epidemic in the short term, and probably to eliminate the disease over the
long term. This analysis also found that the rate of entry into treatment among those testing
positive had little effect on the pattern of HIV infection, with increases in testing coverage
much more important than improvements in rates of entry into treatment. This finding is
similar to recent modeling work conducted in Australia[67], which used simulations from a
very similar model to estimate the effect of these two parameters on future numbers of cases.
These simulations showed that increasing the proportion of MSM entering testing had a
significant effect on numbers of new cases, but that this effect was non-linear and the biggest
gains in reducing new infections were achieved in early scale-up — a finding that [ have
replicated with my analysis of the basic reproduction number. This Australian model also

showed through simulation that increasing the number of people entering treatment after
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diagnosis had a limited effect on transmission, and that increasing the coverage rate was the
key to reducing new infections. My analysis also expanded on these simulation findings, by
showing that in settings with very high levels of risk behavior it is impossible to contain the
epidemic through changing testing alone, but the parameters obtained from literature review
for the Japanese setting are well below the thresholds for an uncontrollable epidemic
identified in this analysis. Thus, it appears that through moderate increases in testing alone
the HIV epidemic can be contained, and this finding is supported through both the

mathematical analysis of chapter 3 and the empirical analysis of chapter 4.

4.2. Limitations

Although the simulation outcomes of a deterministic compartmental model and a stochastic
model might be expected to be the same, I chose to use a deterministic compartmental model
for this analysis for two main reasons. Deterministic compartmental models offer an
analytically tractable method for estimating the basic reproduction number as a function of
the key parameters in the model[43], while a stochastic model only allows numerical
estimation of this property based on fitting the outcomes of the model to a dataset through
maximum likelihood[68]. For the purposes of this analysis a closed-form solution to the basic
reproduction number was important, and more open to analysis than a solution based on

numerical estimation.
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Although a deterministic model enables analysis of the basic reproduction number, it does
have limitations. Given the limited research available on MSM and HIV in Japan, in
particular due to the lack of population-representative prevalence data[69], this model is
clearly highly dependent on assumptions about key variables. The possible effect of these
assumptions was tested using sensitivity analysis, and showed a wide range of possible
outcomes. However, qualitatively, the majority of all possible outcomes from sensitivity
analysis on this data indicate that the epidemic will continue to grow amongst MSM without
rapid and sustained intervention. Furthermore, the goals of this intervention, in terms of
improvements in condom use and voluntary testing rates, though high relative to current
Japanese practice[30], are not unreasonable when compared to the behavior of MSM in other
countries with mature but contained epidemics among MSM, such as Australia[60].
Sensitivity analysis of the Lower HIV Risk scenario suggests that the epidemic can be
contained in Japan if safer sex and testing behavior can be increased to lie within a range of
achievable values, suggesting that although the specific parameters defining the future of the
epidemic in Japan are not clearly understood, the broad findings of this study about the

results of improved HIV awareness in MSM are robust.

Another limitation of this study is the simplicity of the model, which especially affects the
conclusions of the mathematical analysis in chapter 3. This model did not allow for
heterogeneity between high-risk and low-risk MSM, even though such heterogeneity has
been shown to be an important driver of epidemic structure for HIV[63]. This lack of

heterogeneity prevented the calculation of specific values or ranges of values of testing,
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condom use or partner numbers that would be required to eliminate or contain HIV in this
population, but does not restrict the general findings about the structure of the epidemic’s
response to testing rates, the relative importance of different parameters in driving the
epidemic, or the existence of likely ranges of risk behavior in which testing alone cannot
effectively contain the epidemic. This simple model structure was chosen primarily because
sufficient information is simply not available in the Japanese context to support a more
complex model of heterogeneity. Even were such data available, the inclusion of testing and
treatment compartments in this model made it complex and vulnerable to inaccuracies
through assumptions about parameter values, and to further extend this complexity into
heterogeneity and differential risk structures would likely further complicate the modeling
process and introduce significant risk of mis-estimation and loss of precision. Given the
limited data available in the Japanese context, simplicity was deemed essential to produce

interpretable model results.

4.3. Recommendations

4.3.1. Implications for Intervention Planning

This study finds that HIV prevalence will continue to increase unless sustained changes in
MSM risk behavior can be achieved. Current behavioral interventions amongst MSM in
Japan are clearly insufficient, and more intensive, sustained and widespread interventions are

necessary. Interventions should move from occasional community-specific events to an
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ongoing, organized campaign of awareness-raising and behavioral intervention. These
programs should be consistent with international best practice interventions, which act
simultaneously to improve MSM awareness of the risks of HIV infection, increase rates of
testing, and establish a community context in which safer sex is considered the norm[70].
Such campaigns in other countries have required coordinated actions, including the
establishment of specialist health centres, promotion of access to testing and treatment, legal
changes, public health activism by gay rights organizations, intervention in sex venues and
bars, and the widespread availability and promotion of condoms. Experience in these
countries has shown that interventions of this kind can be implemented quickly and
effectively at a community level where the political will exists[71]. Given the high rates of
testing and treatment these campaigns require [17, 18], it is unlikely that biomedical
interventions based on testing and treatment will be effective based on current low rates of
testing in Japan. HIV testing needs to be easily available, free and anonymous and all MSM
should be encouraged to obtain testing regularly. Given that even extensive community,
political and public health activism in places like Sydney and San Francisco has failed to see
the elimination of this disease in MSM|[72, 73], the continued fragmentary, low-level and
unsustainable activities being conducted in Japan will be unlikely to have any significant
impact on the spread of the disease. Japan’s public health community and MSM activists
need to work together for a more open, forthright, active and sustained campaign to prevent
HIV amongst MSM. Furthermore, Japan’s public health infrastructure readily supports a
program to rapidly scale up testing in this community, by leveraging existing community

organizations in areas with large numbers of MSM, and utilizing the existing network of
87



public health centres (hokensho). Historical experience in developed nations indicates that
such an expansion of testing and treatment is as much a question of political will and

community awareness as availability of resources|[74].

Unfortunately, however, the Japanese context is very different from the early 1980s, when
countries like Australia and the USA were forced to confront a rapid increase in HIV. The
spread of HIV in Japan occurs against a backdrop of effective treatment for HIV, which has
seen HIV transformed from a fatal infectious disease to a chronic illness, with very different
management strategies and cultural attitudes. In countries that successfully contained HIV
amongst MSM in the 1980s, young MSM have become complacent about the risks of
HIV[75], and this complacency is greatest amongst those most at risk[76].
Risk-compensation has been identified as a possible risk to the effectiveness of test-and-treat
strategies[77], and optimism about the benefits of treatment may encourage risk behavior[78].
Countries such as Australia, with mature epidemics and well-established campaigns of
behavioral intervention and testing, have recently seen a plateau in the number of new
infections[79], indicating that even well-established and internationally recognized
campaigns are having increasing difficulty making further gains. These countries saw rapid
changes in the early 1980s, when HIV was easily characterized as a direct and immediate
health threat, but in the era of HAART it may be very difficult for a country like Japan to
implement effective interventions in a population with widespread treatment optimism and
very different attitudes towards sexual risk than the cohort of MSM who first experienced

HIV in the 1980s.
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4.3.2. Implications for Surveillance and Research

Available data on new cases of HIV suggests that the prevalence of HIV is increasing rapidly
in men, especially MSM, and that the epidemic is effectively uncontrolled in MSM[ 1, 35].
However, very little information is available about the key parameters that drive the progress
of HIV/AIDS in the Japanese population. Although efforts have been made to estimate the
number of MSM, there appears to be very little information that can be used to identify key

risk behavior.

Information about rates of testing and treatment in existing populations is essential not only
for predicting the future progress of the HIV epidemic, but also for judging the potential
effectiveness and cost-effectiveness of more refined interventions, such as pre- or
post-exposure prophylaxis, the relative effectiveness of which depends heavily on the number
of infections occurring during the primary infection period, and the rate at which new
infections can be identified relative to existing infections[67]. Furthermore, guidelines for the
effective implementation of pre-exposure prophylaxis depend on a detailed understanding of
risk and testing behavior in the population[80] — information that is not readily available in
Japan. Proper planning of Japan’s HIV prevention strategy thus depends heavily on better

understanding of these factors.

With no evidence that HIV can be controlled under the assumptions given about the current

knowledge and behavior of the MSM community, the future research agenda for HIV
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researchers in Japan needs to focus on well-designed, regular and widespread assessments of

the sexual behavior of MSM, which requires:

1. Sentinel surveillance, similar to that conducted in Australia[81] that extends on the
current notification system|[82] to enable identification of the sexual identity of those
receiving HIV testing and the reasons for this testing, including attempts to estimate
the proportion of new infections detected every year. Incidence databases established
amongst doctors providing services to MSM, and/or at health clinics providing
anonymous testing, would enable a better understanding of incidence rates and levels
of detection of new infection, as well as monitoring disease progression, reducing
overlap of case notifications, and enable more accurate assessment of the duration of
unidentified asymptomatic infection in cohorts of PLWH

2. Rapid assessment surveys amongst at-risk groups — particularly MSM — including
prevalence testing by finger-prick sampling, and basic risk behavior, similar to those
implemented at Needle/Syringe Programs in Australia[83]

3. Research amongst doctors who work with MSM, for sentinel surveillance and
understanding MSM’s voluntary testing and ART treatment behavior

4. Establishment of a clinical cohort of PLWH, in order to better understand disease

progression and survival rates in the Japanese context
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4.4. Conclusion

The HIV epidemic at its current stage in Japan is vulnerable to even small changes in sexual
behavior, and could potentially be brought under control — even amongst MSM — within a
generation if these small behavioral changes, and improvements in active and passive
case-finding, were to occur soon. However, there is a significant risk that the epidemic will
grow out of control in the near future. HIV researchers need to focus on identifying the key
behavioral factors driving the epidemic, to facilitate change in these behaviors. Health
workers and HIV activists need to develop new, innovative methods to significantly improve
HIV testing rates, make them more accessible to the highest risk MSM, and significantly
raise the awareness of the importance of HIV testing in the MSM community. By enacting
such a coherent, concerted and sustained campaign, it is possible to ensure that the disease

does not get a solid foothold in Japan.
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