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Summary

Background—With continued roll-out of antiretroviral therapy (ART) in resource-limited 

settings, evidence is emerging of increasing levels of transmitted drug-resistant HIV. We aimed to 

compare the effectiveness and cost-effectiveness of different potential public health responses to 

substantial levels of transmitted drug resistance.

Methods—We created a model of HIV transmission, progression, and the effects of ART, which 

accounted for resistance generation, transmission, and disappearance of resistance from majority 

virus in the absence of drug pressure. We simulated 5000 ART programmatic scenarios with 

different prevalence levels of detectable resistance in people starting ART in 2017 (t0) who had 

not previously been exposed to antiretroviral drugs. We used the model to predict cost-

effectiveness of various potential changes in policy triggered by different prevalence levels of 

resistance to non-nucleoside reverse transcriptase inhibitors (NNRTIs) measured in the population 

starting ART.

Findings—Individual-level resistance testing before ART initiation was not generally a cost-

effective option, irrespective of the cost-effectiveness threshold. At a cost-effectiveness threshold 

of US$500 per quality-adjusted life-year (QALY), no change in policy was cost effective (ie, no 

change in policy would involve paying less than $500 per QALY gained), irrespective of the 

prevalence of pretreatment NNRTI resistance, because of the increased cost of the policy 

alternatives. At thresholds of $1000 or higher, and with the prevalence of pretreatment NNRTI 

resistance greater than 10%, a policy to measure viral load 6 months after ART initiation became 

cost effective. The policy option to change the standard first-line treatment to a boosted protease 

inhibitor regimen became cost effective at a prevalence of NNRTI resistance higher than 15%, for 

cost-effectiveness thresholds greater than $2000.

Interpretation—Cost-effectiveness of potential policies to adopt in response to different levels of 

pretreatment HIV drug resistance depends on competing budgetary claims, reflected in the cost-

effectiveness threshold. Results from our model will help inform WHO recommendations on 

monitoring of HIV drug resistance in people starting ART.

Funding—WHO (with funds provided by the Bill & Melinda Gates Foundation), CHAIN 

(European Commission).
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Introduction

Of about 10 million people on antiretroviral therapy (ART) worldwide, most are on first-line 

non-nucleoside reverse transcriptase inhibitor (NNRTI)-based regimens.1 Drug resistance 

associated with virological failure of such regimens will gradually emerge, which has the 

potential to lead to extensive transmission of drug-resistant HIV, compromising the efficacy 

of future treatment.2 The fact that ART is currently delivered in most settings without 

regular testing of viral load to detect virological failure increases this concern. WHO has 

developed surveillance strategies for monitoring levels of transmitted drug resistance,3–5 and 

evidence suggests that levels of transmitted drug resistance are rising, albeit slowly.5–7 For 

reasons of feasibility and public health relevance, WHO now recommends surveys of drug 

resistance in populations starting ART to estimate the prevalence of pretreatment drug 

resistance. In the surveys, previous exposure to antiretroviral drugs is assessed at the time of 

treatment initiation, and resistance prevalence is calculated among populations with no 

previous exposure to antiretroviral drugs. Since the population assessed in WHO surveys is 

most probably ART-naive, any pretreatment resistance identified is probably transmitted 

drug resistance rather than resistance acquired from drug exposure.

When substantial levels of resistance to NNRTIs are detected in HIV-positive populations 

beginning ART with no previous exposure to antiretroviral drugs, several potential policy 

responses are available. First is to change the recommended national standard first-line 

regimen to a boosted protease inhibitor-based regimen. Second is to introduce individual-

level pretreatment resistance testing to optimise selection of initial ART regimens on a case-

by-case basis. Third is to begin routine monitoring of viral load for people on ART (eg, 6 

months after initiation of ART and every 12 months thereafter, as recommended by WHO);8 

this approach is currently not widely adopted in most low-income and middle-income 

countries. Measurement of viral load allows earlier detection of virological failure than is the 

case with CD4 cell count or clinical monitoring, thus allowing a more prompt switch to 

second-line ART without unnecessary accumulation of drug resistance. Moreover, patients 

found to have a non-suppressed viral load can undergo targeted adherence interventions.9,10 

A fourth policy option, which would be cheaper and perhaps more feasible than regular viral 

load testing, could be to measure viral load at the 6 month timepoint after ART initiation, 

with a confirmatory second test at 1 year after treatment initiation if the 6 month viral load is 

more than 1000 copies per mL, but with monitoring of CD4 cell count thereafter. This 

strategy would allow detection of virological failure that has happened early after ART 

initiation (eg, resulting from the presence of pretreatment resistance) allowing a prompt 

switch to a second-line regimen.

Here, we use an individual-based simulation model to compare the effectiveness and cost-

effectiveness of the different public health responses described above when triggered by 

different prevalence levels of pretreatment resistance.
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Methods

HIV Synthesis transmission model

HIV Synthesis is an individual-based stochastic model of heterosexual transmission, 

progression, and treatment of HIV infection within a southern African context, which has 

been described previously.11–13 Resistance is modelled in terms of the presence or absence 

of specific mutations, with consideration given to the effect of such mutations on virus 

susceptibility to specific drugs. Distinction is made for every mutation as to whether it is 

only present in minority virus (assumed not transmissible) or if it is present in majority virus 

(assumed transmissible). Additional results and methods used for this analysis are described 

in the appendix (pp 2–5). A detailed description of the model is available else where 

(appendix pp 9–12).12 The model has been used to contribute to several HIV Modelling 

Consortium joint modelling projects.14

Programmatic scenarios modelled

Every simulation run of our model generates an HIV epidemic with specific programmatic 

characteristics. To use our model to simulate a range of programmatic scenarios with various 

levels of ongoing transmitted drug resistance at t0 (the timepoint at which the policy 

decision is being made, arbitrarily designated as the year 2017), every time the model was 

run we simultaneously varied model parameters (such as the population adherence profile) 

that determine the level of transmitted drug resistance present in a population. By doing this 

process 5000 times, we generated a range of programmatic scenarios (table 1). To ensure 

that we included scenarios with a high prevalence of transmitted drug resistance, we used a 

distribution of adherence patterns, which includes some with a high proportion of people 

with poor adherence.

In our model, we assumed that ART had been monitored up to t0 by use of the CD4 cell 

count. We also assumed that the rate of switching to second-line regimens in patients who 

fulfilled the treatment failure definition increased at t0 from 0·03 per 3 months (reflecting 

that switching to second-line regimens has been slow to take place in many settings) to 0·20 

per 3 months, to ensure that the comparison of strategies is done in the context of them being 

implemented.

At t0, for every programmatic scenario, we predicted outcomes over 15 years from 2017, for 

the following policy options, according to the current level of NNRTI resistance in people 

starting ART without previous exposure to antiretroviral drugs (so, for example, women who 

received antiretroviral drugs previously for the prevention of mother-to-child transmission 

would not be included). The first option was no change in policy (ie, NNRTI-based first-line 

ART and routine monitoring of CD4 cell count). Second was a change of the standard 

NNRTI-based regimen to a boosted protease inhibitor-based first-line regimen, with use of a 

different boosted protease inhibitor for second-line treatment and replacement of tenofovir 

with zidovudine, or vice versa). The third option was individual-level resistance testing 

before ART initiation to detect key NNRTI mutations, to inform whether use of an NNRTI-

based or boosted protease inhibitor-based regimen would be best as first-line treatment. 

Fourth was introduction of routine monitoring of viral load (6 months and 12 months after 
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initiation of ART and then every year) and concomitant cessation of CD4 cell count 

monitoring. The final option was to test viral load 6 months after ART initiation, with a 

confirmatory second test at 12 months if viral load was greater than 1000 copies per mL, 

with CD4 cell count monitoring thereafter. In this final scenario, if the viral load was greater 

than 1000 copies per mL on the confirmatory test, patients were switched to a second-line 

regimen.

Economic analysis

All the evaluated alternatives for programmatic intervention have different implications in 

terms of health benefits and costs, taking a public health systems perspective. We estimated 

health benefits on the basis of quality-adjusted life-years (QALYs). We based cost estimates 

(in US$) on resource use in delivery of the policies and associated unit costs (all unit costs 

include supply chain, transport, human resources, etc, as relevant), with both costs and 

health benefits discounted to their present value with a 3·5% yearly rate. We compared 

expected costs and health outcomes (QALYs) associated with every policy alternative to 

ascertain the alternative that was likely to represent the best value from available resources. 

The net monetary benefit represents a way to summarise in one measure the benefits and 

costs of a given policy by putting both on a single scale, that of costs. Net monetary benefit 

is expressed as QALYs resulting from a policy multiplied by a cost-effectiveness threshold 

(thus, converting QALYs into costs by using the cost-effectiveness threshold) less the costs 

resulting from that policy. The cost-effectiveness threshold represents the opportunity costs 

of resources needed to fund the intervention, in terms of the health gains those resources 

could generate if used for alternative purposes.14,15 To summarise results, we indicated the 

policy option that (over the programmatic scenarios for the given prevalence of NNRTI 

resistance at t0 in people starting ART and for a given cost-effectiveness threshold) most 

often generated the highest net monetary benefit and that was expected to maximise health 

gains in the population.16,17

A central concern to informing efficient allocation of resources to the policy alternatives is 

what the cost-effectiveness threshold should be in particular countries, with differing levels 

of resource availability and varying claims on limited budgets. Ultimately, the policy 

decision needs assessment of how resources can otherwise generate health gains in the 

population. Guidance from WHO recommends a threshold equal to a country’s gross 

domestic product (GDP) per person.18 However, other analysts have suggested that this 

amount is too high and risks diverting resources away from greater priorities (eg, continued 

expansion of ART coverage).14,19,20 The most thorough estimation of a threshold for a 

particular country comes from the UK and suggests a level equivalent to 0·52 of GDP per 

person.21 For more poorly resourced health systems in sub-Saharan Africa, a cost-

effectiveness threshold of $500 or lower is probably realistic, since many interventions 

offering health gains at this amount or less remain unfunded.14,22 We did several sensitivity 

analyses around costing of viral load, resistance testing, and second-line regimens of 

boosted protease inhibitors.
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Role of the funding source

This work was done as a collaborative exercise led by WHO. As such, colleagues at WHO 

were closely involved in all aspects of the design of the investigation and interpretation of 

results. WHO themselves received a 7 year grant from the Bill & Melinda Gates Foundation 

to support a wide range of activities; the work described here is one of the many deliverables 

under this grant. This work was not commissioned or influenced by the Foundation but was 

proposed and initiated by WHO independently. The European Commission had no role in 

the study. The corresponding authors had full access to all the data in the study and had final 

responsibility for the decision to submit for publication.

Results

Table 1 presents data for the range of generated programmatic scenarios at t0. The change in 

HIV prevalence predicted over the 15 year period is shown in the appendix (p 8). At t0, the 

median proportion of people recently infected with NNRTI-resistant HIV is 26% (90% 

range across programmatic scenarios, 11–46), whereas in people starting ART the 

proportion with NNRTI resistance in majority virus is lower (11%, 5–22), because people 

starting ART have generally been infected some years before, when levels of transmitted 

drug resistance were lower and because drug-resistance mutations do not persist indefinitely 

in majority virus. These relatively high average levels of resistance are attributable to the 

fact that we are considering a range of potential future scenarios, including those in which 

levels of transmitted drug resistance have reached very high levels. Figure 1 shows the 

projected increase in transmitted drug resistance, with a higher level of drug resistance at 

infection than is present at the start of ART, but with this difference closing over time.

Table 2 shows the range of outcomes 15 years after t0 of the potential new policies, 

according to the level of NNRTI resistance at t0 in people starting ART. In view of our 

assumed rate of switch to a second-line boosted protease inhibitor-based regimen after first-

line failure (0·2 per 3 months), the proportion of people on ART who are on a boosted 

protease inhibitor is projected to rise to 18%, even for programmatic scenarios in which the 

prevalence of NNRTI resistance at t0 in people starting ART is less than 5%, and to much 

higher levels for situations in which the prevalence of NNRTI resistance at t0 is 5% or 

greater in people starting ART. As expected, the proportion of people using a boosted 

protease inhibitor is highest when a change to this regimen is recommended as standard 

first-line treatment. The policy that most effectively curbs the increase in NNRTI resistance 

is to change to a boosted protease inhibitor-based regimen as standard first-line treatment 

(although the difference is less striking when considering all drug resistance, not only 

resistance to NNRTIs); the effect of other policies is fairly modest. With respect to viral load 

suppression (at a threshold of 500 copies per mL), the proportion of people who have viral 

suppression 1 year after starting ART is projected to fall over time with the current policy, 

because of the cumulative effects of rising transmitted drug resistance. Policies that entail 

monitoring of viral load have only a small beneficial effect on this outcome, whereas the 

policy to change to a boosted protease inhibitor-based regimen as standard first-line 

treatment and the policy to test for resistance before starting ART have a substantial positive 

effect (ie, the proportion with viral suppression after 1 year from start of ART is projected to 
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rise). Considering the proportion of all people on ART with viral suppression 15 years after 

t0, similar results were achieved by implementing routine monitoring of viral load or by 

changing to a boosted protease inhibitor-based standard first-line regimen.

Changing to a boosted protease inhibitor-based standard first-line regimen led to the lowest 

death rate in people on ART (table 2), but generally, death rates follow a similar pattern to 

that for the proportion of people on ART with viral suppression. The death rate generally 

rises with increasing levels of NNRTI resistance at t0 in people starting ART, mainly 

because the underlying adherence pattern is a determinant of both the level of transmitted 

drug resistance (appendix p 7) and of the effectiveness of the treatment, in terms of 

achieving viral suppression and increases in CD4 cell count.

Table 3 shows costs according to the policy option at t0. The main differences between 

policy options are associated with choice of ART, viral load monitoring ($45), and resistance 

tests ($250). Costs are highest for the option to change to a protease inhibitor-based standard 

first-line regimen because prices of these antiretroviral drugs are high (eg, $219 per year for 

atazanavir; appendix p 13). Figure 2A shows the most cost-effective policy option for 

various cost-effectiveness thresholds and prevalence levels of NNRTI resistance at t0 in 

people starting ART (increments in costs and QALYs compared with the current policy are 

presented in the appendix p 6). At a cost-effectiveness threshold of $500 per QALY, no 

change in policy is cost effective, even if the prevalence of NNRTI resistance at t0 in people 

starting ART is higher than 25%, because of the increased expense of the alternative 

policies. At higher cost-effectiveness thresholds, adoption of a policy of a single viral load 

measurement 6 months after initiation of ART becomes cost effective if the t0 level of 

NNRTI resistance is above 10% for a cost-effectiveness threshold of $1000 (although an 

increase in overall spend is needed compared with the current policy), and single viral load 

measurement at 6 months is cost effective at a t0 level of resistance higher than 5% for a 

cost-effectiveness threshold of $1500. For a cost-effectiveness threshold of $2000 or higher, 

a change to current policy is indicated irrespective of the level of NNRTI resistance at the 

start of ART. In our main analysis, changing the national standard first-line regimen from 

NNRTIs to a boosted protease inhibitor-based regimen was the most cost-effective action 

when the t0 level of NNRTI resistance in people starting ART was 15% or higher; when the 

cost-effectiveness threshold was $10 000, this policy was cost effective at any level of 

resistance.

In sensitivity analyses in which we varied the cost of boosted protease inhibitors (figures 2B 

and 2C), a policy to change to first-line boosted protease inhibitors was not cost effective at 

thresholds up to and including $3000 when the cost of boosted protease inhibitors was 

increased by 50%, irrespective of the t0 level of NNRTI resistance in people starting ART 

(figure 2C). However, if the cost of boosted protease inhibitors was halved then a change to 

a national standard first-line boosted protease inhibitor-based regimen was the most cost-

effective policy in almost all situations (figure 2B). In further sensitivity analyses, in which 

the cost of viral load testing was cut to $15 from $45 (figures 2D and 2E; in figure 2E, the 

cost of resistance test was also lowered from $250 to $100), introduction of viral load 

monitoring every 6 months is almost universally the most cost-effective policy, irrespective 

of the cost-effectiveness threshold and level of resistance at t0. If the viral load cost was $15 
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and cost of boosted protease inhibitors was halved then a change of the national standard 

first-line regimen to a boosted protease inhibitor-based regimen is the most cost-effective 

approach at high cost-effectiveness thres holds and at a higher t0 level of NNRTI resistance 

in people starting ART (figure 2F).

Discussion

For a given prevalence of resistance to NNRTIs in people starting ART, the most cost-

effective policy was dependent on the cost-effectiveness threshold for the setting; in general, 

when the cost-effectiveness threshold was $500 per QALY, no change in policy was cost 

effective. At thresholds of $1000, $1500, and $2000, a policy of a single viral load 

measurement 6 months after the start of ART became cost effective once the proportion of 

people with NNRTI resistance was higher than 10%, 5%, and 0%, respectively. Changing 

the standard first-line regimen to a boosted protease inhibitor-based regimen was generally 

predicted to be the most effective policy, and can become a cost-effective option at the 

highest cost-effectiveness thresholds, depending on the level of NNRTI resistance in people 

starting ART. If the current cost of boosted protease inhibitors were to be reduced by 50%, 

and if the level of NNRTI resistance in populations starting ART were above 15%, a change 

to a boosted protease inhibitor-based regimen as standard first-line treatment would be a 

cost-effective new policy, even if the cost-effectiveness threshold were as low as $500. 

However, if the cost of boosted protease inhibitors in a country were 50% higher than the 

value we used, then a change of the standard first-line regimen to a boosted protease 

inhibitor-based regimen was not cost effective, emphasising the importance of fully 

understanding cost implications before making such a change.

In the face of variable and occasionally low adherence, boosted protease inhibitor-based 

regimens are likely to result in better long-term outcomes than are NNRTI-based regimens, 

irrespective of the prevalence of transmitted drug resistance, because resistance to boosted 

protease inhibitors is slow to accumulate, even when adherence is poor.23–25 Additionally, 

HIV with resistance mutations to protease inhibitors generally replicates poorly,26 the 

decline in CD4 cell count is less rapid in the presence of virological failure with a boosted 

protease inhibitor-based regimen than it is with an NNRTI-based regimen,27–29 and risk of 

death could be higher in patients whose treatment is failing because of NNRTI resistance 

compared with protease inhibitor resistance.26 Although findings of clinical trials comparing 

outcomes between first-line NNRTIs and boosted protease inhibitors show small differences 

in viral load,30,31 these studies typically include people who are more likely to adhere to 

ART, and our modelling suggests that among less adherent people, the long-term outcomes 

of boosted protease inhibitor-based regimens will be superior. To date, scant data are 

available for the rate at which mutations to protease inhibitors emerge in people maintained 

on a boosted protease inhibitor-based regimen in the face of virological failure without 

options to switch.

As ART coverage increases, prevalence of transmitted drug resistance in people starting 

ART will almost inevitably rise. Countries must minimise the rate at which this escalation 

takes place, to sustain the huge population benefits of ART. Ensuring that a high proportion 

of patients adhere to—and are retained on—ART, and maximising prevention of HIV 

Phillips et al. Page 8

Lancet HIV. Author manuscript; available in PMC 2016 April 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



transmission, are key to achievement of this goal. Individual-level genotyping is not 

generally cost effective at this stage. Although our findings provide a broad overview of 

potential policy directions, as far as is feasible, countries should develop and analyse their 

own country-specific models to evaluate potential policy changes. In particular, this 

approach might be helpful for countries transitioning from generalised to concentrated 

epidemics. Further work is also needed to understand what cost-effectiveness threshold 

should be used in a given country. With a cut in the cost of viral load testing to $15, a 

reduction that could well take place in the future in view of developments in this area, 

measurement of viral load becomes the most cost-effective policy out of those we 

considered. Previous modelling (similarly using a viral load cost of $45) suggests that a 

country should aim to introduce viral load monitoring once it has sustained close to full 

coverage of ART for those in need.14 Although one benefit of viral load monitoring is that 

evidence of viraemia can be used to provide targeted counselling to those most in need, 

which can boost adherence,9,10 our analysis does not include the additional cost of targeted 

counselling explicitly, and this expense will need to be considered if the cost is substantial. 

Moreover, our analysis assumes that adherence counselling is offered to all patients with a 

detectable viral load, yet this might not be the case in many settings. Furthermore, our 

modelling assumes an ideal scenario in which implementation of viral load testing is done at 

the appropriate time and results are obtained and acted on, if necessary. Further work is 

needed to assess the effect of failures in viral load measurement and return of results, and of 

other implementation realities, including reduced accuracy of viral load if measured on dried 

blood-spot samples and the possibilities for simplified clinic visits for people with known 

long-term viral suppression.

Although the implications of transmission of drug-resistant HIV have been considered in 

several models,32–37 only one (to our knowledge) has previously addressed the question of 

whether a policy change in the face of a given level of transmitted drug resistance is cost 

effective (panel). Walensky and colleagues38 investigated whether changing to a boosted 

protease inhibitor-based standard first-line regimen was cost effective in Côte d’Ivoire; they 

reported that such a policy change was not favourable.

Panel

Research in context

Systematic review

We searched Web of Knowledge on Feb 12, 2014, and on Sept 13, 2014, with the search 

terms: “HIV*” AND “resistance” AND “cost-effective*”. We identified only one report 

directly relevant to the cost-effectiveness of different ART approaches in response to 

levels of transmitted drug resistance.38 In this report from Côte d’Ivoire, a change to a 

boosted protease inhibitor-based standard first-line regimen was not cost effective. We 

have considered this policy change and other options in the context of a dynamic 

transmission model that accounts for transmission of specific mutations to specific drugs 

and use of second-line regimens.

Interpretation
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Results from our model will inform WHO recommendations on monitoring of HIV drug 

resistance in people starting ART. Cost-effectiveness of potential policies to adopt in 

response to different prevalence levels of pretreatment HIV drug resistance depends on 

competing budgetary claims, reflected in the cost-effectiveness threshold.

An issue we did not consider is that among women receiving antiretroviral drugs for 

prevention of mother-to-child transmission, viral suppression must be achieved to reduce the 

risk of transmission to the child. Changes to regimens for pregnant women might be needed, 

even when the prevalence of resistance in people starting ART is below the level to be cost 

effective when accounting for the whole adult population on ART. Further modelling is 

needed to assess these issues. For a particular cost-effectiveness threshold, we have provided 

some indication of the policy alternative likely to be cost effective for a given level of 

resistance to NNRTIs in populations initiating first-line ART. Surveillance of transmitted 

drug resistance in people ostensibly starting ART for the first time will include some people 

who have previous undeclared ART use. Thus, estimates of the prevalence of resistance 

before initiation of ART thought to have arisen because of transmitted drug resistance could 

be overestimated by such surveys. Policy makers should consider this possibility and 

whether any change in policy proposed would still be indicated if the true level of 

transmitted drug resistance in people starting ART for the first-time were somewhat lower 

than that estimated in surveys.

This modelling analysis has entailed drawing on knowledge acquired within the area of HIV 

on sexual behaviour, HIV transmission, progression of untreated infection, and effects of 

treatment.11–13 Even if most of these aspects are generally well described, any model is, at 

best, an approximation to reality. Although this limitation should be borne in mind, the fact 

that our model is mechanistic and tries to capture the underlying processes entailed, in terms 

of variables that are measured (eg, CD4 cell count, viral load, presence of specific resistance 

mutations) and the ultimate endpoint of length of life, means that extensive scope exists to 

compare the model outputs with recorded data, which should improve the ability to 

approximate reality.

The results from our model will help to inform WHO recommendations on monitoring of 

HIV drug resistance in people initiating ART. Additional modelling is required to inform 

specific country-level policy actions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Projected trend over time in transmitted drug resistance to NNRTIs
Projected trend in prevalence of transmitted drug resistance to NNRTIs over 15 years in 

recently infected people (blue lines) and in ART-naive people at the start of treatment (red 

lines) with no change in policy, restricted to programmatic scenarios in which t0 levels of 

NNRTI resistance in ART-naive people at the start of treatment are less than 10%. The t0 

level of NNRTI resistance in people starting ART is calculated as the mean over all four 

quarters of the year 2016. The plotted values are the median (solid line) and 90% range 

(dotted line) over all quarters and all programmatic scenarios for every given year (which is 

why the upper 90% limit is higher than 10% at t0). ART=antiretroviral treatment. 

NNRTI=non-nucleoside reverse transcriptase inhibitor.
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Figure 2. Most cost-effective policy according to the prevalence of NNRTI resistance at the start 
of ART and the cost-effectiveness threshold
5000 programmatic scenarios shown, divided according to NNRTI resistance at t0: <5%, 

n=451; 5% to <10%, n=1800; 10% to <15%, n=1518; 15% to <20%, n=807; 20% to <25%, 

n=376; and ≥25%, n=48. For every programmatic scenario, the policy with the highest net 

monetary benefit was ascertained and the policy that most frequently had the highest value 

was indicated as the most cost-effective policy. Pre-ART resistance testing was not cost 

effective in any scenario. (A) Most cost-effective policy according to the prevalence of 

NNRTI resistance when ART is initiated at t0 and the cost-effectiveness threshold per 

QALY. Cost of second-line boosted protease inhibitor (atazanavir), $219 per year; cost of 

viral load testing, $45; and unit cost of resistance testing, $250. These costs include 

commodities and programme costs for genotyping. (B) As for (A) but with the cost of 

boosted protease inhibitors reduced by 50%. (C) As for (A) but with the cost of boosted 

protease inhibitors increased by 50%. (D) As for (A) but with the cost of viral load testing 

cut to $15. (E) As for (A) but with unit cost of resistance testing reduced to $100 and viral 

load testing cut to $15. (F) As for (A) but with cost of boosted protease inhibitors reduced by 

50% and viral load testing cut to $15. ART=antiretroviral treatment. NNRTI=non-nucleoside 

reverse transcriptase inhibitor. QALY=quality-adjusted life-year.
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Table 1

Characteristics of simulated modelled HIV programmatic scenarios at t0

Median (90% range) over 
programmatic scenarios

HIV prevalence (age 15–65 years) 18% (14–22)

HIV incidence (per 100 person-years) 1·1 (0·7–1·6)

People starting ART

 NNRTI resistance* 11% (5–22)

 NNRTI resistance, excluding women who previously took antiretroviral drugs for prevention of mother-to-

child transmission*
11% (4–22)

 Any resistance, excluding women who previously took antiretroviral drugs for prevention of mother-to-child 

transmission and resistance*
12% (5–24)

New HIV infections

 With transmitted drug resistance* 29% (12–49)

 With NNRTI resistance* 26% (11–46)

HIV-positive people

 Diagnosed 84% (80–86)

 Started on ART 54% (42–62)

 Currently on ART 46% (34–54)

People in need of ART, according to criteria for need of ART based on CD4 count <350 cells per μL

 On ART 60% (47–68)

 Ever started ART 73% (61–79)

People in need of ART, according to criteria for need of ART based on CD4 count <500 cells per μL

 On ART 51% (39–60)

 Ever started ART 63% (50–70)

Of people remaining on ART 1 year after starting ART, proportion with viral suppression† 69% (42–83)

Of people on ART, proportion with viral suppression† 76% (54–85)

Of people on ART, proportion now on second-line (bPI) regimen 8% (6–11)

Of all people with HIV, proportion with unsuppressed viral load‡ 63% (53–81)

 Of all people with unsuppressed viral load, proportion with resistance*§ 23% (13–39)

People with fewer than three fully active drugs¶ when starting ART 14% (6–28)

Data are median proportion (90% range), unless otherwise stated. 5000 programmatic scenarios were generated. ART=antiretroviral treatment. 
bPI=ritonavir-boosted protease inhibitor. NNRTI=non-nucleoside reverse transcriptase inhibitor.

*
In the majority virus.

†
<500 copies per mL.
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‡
Irrespective of whether diagnosed and in care. The number of adults alive in 2017 in the population is a median of 36 500 (90% range 35 500–37 

500).

§
Whether diagnosed or not.

¶
A drug was not fully active if a resistance mutation to that drug was present in the minority or majority virus.
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