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Abstract

Introduction: In Bangalore, new HIV infections of female sex workers and men who have sex with men continue to occur,

despite high condom use. Pre-exposure prophylaxis (PrEP) has high anti-HIV efficacy for men who have sex with men. PrEP

demonstration projects are underway amongst Indian female sex workers. We estimated the impact and efficiency of prioritizing

PrEP to female sex workers and/or men who have sex with men in Bangalore.

Methods: A mathematical model of HIV transmission and treatment for female sex workers, clients, men who have sex with men

and low-risk groups was parameterized and fitted to Bangalore data. The proportion of transmission attributable (population

attributable fraction) to commercial sex and sex between men was calculated. PrEP impact (infections averted, life-years gained)

and efficiency (life-years gained/infections averted per 100 person-years on PrEP) were estimated for different levels of PrEP

adherence, coverage and prioritization strategies (female sex workers, high-risk men who have sex with men, both female sex

workers and high-risk men who have sex with men, or female sex workers with lower condom use), under current conditions

and in a scenario with lower baseline condom use amongst key populations.

Results: Population attributable fractions for commercial sex and sex between men have declined over time, and they are

predicted to account for 19% of all new infections between 2016 and 2025. PrEP could prevent a substantial proportion of

infections amongst female sex workers and men who have sex with men in this setting (23%/27% over 5/10 years, with 60%

coverage and 50% adherence), which could avert 2.9%/4.3% of infections over 5/10 years in the whole Bangalore population.

Impact and efficiency in the whole population was greater if female sex workers were prioritized. Efficiency increased, but

impact decreased, if only female sex workers with lower condom use were given PrEP. Greater impact and efficiency was

predicted for the scenario with lower condom use.

Conclusions: PrEP could be beneficial for female sex workers and men who have sex with men in Bangalore, and give some

benefits in the general population, especially in similar settings with lower condom use levels.

Keywords: key population; high-risk group; prevention; targeting; prioritizing; focussed intervention; oral PrEP.

To access the supplementary material to this article please see Supplementary Files under Article Tools online.

Received 2 February 2016; Revised 17 May 2016; Accepted 10 August 2016; Published 7 September 2016

Copyright: – 2016 Mitchell KM et al; licensee International AIDS Society. This is an Open Access article distributed under the terms of the Creative Commons

Attribution 3.0 Unported (CC BY 3.0) License (http://creativecommons.org/licenses/by/3.0/), which permits unrestricted use, distribution, and reproduction in any

medium, provided the original work is properly cited.

Introduction
India has a concentrated HIV epidemic. In Bangalore, as

elsewhere in southern India, the highest HIV levels are found

amongst female sex workers (FSWs; 8.0% prevalence 2009),

FSWs’ commercial clients (2.4%, 2007), and men who have

sex with men (MSM; 16.5%, 2009) [1�4]. HIV prevalence

among the general population is much lower (0.75% amongst

women attending antenatal care (ANC) in 2012) [5]. Previous

modelling suggests that most HIV transmission in southern

India is driven by commercial sex [6].

Following the Avahan intervention, which promoted con-

dom use for FSWs and MSM [7], reported condom use

increased. In 2006, 74% of MSM reported using condoms

consistently with casual male sex partners, and in 2011, 90%

of FSWs reported using condoms consistently with new

commercial clients [4,8]. However, FSWs report much lower

condom use with non-commercial partners [9].

Between surveys conducted in 2006 and 2009, HIV

prevalence amongst FSWs in Bangalore fell, consistent with

reported increases in condom use [7], but remained level

between 2009 and 2011 [10]. HIV prevalence amongst MSM

remained similar between 2006 and 2009 [11].

Oral daily pre-exposure prophylaxis (PrEP), which involves

HIV-negative individuals taking a daily tablet containing
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tenofovir or tenofovir/emtricitabine, has been shown to

reduce the risk of HIV acquisition for MSM [12�14] and

heterosexuals, providedmedication is taken regularly [15�18].
The iPrEx trial found an overall reduction in HIV acquisition

amongst MSM of 44% in the entire cohort, rising to 92%

amongst those with detectable drug in their blood [12], while

the IPERGAY and PROUD trials both reported an overall 86%

reduction in HIV acquisition amongst MSM [13,14]. Trials

amongst heterosexuals found HIV risk reductions between

0 and 75%, with efficacy strongly related to PrEP adherence

[19]; in the Partners PrEP study, an efficacy of 90% for

tenofovir/emtricitabine was estimated amongst those with

detectable drug in their blood [15].

While reported condom use by FSWs and MSM is high, new

infections continue to occur in many Indian settings, and there

is interest in finding additional interventions which might

reduce HIV incidence amongst these populations to low levels.

PrEP is a promising candidate which, unlike condoms, can be

used without a partner’s knowledge. A PrEP demonstration

project is underway amongst FSWs in two Indian cities,

Mysore and Kolkata [20]. Because of this, and the demon-

strated efficacy of PrEP for MSM, the potential impact of PrEP

for these groups in India is of great interest. Here, we used

mathematical modelling to estimate the contribution made by

these key populations to the HIV epidemic in Bangalore, the

impact of offering PrEP to FSWs and/orMSM in Bangalore, and

the population-level impact and efficiency of different PrEP

prioritization strategies.

Methods
Model

We extended a deterministic, compartmental model of HIV

transmission amongstMSM in Bangalore [21] to include FSWs,

FSW clients, former MSM, FSWs and clients, and low-risk males

and females. Individuals enter the model on sexual debut. The

model divides HIV-negatives by PrEP status, and HIV-positives

by infection stage (acute, CD4 �500, 350 to 500, 200 to 350,

B200 cells/ml, pre-AIDS, AIDS) and engagement with HIV care

and treatment (never testing/testing but not in care/in pre-

anti-retroviral therapy (ART) care/on ART/no longer on ART).

ART is initiated following testing and pre-ART care, or after

becoming symptomatic (CD4B200 cells/ml).
MSM are divided into three groups, related to the role

taken in sex with men: kothi and hijra (usually receptive),

panthi and bisexual (usually insertive) and double deckers

(both insertive and receptive). Kothi/hijra and double deckers

are collectively called ‘‘high-risk’’ MSM (HR-MSM).

FSWs are divided by reported condom use with new clients

(‘‘always’’ (high-condom) versus ‘‘often/sometimes/never’’

(low-condom)), with women recruited into the high-condom

group over time reflecting historical changes in condom use.

Individuals leave the population due to natural or AIDS-

relatedmortality, and those in key populations can leave them,

entering the former MSM/FSW/client groups. The modelled

population grows over time, in line with observed Bangalore

population growth.

Those on ART progress through the same HIV infection

stages as other HIV-positive people, but more slowly. Tempor-

ary cessation of ART, with rapid ART re-initiation, is not

explicitly modelled. Long-term dropouts from ART, who are

not rapidly re-initiated, are assumed to only seek treatment

when they become symptomatic; in our model this is

approximated as reaching CD4B200 cells/ml.
HIV was seeded in the model amongst MSM, FSWs and

clients in 1986 [22] (the earliest year with HIV prevalence data

for southern India), and the epidemic was simulated until

2037.

Condom use and rates of HIV testing and linkage into care

were assumed to increase linearly over time in line with data,

remaining constant after the latest data estimate (Supple-

mentary Figure 2).

See Supplementary File for further model details, schematic

(Supplementary Figure 1) and equations.

Parameterization and fitting

HIV prevalence data and behavioural data used to para-

meterize the model came from integrated behavioural and

biological assessments [23], conducted amongst FSWs, MSM

and clients in Bangalore at two or three time points between

2006 and 2012. Additional behavioural data were obtained

from special behavioural surveys, conducted amongst FSWs

and MSM in Bangalore in 2006 [24]. Condom use trends were

estimated using data on current levels and duration of

consistent condom use [25] and trends in HIV testing rates

were estimated by fitting linear trend-lines to self-reported

testing rates in different surveys [4]. Condom use in regular

(non-commercial) partnerships was based upon levels re-

ported in such partnerships by FSWs, clients and MSM [4].

Population sizes were estimated from MSM and FSW

mapping surveys [26], population-based surveys from neigh-

bouring districts [27], and district census estimates.

Biological parameters and the efficacy of condoms and ART

for reducing HIV transmission were obtained from published

literature.

Rates of linkage to HIV care, numbers of adults on ART (2007

to 2012) and ART coverage (2007�2009) were estimated from

state-level data [28�30].
Selected parameters are given in Table 1, details of all model

parameters in Supplementary Table 1 (Supplementary File).

The model was fitted to HIV prevalence and ART cover-

age in two stages within a Bayesian framework [31] (see

Supplementary File).

Analysis

Baseline prevalence and incidence

Overall HIV prevalence was compared with Bangalore ANC

and Mysore data. The time of HIV elimination (B1 new

infection/1000 person-years) was estimated.

Population attributable fraction

The population attributable fraction (PAF) quantifies the

contribution of a particular risk factor to cases of disease. We

used PAF to understand the factors driving HIV transmission,

which is crucial for designing effective prevention interven-

tions. The model was used to estimate the PAF of commercial

sex, sex between men and regular partnerships to the overall

HIV epidemic, and to the FSW and MSM epidemics, over

sequential 10-year periods from 1986. The PAF was estimated

by determining the relative reduction in the number of
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HIV infections over each 10 year period if the transmission

probability for commercial sex, sex between men or regular

partnerships was set to 0 over that period.

PrEP intervention scenarios

PrEP interventions were modelled commencing January

2017. HIV-negative individuals were recruited onto PrEP at

a constant rate, and stopped taking PrEP if they acquired HIV

infection or dropped out (assumed 20% annually). PrEP was

offered only to current MSM or FSW, those leaving these

groups were assumed to stop taking PrEP. Drug resistance

was not included. PrEP efficacy was assumed to be 93%

under perfect adherence (between the efficacy estimates for

daily dosing from the iPrEx and Partners PrEP trials [32,33]).

PrEP coverage for prioritized groups was calibrated to reach

20 or 60% coverage of HIV-negatives after five years.

Table 1. Selected sexual behaviour and intervention parameters

Parameter Value Range

Sexual behaviour

Commercial sex acts per year for FSW 384.0 359.0�410.0

Commercial sex acts per year for non-MSM clients 19.6 17.9�21.4

MSM sex partners per year for kothi/hijra 130.5 93.0�168.0

MSM sex partners per year for double deckers 69.5 53.0�86.0

MSM sex partners per year for panthi/bisexuals 49.0 2.0�96.0

For those with a regular partner, number of vaginal sex acts per year 108.4 90.8�127.6

Condom use

% of commercial sex acts in which condom used in 2011 90.0 87.3�92.7

% of anal sex acts between MSM in which condom used in 2007 70.5 63.7�77.2

% of sex acts in which condom used in regular partnerships 16.1 5.1�27.0

HIV testing

% of MSM testing for HIV annually after 2009 58 50�66

% of FSW testing for HIV annually after 2011 90 87�92

% of clients, former MSM, former FSW, low-risk population testing for HIV annually after 2007 11 7�14

PrEP intervention

Proportion of MSM offered and initiating PrEP upon testing negative for HIV to achieve required

PrEP coverage

20%: 0.105/ti,Max

60%: 0.59/ti,Max
a

fixed

Proportion of FSW offered and initiating PrEP upon testing negative for HIV to achieve required

PrEP coverage

20%: 0.17

60%: 1.0

fixed

Rate of PrEP dropout, all groups, per person per year 0.2 fixed

Pre-ART care linkage and dropout

Proportion linking to pre-ART care, all groups, 2011 onwards 0.8 0.7�0.9

Ratio of dropout from pre-ART care relative ART dropout rate 2 1�3

ART

Rate at which those in pre-ART care, in HIV stage i, initiate ART, per year Pre-2004, 0 all i

2004�2011, 2 if

CD4B200, 0 otherwise

2011 onwards, 2 if

CD4B350, 0 otherwise

fixed

Rate of initiating ART per year due to symptoms in AIDS stage Pre-2004, 0

2004 onwards, 1 0�2

Relative rate of initiating ART due to symptoms in pre-AIDS stage relative to AIDS stage 0.1�1

Relative rate of initiating ART due to symptoms with CD4B200 relative to those in pre-AIDS stage 0.1�1

Rate of ART dropout, per year 0.04 0.01�0.07

Factor by which HIV progression rates are multiplied when on vs off ART 1/3 fixed

Intervention efficacies in reducing HIV transmission risk

Per-sex-act efficacy of ART in anal or vaginal sex (%) 92 26�100

Per-sex-act efficacy of condoms in vaginal sex (%) 80 66�94

Per-sex-act efficacy of condoms in anal sex (%) 61�94

Per-sex-act efficacy of PrEP (%) 93 fixed

For sources and details of all other parameters, see Supplementary Table 1.
ati,Max�% of MSM testing for HIV annually after 2009.
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Different adherence scenarios were explored: 30, 50 or 75%

adherence, as found in different trials [12,18,33]. Overall

PrEP effectiveness was calculated as the product of the

assumed efficacy and adherence; this relationship approx-

imates that seen in the iPrEx and Partners PrEP trials, with

adherence measured by detectable drug in blood [34]

(effectiveness�23%, 47%, 70% for 30%, 50%, 75% adher-

ence scenarios, respectively). Four prioritization scenarios

were examined, with PrEP prioritized to all FSWs; HR-MSM;

FSWs and HR-MSM; or only low-condom FSWs.

We assessed the effect of a hypothetical change in ART

eligibility to all HIV-positives (regardless of CD4 count)

starting in 2017.

The effect of imperfect prioritization of PrEP for FSWs was

investigated by comparing scenarios where the same amount

of PrEP (sufficient for 60% coverage of low-condom FSWs)

was distributed amongst low-condom FSWs, all FSWs or high-

condom FSWs.

We assessed the possible impact of condom migration by

comparing the impact of PrEP when condom use is reduced

amongst those using PrEP with the situation where condom

use is maintained.

Finally, we examined a scenario with lower condom use

amongst key populations to give insights into the possible

impact of PrEP in other lower condom use settings. In this

second scenario, condom use by FSW and MSM remained

constant after 2003 (Supplementary Figures 2 and 3).

Outcome measures

Impact within the prioritized groups and in the whole

Bangalore population was measured as cumulative number

and percentage of infections averted (IA) over five or ten years

and life-years gained (LYG) over 20 years. The longer time-

frame for LYG is used because of the delay in impact on

mortality following the prevention of an infection. Efficiency

was defined as LYG or IA per 100 person-years on PrEP. Impacts

were not discounted over time.

Results
Baseline prevalence and incidence trends

Of one million parameter sets, 115 fitted HIV prevalence and

ART coverage data. Most fits suggested declining FSW and

client HIV prevalence, in line with data (Supplementary Figure

4a and b), but predicted more rapid HIV prevalence decline

amongst MSM than data suggests (Supplementary Figure

4c�e). Although the model was not fitted to overall popula-

tion HIV prevalence (unavailable for Bangalore), prevalence

trends were similar to data for nearbyMysore [35], and female

prevalence was similar, although sometimes higher, than

Bangalore ANC data [36] (Supplementary Figure 4f�h).
For most model fits (72%), overall HIV incidence was

predicted to decline below 1 infection/1000 person-years by

2037 without PrEP, with 50% reaching this threshold by 2015,

but 19% of fits predicted that overall incidence would be rising

in 2037.

Population attributable fractions

Between 1986 and 1995, a median 68% of new HIV infections

(95% credible interval (CrI) 55 to 84%) were estimated to be

attributable to commercial sex, and 27% (13 to 54%) to sex

between men, together accounting for 85% (72 to 95%) of

new infections (Supplementary Figure 5a). These PAFs

declined over time, as condom use amongst key populations

and HIV prevalence in the rest of the population increased;

we predicted that between 2016 and 2025, 19% (12 to 20%)

of new infections would be attributable to commercial sex or

MSM. The PAF for regular partnerships involving current

MSM, FSWs and clients declined more slowly, from 51%

(1986 to 1995) to 38% (2016 to 2025; Supplementary

Figure 5b), while the PAF for regular partnerships involving

former MSM, FSWs and clients increased from 17 to 60%.

Few (B10%) new infections were attributable to partnerships

between low-risk men and women. FSWs and (particularly)

MSM are estimated to have had a modest effect upon each

other’s HIV epidemics, and are predicted to account for less

than 10% of each other’s new HIV infections between 2016

and 2025 (Supplementary Figure 5c).

In Scenario 2, where condom use plateaued after 2003,

higher PAFs for commercial sex and sex between men were

predicted post-2003, with 36% of new infections between

2016 and 2025 being attributable to either commercial sex or

sex between men (Supplementary Figure 5d), 49% to regular

partnerships involving former MSM, FSWs or clients (Supple-

mentary Figure 5e), and 19% of new MSM infections attrib-

utable to FSW commercial sex (Supplementary Figure 5f).

PrEP impact: key populations

PrEP coverage time-trends are shown in Supplementary

Figure 6.

A PrEP intervention prioritized to and reaching 60% of all

HIV-negative FSWs after five years, with 50% PrEP adherence

(47% effectiveness), averted 23% of FSWs infections (22 to

24%) over five years (Figure 1a). Similar results were seen

prioritizing HR-MSM (Figure 1b). Five-year impact varied

linearly with assumed adherence (Figure 1a and b) and

coverage.

Impact increased slightly over time, with 26%/29% of FSW/

HR-MSM infections being prevented after 10 years for 60%

coverage and 50% adherence (data not shown).

PrEP gave sustained incidence reductions among FSWs and

MSM � after five years, an intervention reaching 60% of HR-

MSM and FSWs reduced incidence amongst FSWs by 19, 31

or 45% with 30, 50 or 75% adherence, respectively, with

similar reductions among HR-MSM (Supplementary Figure 7).

Figure 2 show the combinations of adherence and cover-

age required to meet different impact targets. Reaching 60%

of FSWs, 56 or 93% adherence was required to prevent 30 or

50% of FSW infections after 10 years, respectively (Figure 2a).

To reach these targets after only five years, higher adherence

(64%) was required to prevent 30% of FSWs infections with

60% coverage, and coverage had to exceed 61% to prevent

50% of FSW infections. Slightly lower coverage and adher-

ence levels were required to reach these targets for HR-MSM

(Figure 2b).

PrEP impact: overall Bangalore population

The proportion of IA in the whole Bangalore population after

five years was low, but greater with FSW prioritization (1.8%

(0.9�3.1%), for 50% adherence and 60% coverage) than HR-

MSM prioritization (1.2% (0.5�2.9%)). The proportion of IA
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when both groups were prioritized (2.9%) was almost additive

(Figure 3). Impact increased by 50% after 10 years (4.3%

prioritizing FSW�HR-MSM). Prioritizing only lower-condom

FSWs gave substantially lower population-level impact (Figure 3).

With FSW prioritization, large numbers of infections were

prevented amongst FSWs, clients and other groups, whereas

most infections were prevented amongst MSM with HR-MSM

prioritization (Supplementary Figure 8).

HIV elimination (incidence 51 infection/1000 person-

years) was slightly more likely to occur with PrEP interven-

tions in place, with elimination by 2037 for 79% of model fits,

and only 15% of model fits predicting increasing incidence in

2037.

PrEP efficiency

More life-years were gained in the whole population with

FSW compared with HR-MSM PrEP prioritization (Figure 4a).

PrEP efficiency was greatest when low-condom FSWs were

prioritized (3.7 LYG/100py PrEP after 20 years), followed by

all FSWs (2.2 LYG/100py PrEP), with lower efficiency when

HR-MSM were prioritized (0.7 LYG/100py PrEP; Figure 4b).

Similar patterns were seen with IA: efficiency was 2.2, 1.4

and 0.6 IA/100py PrEP over five years prioritizing low-

condom FSWs, all FSWs or HR-MSM (Figure 4c).

Changes to ART eligibility

PrEP impact among the prioritized group was not affected by

ART eligibility changes; impact and efficiency in the whole

population declined slightly with expanded ART eligibility

from 2017 (Supplementary Figure 9).

Imperfect prioritization and condom migration

The proportion of IA and PrEP efficiency were roughly halved

when the same amount of PrEP was distributed amongst all
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amongst (a) FSW and (b) HR-MSM, when that group is prioritized with a PrEP intervention. Results are shown for the best-fit parameter set.
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Figure 1. Percentage of infections averted amongst FSW and HR-MSM for PrEP interventions prioritizing each population.

Percentage of infections averted amongst (a) all FSWs and (b) HR-MSM over five years, for PrEP interventions prioritizing this population, with

PrEP adherence and coverage shown. Bar shows median and error bars are 95% credible interval across 115 parameter sets. Credible intervals

give the 2.5th and 97.5th percentiles of estimates across all parameter combinations.
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FSWs or high-condom FSWs, compared with low-condom

FSWs (Figure 5).

To completely negate the beneficial impact of PrEP, a 50%

relative reduction in condom use by those individuals using

PrEP was needed when prioritizing PrEP to all FSWs, compared

with a 90% relative reduction in condom use when PrEP was

prioritized to HR-MSM or low-condom FSWs (Supplementary

Figure 10).

Scenario with lower baseline condom use

When lower levels of condom use were assumed post-2003

(Scenario 2), the overall impact and efficiency of PrEP in the

whole Bangalore population were predicted to be greater

than in our original scenario, particularly when FSWs were

prioritized (Figure 6). The percentage of IA in the whole

population after five years was 26% greater in the lower

condom use scenario compared to the baseline scenario when

prioritizing HR-MSM, and 2.1-fold greater when prioritizing

FSWs; efficiency after 20 years was 2.3-fold and 4.2-fold

greater when prioritizing HR-MSM or FSWs, respectively.

Discussion
We found that PrEP prioritized to FSWs or HR-MSM in

Bangalore could substantially reduce HIV incidence amongst

the prioritized group, preventing 22 to 25% of infections over
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populations shown. Bar shows median and error bars are 95% credible interval across 115 parameter sets.
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the first five years of an intervention achieving 60% PrEP

coverage of the prioritized group with 50% adherence.

However, we predict a much smaller impact in the whole

Bangalore population, due to higher levels of HIV transmis-

sion now occurring outside these high-risk groups. This is

reflected in the lower PAF of commercial sex and sex

between men predicted after 2016, and higher PAF for

regular partnerships. Other modelling studies have also

suggested that the PAF for commercial sex has declined

over time in West/Central Africa [37,38] and southern India

[6], as condom use in commercial sex increased and greater

HIV transmission occurred outside key populations.

Sixty percent coverage of key populations requires high

PrEP uptake rates, which may be feasible given high

willingness to use PrEP among Indian MSM and FSWs [39].

A greater population-level impact was seen if FSWs were

prioritized rather than HR-MSM, due to FSWs and their

clients having more sexual interactions with the low-risk

population than MSM, so more infections are averted

outside key populations. We saw an almost additive effect

of prioritizing both FSWs and HR-MSM together, due to the

small overlap in their sexual networks as evidenced by the

small degree to which FSWs contribute to MSM HIV

transmission and vice versa.

Due to the greater number of infections prevented outside

the prioritized population when FSWs were given PrEP rather

than HR-MSM, the efficiency of PrEP was greater when

prioritizing FSWs, although still rather low. The most efficient

intervention � prioritizing FSWs with lower condom use �
only achieved 4 LYG/100 person-years on PrEP over 20 years,

which is unlikely to be cost-effective, given the high costs of

PrEP interventions (cheapest estimate 95 US$/person/year

[40], giving ]US$2375/LYG). Another study modelling PrEP

for FSWs in South India also found low efficiency, attributed
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Figure 5. PrEP impact and efficiency in the whole population for different FSW prioritization scenarios.

(a) % infections averted in the whole population after five years and (b) PrEP efficiency (life-years gained per 100 person-years on PrEP)

measured in the whole population over 20 years, for the same total number of person-years on PrEP for different FSW prioritization scenarios.

Bars show median and error bars are 95% credible interval across 115 parameter sets.
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to high levels of FSW condom use [41]. Another modelling

study predicted low impact of PrEP for FSWs using condoms

frequently in commercial sex [42]. HIV prevention cost-

effectiveness studies have suggested that it is most cost-

effective to first implement behaviour change interventions

and early ART, with the subsequent addition of PrEP not

always being cost-effective [43�45]. However, as local epi-

demics head towards elimination, it may become necessary

to shift the focus from cost-effectiveness thresholds towards

achieving elimination efficiently.

The most efficient PrEP strategy in this setting was to only

give PrEP to FSWs with lower condom use. However, due to

the small size of this group, this strategy would only give a

small impact on the overall epidemic. Studies estimating

the cost-effectiveness of PrEP for MSM in Australia [46] and

Peru [47] have similarly found that, although it is more cost-

effective, the prioritization of small, higher-risk groups for

PrEP has limited population-level impact.

We predicted that the Bangalore HIV epidemic is close to

elimination without PrEP, using a threshold of population

incidence below 1/1000 person-years [48], and that, while

PrEP for FSWs or MSM gives large incidence reductions among

the prioritized population, it only slightly increases the like-

lihood and speed of reaching elimination.We assume that high

levels of condom use are maintained, which will be crucial

for achieving elimination. Future analyses should investigate

whether elimination could be accelerated by additionally

intervening among clients or regular partners [49].

We predicted that expanded ART eligibility would only

slightly reduce the impact and efficiency of PrEP interven-

tions, perhaps due to low HIV testing rates amongst the

general population, where most new infections occur.

We predicted that large reductions in condom use (B50%

for FSW, B90% for MSM) could occur amongst individuals

taking PrEP (with 50% adherence) without offsetting the full

benefits of PrEP, and so although condom use should continue

to be promoted, condom migration is unlikely to negate the

effects of PrEP in this setting. This agrees with MSM studies

[46,47], which suggested �80% reduction in condom use by

MSM on PrEP would be needed to cancel out PrEP benefits.

However, a study among FSWs in India suggested that a 15%

reduction in condom use by FSWs taking PrEP could negate the

impact of PrEP [41].

Finally, we predicted greater impact and efficiency of PrEP

in settings with lower condom use and higher HIV prevalence,

suggesting that prioritized PrEP could be valuable in settings

where condom use remains persistently low despite efforts to

scale it up; this agrees with earlier modelling studies of topical

PrEP [50].

Strengths and limitations

Our model made use of extensive setting-specific data from

key populations, which should improve the reliability of our

results; however, the data may not be fully representative of

local key populations, since the sampling methods used were

designed to capture higher-risk MSM, and participation

rates were relatively low, particularly among clients. If the

individuals sampled were at higher risk than the wider key

population groups, we may have overestimated HIV incidence

and PrEP impact. Our fitting method ensured that consider-

able uncertainty in many of the model parameters was taken

into account, and so our findings should be robust to this

uncertainty. In the absence of data on PrEP retention, we

assumed 20% annual dropout; lower retention would reduce

the PrEP coverage that can be achieved, reducing impact. Our

model did not stratify the FSW and MSM populations by

sexual activity, and so we were not able to assess the possible

impact of prioritizing PrEP to individuals with higher levels of

sexual activity, which could improve PrEP efficiency. Cost-

effectiveness could not be assessed as cost data was not

included.

Conclusions
PrEP could have a substantial impact upon HIV incidence

amongst FSWs and MSM in Bangalore, but is likely to have a

minor impact at the general population level. Prioritizing PrEP

to FSWs with sub-optimal condom use will improve efficiency

but reduce overall population-level impact in this setting. In

other settings with lower levels of condom use amongst key

populations, the provision of PrEP to these high-risk popula-

tions may result in a greater general-population impact.

Authors’ affiliations
1Social and Mathematical Epidemiology Group (SaME), London School of

Hygiene and Tropical Medicine, London, UK; 2Department of Infectious Disease

Epidemiology, Imperial College London, London, UK; 3Karnataka Health

Promotion Trust, Bangalore, India; 4St John’s Research Institute, Bangalore,

India; 5Center for Global Public Health (CGPH), University of Manitoba,

Winnipeg, Canada; 6CHARME-India Project, Bangalore, India; 7School of Social

and Community Medicine, University of Bristol, Bristol, UK

Competing interests

The authors have no competing interests to declare.

Authors’ contributions

KMM and PV designed the overall modelling study; MCB designed additional

model analyses; KMM and HJP constructed and parameterized the dynamic

model; AMF oversaw early development of the model; KMM analyzed the

dynamic model; RW, SI and SPR provided data; FT-P provided input on

efficiency estimation; KMM wrote the first draft of the manuscript; PV and

MCB critically revised the manuscript; HJP, AMF, FTP and RWmade additions to

the manuscript. All authors have read and approved the final version of the

manuscript.

Acknowledgements and funding

This work was funded by the Bill and Melinda Gates Foundation project titled

‘‘ARV-Based Prevention Technologies: Developing the Capacity and Needed

Tools to Deliver New Prevention Products’’ (OPP1032254) and by the U.S.

National Institutes of Health (UM1 AI068617) through the HIV Prevention Trials

Network Modelling Centre. PV also receives funding from the BMGF funded

‘‘HIV modelling consortium’’ and the UK National Institute of Health Research

Health protection Research Unit on ‘‘Evaluation of Interventions’’.

References

1. Brahmam GN, Kodavalla V, Rajkumar H, Rachakulla HK, Kallam S, Myakala

SP, et al. Sexual practices, HIV and sexually transmitted infections among self-

identified men who have sex with men in four high HIV prevalence states of

India. AIDS. 2008;22:S45�57.
2. Ramesh BM, Moses S,Washington R, Isac S, Mohapatra B, Mahagaonkar SB,

et al. Determinants of HIV prevalence among female sex workers in four south

Indian states: analysis of cross-sectional surveys in twenty-three districts. AIDS.

2008;22:S35�44. doi: http://dx.doi.org/10.1097/1001.aids.0000343762.00003
54831.0000343765c

Mitchell KM et al. Journal of the International AIDS Society 2016, 19:20942

http://www.jiasociety.org/index.php/jias/article/view/20942 | http://dx.doi.org/10.7448/IAS.19.1.20942

8

http://dx.doi.org/10.1097/1001.aids.0000343762.0000354831.0000343765c
http://dx.doi.org/10.1097/1001.aids.0000343762.0000354831.0000343765c
http://www.jiasociety.org/index.php/jias/article/view/20942
http://dx.doi.org/10.7448/IAS.19.1.20942


3. Shaw S, Deering K, Reza-Paul S, Isac S, Ramesh B, Washington R, et al.

Prevalence of HIV and sexually transmitted infections among clients of female

sex workers in Karnataka, India: a cross-sectional study. BMC Public Health.

2011;11:S4.

4. Indian Council of Medical Research & Family Health International. National

summary report � India (July 2011), Integrated behavioural and biological

assessment (IBBA), round 2 (2009�2010). New Delhi: Indian Council of Medical

Research and FHI 360; 2011.

5. National AIDS Control Organisation. District HIV/AIDS epidemiological profiles

developed through data triangulation; fact sheets Karnataka. New Delhi: NACO;

2014.

6. Vickerman P, Foss AM, Pickles M, Deering K, Verma S, Eric D, et al. To what

extent is the HIV epidemic in southern India driven by commercial sex?

A modelling analysis. AIDS. 2010;24:2563�72.
7. Boily M-C, Pickles M, Lowndes CM, Ramesh BM, Washington R, Moses S,

et al. Positive impact of a large-scale HIV prevention program among female

sex workers and clients in Karnataka state, India. AIDS. 2013;27:1449�60.
8. Jayaraman GC, Kumar S, Isac S, Javalkar P, Gowda PR, Raghunathan N, et al.

Demographic changes and trends in risk behaviours, HIV and other sexually

transmitted infections among female sex workers in Bangalore, India involved

in a focused HIV preventive intervention. Sex Transm Infect. 2013;89:635�41.
9. Deering K, Boily M-C, Lowndes C, Shoveller J, Tyndall M, Vickerman P, et al.

A dose-response relationship between exposure to a large-scale HIV preventive

intervention and consistent condom use with different sexual partners of

female sex workers in southern India. BMC Public Health. 2011;11:S8.

10. Isac S, Ramesh BM, Rajaram S,Washington R, Bradley JE, Reza-Paul S, et al.

Changes in HIV and syphilis prevalence among female sex workers from three

serial cross-sectional surveys in Karnataka state, South India. BMJ Open.

2015;5:e007106.

11. Pickles M, Boily MC, Vickerman P, Lowndes CM, Moses S, Blanchard JF,

et al. Assessment of the population-level effectiveness of the Avahan HIV-

prevention programme in South India: a preplanned, causal-pathway-based

modelling analysis. Lancet Glob Health. 2013;1:e289�99.
12. Grant RM, Lama JR, Anderson PL, McMahan V, Liu AY, Vargas L, et al. Pre-

exposure chemoprophylaxis for HIV prevention in men who have sex with men.

N Engl J Med. 2010;363:2587�99.
13. McCormack S, Dunn DT, Desai M, Dolling DI, Gafos M, Gilson R, et al.

Pre-exposure prophylaxis to prevent the acquisition of HIV-1 infection

(PROUD): effectiveness results from the pilot phase of a pragmatic open-label

randomised trial. Lancet. 2015;387:53�60.
14. Molina J-M, Capitant C, Spire B, Pialoux G, Cotte L, Charreau I, et al.

On-demand pre-exposure prophylaxis in men at high risk for HIV-1 infection.

N Engl J Med. 2015;373:2237�46.
15. Baeten JM, Donnell D, Ndase P, Mugo NR, Campbell JD, Wangisi J, et al.

Antiretroviral prophylaxis for HIV prevention in heterosexual men and women.

N Engl J Med. 2012;367:399�410.
16. Thigpen MC, Kebaabetswe PM, Paxton LA, Smith DK, Rose CE, Segolodi

TM, et al. Antiretroviral pre-exposure prophylaxis for heterosexual HIV

transmission in Botswana. N Engl J Med. 2012;367:423�34.
17. Van Damme L, Corneli A, Ahmed K, Agot K, Lombaard J, Kapiga S, et al. Pre-

exposure prophylaxis for HIV infection among African women. N Engl J Med.

2012;367:411�22.
18. Marrazzo JM, Ramjee G, Richardson BA, Gomez K, Mgodi N, Nair G, et al.

Tenofovir-based pre-exposure prophylaxis for HIV infection among African

women. N Engl J Med. 2015;372:509�18.
19. Baeten JM, Haberer JE, Liu AY, Sista N. Pre-exposure prophylaxis for HIV

prevention: where have we been and where are we going? J Acquir Immune

Defic Syndr. 2013;63(Suppl 2):S122�9.
20. University of Manitoba. Demonstrating safety and effective delivery of

daily oral pre-exposure prophylaxis (PrEP) for sex workers in India (PrEP-India).

Winnipeg: University of Manitoba; 2014.

21. Mitchell KM, Foss AM, Prudden HJ, Mukandavire Z, Pickles M, Williams JR,

et al. Who mixes with whom among men who have sex with men? Implications

for modelling the HIV epidemic in southern India. J Theor Biol. 2014;355:

140�50.
22. Simoes EAF, Babu PG, Jeyakumari HM, John TJ. The initial detection of

human immunodeficiency virus-1 and its subsequent spread in prostitutes in

Tamil Nadu, India. J Acquir Immune Defic Syndr. 1993;6:1030�4.
23. Saidel T, Adhikary R, Mainkar M, Dale J, Loo V, Rahman M, et al. Baseline

integrated behavioural and biological assessment among most at-risk popula-

tions in six high-prevalence states of India: design and implementation

challenges. AIDS. 2008;22:S17�34.
24. Phillips AE, Boily MC, Lowndes CM, Garnett GP, Gurav K, Ramesh BM, et al.

Sexual identity and its contribution to MSM risk behavior in Bangaluru

(Bangalore), India: the results of a two-stage cluster sampling survey. J LGBT

Health Res. 2008;4:111�26.
25. Lowndes CM, Alary M, Verma S, Demers E, Bradley J, Jayachandran AA,

et al. Assessment of intervention outcome in the absence of baseline data:

‘reconstruction’ of condom use time trends using retrospective analysis of

survey data. Sex Transm Infect. 2010;86:I49�55.
26. Bill & Melinda Gates Foundation. Use it or lose it: how Avahan used data

to shape its HIV prevention efforts in India. New Delhi: Bill & Melinda Gates

Foundation; 2008.

27. Lowndes CM, Jayachandran AA, Banandur P, Ramesh BM, Washington R,

Sangameshwar BM, et al. Polling booth surveys: a novel approach for reducing

social desirability bias in HIV-related behavioural surveys in resource-poor

settings. AIDS Behav. 2012;16:1054�62.
28. Shastri S, Sathyanarayna S, Nagaraja SB, Kumar AM, Rewari B, Harries AD,

et al. The journey to antiretroviral therapy in Karnataka, India: who was lost on

the road? J Int AIDS Soc. 2013;16:18502, doi: http://dx.doi.org/10.7448/IAS.16.

1.18502

29. Karnataka State AIDS Prevention Society. Annual action plan 2012�2013.
Bangalore: Karnataka States AIDS Prevention Society; 2012.

30. National Institute of Medical Statistics & National AIDS Control Organiza-

tion. Technical report: India HIV estimates. New Delhi: National Institute of

Medical Statistics & National AIDS Control Organization; 2010.

31. Blower SM, Dowlatabadi H. Sensitivity and uncertainty analysis of complex

models of disease transmission � an HIV model, as an example. Int Stat Rev.

1994;62:229�43.
32. Anderson PL, Glidden DV, Liu A, Buchbinder S, Lama JR, Guanira JV, et al.

Emtricitabine-tenofovir concentrations and pre-exposure prophylaxis efficacy

in men who have sex with men. Sci Transl Med. 2012;4:151ra125.

33. Donnell D, Baeten JM, Bumpus NN, Brantley J, Bangsberg DR, Haberer JE,

et al. HIV protective efficacy and correlates of tenofovir blood concentrations

in a clinical trial of PrEP for HIV prevention. J Acquir Immune Defic Syndr.

2014;66:340�8.
34. Maartens G, Celum C, Lewin SR. HIV infection: epidemiology, pathogen-

esis, treatment, and prevention. Lancet. 2014;384:258�71.
35. Banandur P, Rajaram S, Mahagaonkar S, Bradley J, Ramesh B, Washington

R, et al. Heterogeneity of the HIV epidemic in the general population of

Karnataka state, south India. BMC Public Health. 2011;11:S13.

36. India Health Action Trust. HIV/AIDS situation and response in Bangalore

urban district: epidemiological appraisal using data triangulation. Bangalore,

India: India Health Action Trust; 2010.

37. Low A, Nagot N, Konate I, Meda N, Segondy M, Van de Perre P, et al.

Potential impact of existing interventions and of antiretroviral use in female

sex workers on transmission of HIV in Burkina Faso: a modeling study. J Acquir

Immune Defic Syndr. 2015;68(Suppl 2):S180�8.
38. Boily MC, Pickles M, Alary M, Baral S, Blanchard J, Moses S, et al. What

really is a concentrated HIV epidemic and what does it mean for West and

Central Africa? Insights from mathematical modeling. J Acquir Immune Defic

Syndr. 2015;68(Suppl 2):S74�82.
39. Eisingerich AB, Wheelock A, Gomez GB, Garnett GP, Dybul MR, Piot PK.

Attitudes and acceptance of oral and parenteral HIV pre-exposure prophylaxis

among potential user groups: a multinational study. PLoS One. 2012;7:e28238.

40. Stover J, Hallett TB, Wu Z, Warren M, Gopalappa C, Pretorius C, et al.

How Can We Get Close to Zero? The Potential Contribution of Biomedical

Prevention and the Investment Framework towards an Effective Response to

HIV. PLoS ONE. 2014;9:e111956.

41. Vissers DC, Voeten HA, Nagelkerke NJ, Habbema JD, de Vlas SJ. The impact

of pre-exposure prophylaxis (PrEP) on HIV epidemics in Africa and India:

a simulation study. PLoS One. 2008;3:e2077.

42. Mukandavire Z, Mitchell KM, Vickerman P. Comparing the impact of

increasing condom use or HIV pre-exposure prophylaxis (PrEP) use among

female sex workers. Epidemics. 2016;14:62�70.
43. Anderson SJ, Cherutich P, Kilonzo N, Cremin I, Fecht D, Kimanga D, et al.

Maximising the effect of combination HIV prevention through prioritisation of

the people and places in greatest need: a modelling study. Lancet. 2014;384:

249�56.
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