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Background: Increased rates of testing, with early antiretroviral therapy (ART)
initiation, represent a key potential HIV-prevention approach. Currently, in MSM in
the United Kingdom, it is estimated that 36% are diagnosed by 1 year from infection,
and the ART initiation threshold is at CD4þ cell count 350/ml. We investigated what
would be required to reduce HIV incidence in MSM to below 1 per 1000 person-years
(i.e. <535 new infections per year) by 2030, and whether this is likely to be cost-
effective.

Methods: A dynamic, individual-based simulation model was calibrated to multiple
data sources on HIV in MSM in the United Kingdom. Outcomes were projected
according to future alternative HIV testing and ART initiation scenarios to 2030,
considering also potential changes in levels of condomless sex.

Results: For ART use to result in an incidence of close to 1/1000 person-years requires
the proportion of all HIV-positive MSM with viral suppression to increase from below
60% currently to 90%, assuming no rise in levels of condomless sex. Substantial
increases in HIV testing, such that over 90% of men are diagnosed within a year of
infection, would increase the proportion of HIV-positive men with viral suppression to
80%, and it would be 90%, if ART is initiated at diagnosis. The scenarios required for
such a policy to be cost-effective are presented.

Conclusion: This analysis provides targets for the proportion of all HIV-positive MSM
with viral suppression required to achieve substantial reductions in HIV incidence.
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Introduction

HIV is endemic in MSM in many settings [1]. There is
widespread interest in the potential effect of antire-
troviral therapy (ART) in controlling HIV epidemics
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[2], but there are a number of areas, including the
United Kingdom, in which ART use is high among
MSM and yet incidence has not declined [3–7], and its
potential impact in epidemics in MSM has been
questioned [5,8].
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Multiple factors will influence the impact of ARTon HIV
incidence. First, how low the transmission rate is from a
person on ARTwith a suppressed plasma viral load to an
HIV-negative partner. Until recently, there was almost no
direct evidence for what this risk is for anal sex, but
interim results from the Partners of people on ART - a
New Evaluation of the Risks (PARTNR) study estimate
the risk as zero, even with other sexually transmitted
infections (STIs) reported, although with a wide
confidence interval (CI) [9]. Second, it is important to
consider overall trends in condomless sex and, in
particular, whether therapeutic success of ART will lead
to further increases in condomless sex as fear of having
HIV is diminished. The fact that a high proportion of
new infections come from men who are not yet
diagnosed, and in many cases, men who have only just
been infected, is a third consideration [7,10,11]. This
might seem to limit the influence ART can have in
reducing new HIV infections in MSM. We should
consider how high the rate of HIV testing is, and how
rapidly those who are infected become diagnosed and
linked to care. Then, there is the threshold for initiation
of ART from an individual health perspective. This was
uncertain for a long period and guidelines differed in their
recommendations [12–14]. In the United Kingdom, the
lower limit threshold for ART initiation has been CD4þ

cell count of 350/ml [13], lower than in other guidelines
[12]. Just recently, however, the Strategic Timing of
Antiretroviral Treatment (http://insight.ccbr.umn.edu/
start/) and Temprano [15] trials have indicated that
initiation of ART is beneficial to health even in people
with high CD4þ cell count above 500/ml. Also, there is
offer and uptake of ‘treatment as prevention’ (TasP),
defined in a community statement as when a person is
offered ART, at a time when it is not unequivocally
needed for the person’s health, in order to reduce the risk
that they transmit HIV [16]. Further, we have to consider
not just whether people initiate and remain on ART, but
their levels of adherence and viral suppression [5,17]. The
development of drug resistance and onward transmission
of resistance, and its potential to undermine benefits of
ART, should also be taken into account.

To inform policy aimed at reducing HIV incidence, a
cost-effectiveness analysis based around a model cali-
brated to multiple data sources, which take all these
factors above into account, is required. Here, we report
on such analyses in the UK context and address what it
would take, in terms of testing rates and ART initiation
and coverage, to achieve a decline in incidence from the
current level of approximately 6 per 1000 person-years, to
below 1 per 1000 person-years among MSM (i.e. 535
new infections in an adult HIV-negative MSM popu-
lation of approximate size 535 000), which would be
much closer to the level experienced in the heterosexual
population, and evaluate whether the required invest-
ment to achieve this reduction is justified, given its
potential use elsewhere in the healthcare system.
Methods

Simulation of HIV among the MSM population in
the United Kingdom
We use a dynamic, individual-level, simulation model
(HIV Synthesis MSM transmission model) to recreate the
lifetime HIV risks and, for those acquiring HIV, HIV
progression and treatment outcomes of the MSM
population in the United Kingdom, since 1980. The
model and this calibration approach have been described
previously in detail [7], and are now updated to include
observed data to 2012 [18] (see Supplementary material,
http://links.lww.com/QAD/A727). In brief, we take
into account age, condomless sex with primary (long-
term) and short-term (e.g. casual) partners, presence of
other STIs, HIV testing patterns, and then in those
infected with HIV, viral load, CD4þ cell count, use of
specific antiretroviral drugs, adherence, presence of
specific resistance mutations, risk of AIDS and death,
including death from non-AIDS conditions. We consider
a closed population and thus conceive of in and out-
migration as approximately balancing. The parameter
values determining sexual behaviour, the transmission
rate, testing patterns and the extent to which HIV
diagnosis leads to a reduction in condomless sex are varied
with each model simulation run by sampling from
distributions. The resulting outputs from the model are
compared with various data sources – in all we ran the
model over 100 000 times and selected 101 sets of
parameter values that are able to reproduce an epidemic
close to that observed. These 101 sets of parameter values
that lead to outputs that fit closely to observed data are re-
used when projecting forward.

Future scenarios compared and economic
analysis
Having reconstructed the epidemic to date, we projected
future outcomes from 2015 to 2030. This was done first
assuming that there was no change in HIV-testing
patterns or in the initiation criteria for ART (CD4þ cell
count 350/ml). Main outcomes considered were (in
MSM aged 15–65 years) the proportion of MSM with
HIV who have viral load suppressed (<500 copies/ml),
number of incident cases of HIV per year, prevalence of
HIV, number of men on ART, total quality-adjusted life-
years (QALYs) lived and the costs of care (both these latter
were discounted at 3.5% per year) [19]. We then
considered outcomes under situations in which, from
2015, rates of testing were increased (by pre-specified
amounts referred to as ‘test rate þ’ and ‘test rate þþ’,
which correspond to increases from 19% of all MSM
tested in the past year to 38 and 65%, with testing being
strongly related to recent condomless sex). Further, ART
initiation policy was to change so that ARTwas initiated
immediately at diagnosis.

We initially did this assuming no change in levels of
condomless sex or in the levels of linkage and retention in
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healthcare and adherence to antiretroviral drugs, but then
considered the effects of increases in condomless sex, and
decreases in the level of linkage and retention in care and
adherence to antiretroviral drugs. The incremental cost
and incremental change in QALYs compared with the
current scenario were plotted for all other scenarios, and
suitable incremental cost-effectiveness ratios (ICERs)
were calculated, along with a cost-effectiveness accept-
ability curve. We first considered a situation in which
drug prices remain at the current full list price, and
another in which price discounts and use of generic drugs
are included (with an assumed linear decline in drug
prices from a current price in 2015 of 30% below the full
list price to 80% below the current full list price). Our
analysis takes a health-systems perspective. Supple-
mentary Table 2 (http://links.lww.com/QAD/A727)
indicates the unit costs associated with various aspects
of HIV testing and care.
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Fig. 1. Potential changes in HIV testing and ART initiation
considered after 2015 and effect on proportion with viral
suppression. (a) Kaplan–Meier plot of time from infection to
diagnosis, according to the HIV test rate. For men infected
after 2015. (b) Kaplan–Meier plot of time from infection to
ART initiation, according to the HIV test rate and ART
initiation strategy. For men infected after 2015. (c) Proportion
of all HIV-positive men who have viral load below
500 copies/ml according to calendar year.
Results

The simulated outputs from the model generally fit
closely to a range of observed data up to 2012, as
illustrated in Suppl Fig. 2 (http://links.lww.com/QAD/
A727). In 2015 – the time at which changes in scenario
are considered – it is estimated that there are 53 500 MSM
living with HIV (with around 3500 new infections in
2015, incidence rate 6 per 1000 person-years), of which
40 200 (75%) diagnosed and 33 200 (62%) on ART (of
34 700 who ever started ART, illustrating the high levels
of retention). Of those on ART, 92% have viral load
below 500 copies/ml. Overall, 58% of MSM living with
HIV in the United Kingdom are estimated to be on ART,
with a viral load below 500 copies/ml.

The potential increases in HIV testing considered after
2015 are illustrated in Fig. 1a. Test rates þ and þþ,
respectively, entail an increase from around 110 000 tests
per year to 215 000 and 370 000 (Suppl Fig. 3, http://
links.lww.com/QAD/A727). Currently (lightest blue
line), around 36% of men are diagnosed by 1 year and
70% by 5 years from infection. In the test rateþ scenario,
these percentages are increased to 65 and 85%,
respectively, and in the test rate þþ scenario to 90 and
93%. In Fig. 1b, we indicate the percentage of MSM who
have started ART by time from infection, and here (in
pink/claret) we also consider an ART initiation strategy
in which ART is started at diagnosis, in addition to the
existing strategy of starting at a CD4þ cell count of 350/
ml. Currently, less than 20% of men start ART by 1 year
from infection, whereas in the test rate þþ and ART at
diagnosis scenario, that would be 90%. Fig. 1c shows the
predicted proportion of all HIV-positive MSM with viral
load below 500 copies/ml by year, according to the six
testing rate and ART initiation scenarios. An increase in
testing rate to test rate þþ, even with no change in ART
initiation strategy, would correspond to an increase in this
percentage from around 60 to 80% by 2030. If ART is
initiated at diagnosis, this percentage increases to close to
90%.

The predicted impact of the alternative scenarios on HIV
incidence and prevalence is shown in Fig. 2. There is a
marked reduction in incidence associated with the
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Fig. 2. Projected HIV incidence and number of men living
with HIV. (a) HIV incidence according to test rate and ART
initiation strategy between 2015 and 2030. (b) Number of
men living with HIV between 2015 and 2030 according to test
rate and ART initiation strategy. ART, antiretroviral therapy.
increases in testing, even in the absence of a change in
ART initiation strategy, a 54% decrease in the test rate
þþ scenario in 2030, to a rate of 2.5 per 1000 person-
years, for example. However, combining these marked
increases in testing with ART initiation at diagnosis
results in substantially greater changes – a 79% reduction
in 2030, to 675 new infections per year (1.2 per 1000
person-years). This latter scenario is the only one in
which the number of men living with HIV is predicted to
be less in 2030 than 2015 (50 000, compared with 82 000
with continuation of the current scenario), and represents
a situation in which each person with HIV on average
gives rise to 0.014 new infections per year – well below
one in a sexual lifetime. The predicted number of men on
ART increases rapidly with the test rate þþ/ART at
diagnosis scenario, but reaches a plateau within 5 years
and then starts to decline (Suppl Fig. 4, http://
links.lww.com/QAD/A727). By 2030, this is the
scenario with the lowest number of men on ART.

Levels of retention and adherence are currently very high
in the United Kingdom, but to understand the
importance of this, we consider what would be the
effect were these to be reduced. Suppl Fig. 5 (http://
links.lww.com/QAD/A727) shows the reduction in
adherence and retention that is considered, which is
characterized by an approximately 10% reduction in the
proportion of all MSM living with HIV who have
suppressed viral load by 2020, from a value of 63%, if there
is no change in adherence/retention, to 53%. It is
predicted that this would result on average in 1000 extra
new infections per year by 2030. This is the case both in
the context of the current testing rate and ART initiation
strategy (Suppl Fig. 5b, http://links.lww.com/QAD/
A727) and in the context of the test rate þþ/ART
initiation at diagnosis scenario (Suppl Fig. 5c, http://
links.lww.com/QAD/A727).

Over a range of simulations of scenarios involving
different testing rates, different ART initiation criteria
(also including scenarios with ART initiation at CD4þ

cell count <500/ml) and with the current level of
adherence/retention or the poorer level just described, it
is possible to summarize the mean number of new
infections per year we would expect according to the
mean proportion of MSM living with HIV (diagnosed
and undiagnosed) who have viral suppression (Fig. 3). In
this figure, the current UK situation is indicated – about
60% of infected MSM have viral suppression on ARTand
this is associated with just over 3000 new infections per
year. The relationship is approximately linear on a log
scale – each 10% higher proportion of MSM with HIV
with viral suppression is associated with approximately
37% fewer new infections per year. This graph suggests
that we would need an increase in the proportion of all
men with viral suppression from below 60 to 90% to see a
reduction in incidence to below 1 per 1000 person-years.

Thus far, we have assumed that future levels of
condomless sex will remain as they are currently. In
Fig. 4, we illustrate a modest increase in condomless sex,
such that the proportion of men with a condomless anal
sex partner in the past year is 62% by 2030, instead of the
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Fig. 4. Possible increases in condomless sex and their impact
on HIV incidence. (a) Increase in condomless sex considered
(condomless sex þ, such that proportion of men with a
condomless anal sex partner in the past year is 62% by
2030, instead of the present 52%) and influence on HIV
incidence, in the context of (b) base test rate and ART
initiation at 350/ml, and (c) test rateþþ and ART at diagnosis.
ART, antiretroviral therapy.
present 52% (Suppl Fig. 2, http://links.lww.com/QAD/
A727). This is modelled as a general, indiscriminate
increase in condomless sex, not one specifically involving
those on ART or those with viral suppression, for
example, and is apart from any increases in condomless
sex due to men with diagnosed HIV, specifically selecting
partners who also have diagnosed HIV. The detrimental
impact on HIV incidence of the increase in condomless
sex is very large in the context of the current testing rate
and ART initiation strategy (a doubling of HIV incidence
by 2030; Fig. 4b), and much less in the context of the test
rate þþ, ART initiation at diagnosis scenario Fig. 4c. In
Suppl Fig. 5 (http://links.lww.com/QAD/A727), we
consider the association, across multiple scenarios
between the number of condomless partnerships per
3 months with viral load above 500 copies/ml and HIV
incidence. At present, we estimate there are approxi-
mately 10 000 such partnerships per 3 months. This
number is strongly associated with HIV incidence, and a
reduction to 2000 is required for the HIV incidence to be
below 1/1000 per year. Decreases in condomless sex and
increases in the proportion of MSM with HIV who are on
ART with viral load below 500 copies/ml are two key
means of reducing the number of condomless partner-
ships with viral load above 500 copies/ml.

Overall, the number of healthy life-years (i.e. QALYs)
lived in the MSM population age 15–65 years (including
HIV-positive and HIV-negative men) between 2015 and
2030, taking into account discounting, is predicted to be
6 393 500, with continuation of the current testing rate
and ART initiation strategy. The total discounted cost of
HIV care over this period is £5.5 billion, including
around £4.7 billion in ART costs based on current ART
list prices (Suppl Fig. 8, http://links.lww.com/QAD/
A727). Differences in QALYs between the testing and
ART initiation scenarios are illustrated in Suppl Fig. 7
(http://links.lww.com/QAD/A727). Benefits of
increased testing become greater with increased time.
The scenario which results in most QALYs is the base rate
þþ/ART at diagnosis scenario. In Fig. 5, the cost-
effectiveness plane is shown. Considering current list
ART drug prices (Fig. 5a), and if ARTat diagnosis can be
considered, the most cost-effective policy (lowest ICER)
is the test rate þþ/ART at diagnosis scenario, with an
ICER of £19 077 per QALY gained over our 15-year
time horizon. Considering drug price discounts and
generic drug prices, the ICER is significantly lower at
£12 335. Suppl Fig. 11 (http://links.lww.com/QAD/
A727) shows the cost-effectiveness acceptability curve for
the scenario of test rate þþ and ART at diagnosis. This
assessment does not include any additional costs for
expanding testing, except for that accounted for by the
unit test cost of £20 per test done. An extra £8m spent
per year on implementation of policies to increase testing
would increase the total incremental cost over 15 years to
£319m, but will result in an ICER still below £20 000.
In a sensitivity analysis in which we assumed that the
decline in drug prices from 2015 to 2030 would be to
50% rather than 80% of the current costs, the ICER was
£12 428.

Still on Fig. 5, when restricting to scenarios involving
changes in HIV testing rates only, then considering
current list ART prices, the ICER for increased testing is
around £30 000 over the 15-year time horizon, although
the ICER is likely to decrease with a longer time horizon
due to the increasing QALY benefit (Suppl Fig. 7, http://
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Fig. 5. Cost-effectiveness analysis. Incremental costs and
QALYs over 15 years for MSM in the United Kingdom by
potential changes in testing rate and ART initiation criteria (a)
with current ART drug prices (b) with a linear decline in drug
prices from a current price in 2015 of 30% below the full list
price to 80% below the current full list price, reflecting the
potential reduction due to price discounts and use of generic
drugs. ART, antiretroviral therapy; QALY, quality-adjusted
life-years.
links.lww.com/QAD/A727) and reduced number on
ART (Suppl Fig. 4, http://links.lww.com/QAD/A727)
compared with the base test rate. When considering
discounted/generic drug costs, the ICER for the test rate
þþ scenario is £20 077, suggesting that testing is cost-
effective even over the 15-year time horizon.
Discussion

We find that for increased testing and earlier ART use to
lead to an HIV incidence below 1 per 1000 person-years
in the United Kingdom, an increase from 60% to 90% is
needed in the overall proportion of MSM living with
HIV who are virally suppressed on ART. This will involve
over 90% of men being diagnosed within 1 year of
infection, and assumes no increase in condomless sex.
Given the high life expectancy of people with HIV [20],
a reduction in incidence to around this level is required
for us to see a reduction in the number of MSM
living with HIV. We set out the cost conditions under
which increased testing is cost-effective. Considering
discounts in drug costs and use of generic drugs, policies
of increased testing are cost-effective (based on a
threshold of £20 000 per QALY) from a UK NHS
perspective, if they can be delivered at a cost below £8m
per year. Initiation of ART at diagnosis is also cost-
effective.

Achieving such high levels of viral suppression is likely to
require a cultural change in the approach to HIV testing,
such that over 90% of men with HIVare diagnosed within
a year of infection, together with initiation of ART at
diagnosis. An offer to patients to initiate ARTat diagnosis
is now appropriate, given the recent results of trials of
individual health benefits of earlier ART (http://
insight.ccbr.umn.edu/start/) [15], and, further, it is
known that some men would wish to start ART to
reduce infectiousness even if there were no benefits to
health [21]. Increases in testing, even without a change in
ART initiation policy, can have a substantial impact on
incidence. The increase in testing required would depend
on an ambitious campaign, community-rooted and led,
designed to reach the highest risk groups within the gay
community. Initiatives might include widespread free
self-sampling and self-testing, greater testing outreach,
simplified fast-track testing for MSM at clinics combined
with regular phone texting recall, improved partner
notification and testing, and promotion of greater
awareness of symptoms of primary HIV infection. It
has been reported that online advertising campaigns
directly lead to increased uptake of requests for use of free
self-sampling kits [22].

Our modelling predicts that HIV incidence would be
greatly reduced with a substantial increase in HIV testing,
despite the fact that for most men, diagnosis of HIV and
treatment initiation cannot be achieved within the period
of primary infection, which has been seen as a major
obstacle to use of ART to prevent transmission [8]. This is
likely because many chains of transmission will contain
links which involve transmission from MSM who have
been infected for years – these links can be broken with a
policy of high levels of testing and immediate ART
initiation, thus reducing the frequency of outbreaks of
primary infection [7].

There has been extensive previous modelling of effects of
increased testing and/or ART HIV epidemics in MSM
[23–26], and some linked cost-effectiveness analyses
[27–33]. Generally, models show high levels of support
for increased HIV testing in MSM. Our analysis adds to
that literature by modelling at a greater level of detail and
modelling at an individual level variables for which
multiple data sources are available for calibration (e.g. viral
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load, use of specific drugs, acquisition and transmission of
resistance specific to drugs, CD4þ cell count), enhancing
confidence that the modelled outcomes reflect those that
would occur in real life in our specific UK context.
Further, we provide specific targets for testing rates and
the proportion of men with viral suppression that need to
be achieved.

It should be noted that there is appreciable variability
between individual model simulation runs in effects on
HIV incidence (mean effects were shown), and the
variability (shown in Suppl Figs. 9–11) partially reflects
the stochastic nature of outbreaks of primary infection
and also network-specific effects whereby sometimes the
men with very high levels of condomless sex do not get
onto ART. A further limitation to consider is that this
modelling effectively considers the population as being
closed, when this is not the case. MSM from abroad who
have sex in the United Kingdom may not have the same
high levels of ART coverage as UK residents, so it is
important that testing in MSM is increased to high levels
and ART is accessible worldwide. We considered future
use of generic drugs and assumed that their effectiveness
in terms of viral suppression would be equal to originator
drug formulations, since we assume patients struggling to
adhere due to use of regimens which are not fixed-dose
combinations will be switched to single tablet regimens
when possible, and that generic single-tablet regimens
will be available before too long. Walensky et al. [34]
previously modelled some small reduction in viral
suppression with generic drugs, but still found them to
be highly cost-effective.

In conclusion, we find that substantial investment in
increasing HIV testing uptake and frequency in MSM is
likely to be a cost-effective means of reducing HIV
incidence, as is initiation of ARTat diagnosis. However, it
is critical that levels of risky condomless sex do not
increase, and that ART retention and adherence remain
high.
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