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Background. Reports of a single case of human immunodeficiency virus (HIV) eradication suggest that elimination of HIV 
from individuals is possible. Anticipating both increased research funding and the development of effective, durable cure technolo-
gies, we describe the circumstances under which a cure might improve survival and be cost-effective in South Africa.

Methods. We adapted a simulation model comparing a hypothetical cure strategy (“Cure”) to the standard of care, lifetime 
antiretroviral therapy (“LifetimeART”) among adherent South Africans (58% female; mean age 33.8 years; mean CD4 257/µL; viro-
logic suppression ≥1 year). We portrayed cure as a single intervention, producing sustained viral eradication without ART. We 
considered both a plausible, more imminently achievable “Baseline Scenario” and a more aspirational “Optimistic Scenario”. Inputs 
(Baseline/Optimistic) included the following: 50%/75% efficacy; 0.6%/0.0% fatal toxicity; 0.37%/0.085% monthly relapse over 5 
years (0.185%/0.0425% per month thereafter); and $2000/$500 cost. These inputs were varied extensively in sensitivity analysis.

Results. At baseline, Cure was “dominated,” yielding lower discounted life expectancy (19.31 life-years [LY] vs 19.37 LY) and 
greater discounted lifetime costs ($13 800 vs $13 700) than LifetimeART. Under optimistic assumptions, Cure was “cost-saving,” 
producing greater survival (19.91 LY) and lower lifetime costs ($11 000) than LifetimeART. Findings were highly sensitive to data 
assumptions, leaving little middle ground where a tradeoff existed between improved survival and higher costs.

Conclusions. Only under the most favorable performance assumptions will an HIV cure strategy prove clinically and econom-
ically justifiable in South Africa. The scientific pursuit of a cure should not undermine continued expansions of access to proven, 
effective, and cost-effective ART.
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South Africa, home to approximately 20% of the world’s 37 
million people living with human immunodeficiency virus 
(HIV) [1], experiences both great successes and massive chal-
lenges in HIV treatment. Since antiretroviral therapy (ART) 
was first rolled out nationwide in 2004 [2], life expectancy for 
South Africans with HIV has increased dramatically [3]: total 
ART-attributable survival gains among the 2.2 million South 
Africans receiving treatment are estimated at 21.7 million life-
years (LY) [2]. Yet, despite an annual investment exceeding 
$1 billion in acquired immune deficiency syndrome (AIDS) 
programs [4], 3.2 million HIV-infected South Africans remain 

untreated [5]. Even among those receiving state-of-the-art 
care, long-term clinical complications [6, 7] and social stigma 
persist [8]. In addition, although ART dramatically reduces 
HIV transmission risks [9], imperfect adherence and medica-
tion interruptions attenuate this effect [10]. Only 25% of HIV-
infected South Africans have a suppressed viral load [11], and 
an estimated 470 000 new HIV infections occur annually [12].

Given the persistent challenges of containing and treating 
HIV infection—even in the presence of effective therapy—many 
observers argue that an effective and affordable cure is needed 
[13]. Reports of successful HIV eradication via allogenic stem 
cell transplantation suggest that elimination of the virus from 
an individual is possible, even if that strategy still has not been 
replicated and is far from practicable [14]. In December 2013, 
President Obama recognized the magnitude of the opportunity 
by pledging $100 million for cure research [15]. Between 2015 
and 2016, the cure research budget of the US National Institute 
of Allergy and Infectious Diseases grew by $21.6 million [15]. 
Most recently, an expert panel convened by the International 
AIDS Society (IAS) declared the development of a safe, afford-
able, and scalable cure strategy “a key priority” and identified 
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modeling and decision analysis as important tools in under-
standing and optimizing cure performance [13].

The IAS call for model-based approaches to evaluate cure 
programs motivates the present analysis. The scientific chal-
lenge of transforming HIV cure from proof-of-concept to via-
ble public health strategy is only one of many obstacles. A cure 
policy must compare favorably to existing standards of HIV 
care, in terms of its costs, benefits, and side-effects. Anticipating 
newer, more practical cure modalities, we sought to establish 
performance benchmarks, exploring how good an HIV cure 
would need to be to deliver longer survival, lower costs, and/
or cost-effectiveness compared with currently available ART in 
South Africa.

METHODS

Analytic Overview

We conducted a model-based, “what-if ” comparison of the 
clinical and economic performance of a theoretical HIV cure 
strategy (Cure) to the standard of care, lifetime antiretroviral 
therapy (LifetimeART), in highly adherent, HIV-infected South 
Africans who have been virologically suppressed for at least 
1 year [16, 17]. We used the Cost-Effectiveness of Preventing 
AIDS Complications International (CEPAC-I) model, a Monte-
Carlo microsimulation of HIV disease and treatment [2, 18, 19], 
to portray Cure as an intervention producing immediate and 
sustained elimination of the virus, with no detectable viral rep-
lication by standard HIV ribonucleic acid (RNA) assays. Model 
outputs included life expectancy and lifetime costs (2014 US 
dollars), reported both undiscounted and discounted to present 
value at 3%/year [20]. For purposes of economic evaluation, we 
calculated incremental cost-effectiveness ratios (ICERs), defin-
ing a strategy to be “cost-effective” if it conferred LY for less 
than $13 200 (the 2015 South African per capita gross domestic 
product [GDP] in international dollars [21, 22]). We conducted 
sensitivity analyses on this threshold and a variety of other input 
parameters to elucidate the circumstances that might make 
Cure an attractive alternative to LifetimeART in South Africa.

Cost-Effectiveness of Preventing AIDS Complications-International Model

The CEPAC-I model is a patient-level microsimulation of 
HIV disease, treatment, and economic resource use [18, 19]. 
Individual patients are generated by random draws of charac-
teristics from specified age, sex, CD4 count, and HIV RNA dis-
tributions. Human immunodeficiency virus natural history is 
modeled as a series of monthly transitions between health states 
characterized by CD4 count and HIV RNA. Without treatment, 
patients’ CD4 counts decline according to a viral load-depend-
ent trajectory [23]. Patients are subject to age- and sex-specific, 
non-HIV-related mortality.

We assume that patients initiate ART according to World 
Health Organization treatment guidelines (ie, regardless of 
CD4 count) [16]. Patients receiving ART experience high 

probabilities of virologic suppression and subsequent CD4 
count increases, with the greatest CD4 gains occurring in the 
first 2 months [24]. Higher CD4 counts reduce opportunistic 
disease (OD) and HIV-related death risks. Patients face a small 
monthly probability of loss of treatment efficacy (which we 
label “late ART failure”), resulting in virologic rebound. Human 
immunodeficiency virus RNA and CD4 counts are monitored 
annually to detect such failure [25]. Per South African treatment 
guidelines [25], all patients with confirmed virologic rebound 
are switched to a second-line ART regimen. Costs of HIV treat-
ment and care are assessed from the health system perspective. 

A technical specification of the CEPAC-I model—including 
flowcharts, state space definitions, transition probabilities, code, 
data fields, protocols for data assembly, base parameter values/
ranges/sources, sample output, and programming notes—is 
available at http://www.massgeneral.org/mpec/cepac/.

Cure Simulation

We simulated a hypothetical cure strategy (Cure), targeted (in 
conformity with planned or ongoing cure trials) to a population 
of highly adherent patients who have received suppressive first-
line ART for at least 1 year [17]. We modeled cure as a one-time 
intervention producing sustained benefits for some propor-
tion of patients. Patients initiating the Cure intervention were 
assumed to incur a one-time cost and were subject to both a 
one-time probability of successful viral eradication (beginning 
in the month after intervention) and a one-time probability of 
experiencing acute and potentially fatal toxicities. The model 
was able to simulate the incidence and duration of additional 
toxicities (eg, acute and chronic; fatal and non-fatal). Patients 
successfully and sustainably cured maintained undetectable 
viral loads while their CD4 counts increased and their risks of 
ODs were halved.

Patients were considered cured so long as an undetectable 
viral load was sustained without ART. However, cured patients 
faced a monthly probability of relapse, which triggered viral 
load rebound [26]. When relapse was detected (either through 
annual virologic monitoring or, less frequently, via presentation 
with an OD), patients were again placed on first-line ART fol-
lowed by a second ART regimen, if virologic failure occurred. 
Cured patients continued to face monthly probabilities of non-
AIDS mortality and to accrue costs for routine care and yearly 
CD4 and HIV viral load monitoring.

Model Inputs and Analysis

We used the CEPAC-I model to determine the distribution of 
CD4 counts in the Cure-eligible population. To perform this 
“initialization,” we constructed a cohort of ART-naive, HIV-
infected South Africans presenting to care. This cohort was 
58% female, with mean age 33.8 years (standard deviation [SD] 
9.2 years), HIV RNA distribution with 46% >100 000 copies/
mL, and mean CD4 count 257/µL (SD 118/µL) [2, 12, 27, 28] at 
ART initiation. All patients received first-line ART consisting 
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of efavirenz, tenofovir, and lamivudine or emtricitabine. After 1 
year on suppressive ART, patients became eligible for the Cure 
intervention. Based on this initialization, we used a mean CD4 
count of 418/µL (SD 121/µL) and HIV RNA below detectable 
levels for patients initiating Cure (Table 1).

The same initialization was used to generate the patient cohort 
for the standard-of-care comparator strategy, LifetimeART. 
To maintain a level playing field between the strategies, 
LifetimeART patients were also assumed to be highly adherent 
and responsive to treatment, fully suppressed for at least 1 year, 
with the same mean initial CD4. All patients in whom viro-
logic rebound was confirmed (via annual HIV RNA monitor-
ing and verbal confirmation of adherence) were switched to a 
second-line regimen, consisting of zidovudine, lamivudine, and 
lopinavir/ritonavir [25]. First- and second-line ART costs and 
efficacy (both standard and after Cure) are reported in Table 1.

Given the hypothetical nature of an HIV cure interven-
tion, we considered a wide variety of input data values and 
assumptions. For the Baseline Scenario, we elected to portray 
Cure in a conservative light, choosing parameter values that 
might plausibly apply at the time of an initial rollout. We then 
constructed an Optimistic Scenario, reflecting more favor-
able aspirations about the future performance attributes of a 
proven and durable cure intervention. Finally, we explored an 
even broader range of possible data assumptions in extensive 
sensitivity analyses. For example, we assumed a 50% probabil-
ity of cure success at Baseline, increasing that probability to 
75% for the Optimistic Scenario, and exploring values ranging 
from 20% to 100% in sensitivity analysis. Likewise, we assumed 
a Baseline risk of fatal toxicity of 0.6% (reflecting the risks of 
strategies analogous to stem cell transplantation) at a cost of 
$1027; for the Optimistic Scenario, we reduced the risk of fatal 
toxicity to 0%; and in sensitivity analysis, we considered risks 

ranging from 0% to 5%. Toxicity rates and costs were estimated 
(and adjusted to reflect South African purchasing power) 
from observed experience with chemotherapy as a potential 
cure strategy in the United States [22, 29–32]. We assumed 
a Baseline relapse rate of 0.37%/month (Optimistic: 0.085%/
month) for the first 5 years after Cure initiation, declining to 
0.085% (Optimistic: 0.0425%/month) thereafter. Annual viro-
logic (HIV RNA) and immunologic (CD4) monitoring were 
assumed to begin 12  months after the Cure intervention, 
analogous to current South African monitoring guidelines 
for virologically suppressed patients on first-line ART [25]. 
Because the cohort was weighted heavily toward highly adher-
ent patients with sustained virological suppression on first-line 
ART, we assumed a 100% probability of virologic resuppres-
sion on ART at 48 weeks after failed Cure intervention, in both 
scenarios. At Baseline, we assigned Cure an immediate, one-
time cost of $2000 (Optimistic: $500); we considered costs up 
to $5000 in sensitivity analysis.

Sensitivity Analysis

We conducted a series of one-way deterministic analyses, vary-
ing salient Cure parameters to identify thresholds at which the 
intervention would become (or cease to be) “dominated” (ie, 
cost more and confer fewer LY), cost-effective (ICER < GDP 
per capita of South Africa [21, 22]), or “cost-saving” (cost less 
and confer greater survival) compared with LifetimeART. We 
also performed multiway, deterministic sensitivity analyses to 
assess the impact of simultaneous variation of those param-
eters identified as most influential in the preceding, one-way 
analyses. Finally, we conducted probabilistic sensitivity analysis 
(PSA) to understand the aggregate impact of uncertainty in a 
large number of input parameter values on our findings (Table 
1 and Supplementary Material).

Table 1. Parameter Inputs for a Model-Based Analysis of a Potential HIV Cure in South Africa

Variable
Base Case

(Range Examineda) References

Baseline Cohort Characteristics

 Female subjects (%) 57.7% [12]

 Age, mean years (SD) 33.8 (9.2) [27]

 CD4 Count, Mean Cells/µL (SD) [28]

  Initial 257 (118)

  After initialization (suppressed for 1 year on ART) 418 (121)

 HIV RNA distribution before initialization (%) [2]

  >100 000 copies/mL 46

  30 001–100 000 copies/mL 33

  10 001–30 000 copies/mL 21

  <10 001 copies/mL 0

Lifetime ART

 Standard efficacy (%suppressed at 48 weeks) 100 Assumption based on [29]

 Efficacy after failed cure (%suppressed at 48 weeks) 100 (50–100) Assumption

 Probability of “late ART failure” monthly (%)b 0.1 (0.1–0.5) Assumption

 First-line (TDF+ “XTC”+EFV) ART cost, yearly (2014 USD) 136.80 [38]

 Second-line (AZT+3TC+LPV/r) ART cost, yearly (2014 USD) 375.00 [38]
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RESULTS

Baseline Scenario

Using Baseline input values (Table 1), Cure had higher pro-
jected lifetime costs ($13 800 vs $13 700; $22 600 vs $23 500 
undiscounted) and lower life expectancy (19.31 LY vs 19.37 LY; 
33.08 LY vs 33.04 LY undiscounted) than LifetimeART (Table 
2). In keeping with accepted practice, we label the Baseline Cure 
strategy dominated [20].

Optimistic Scenario

Under more optimistic assumptions (Table 1), Cure was 
cost-saving, yielding lower projected lifetime costs ($11 000; 
$18 700 undiscounted) and higher life expectancy (19.91 LY; 
34.38 LY undiscounted) than LifetimeART (Table 2) [20].

One-Way Sensitivity Analysis

Varying each parameter across its plausible range (as specified in 
Table 1) while holding all other variables at their Baseline values 

shed light on 3 parameters whose variability could cause the 
overall assessment of Cure to swing from dominated to cost-sav-
ing: (1) the monthly probability of loss of treatment efficacy after 
sustained suppression on ART (late ART failure, a proxy for poor 
adherence to ART over time [eg, treatment exhaustion]), (2) the 
efficacy of the cure intervention, and (3) the monthly probability 
of relapsing after the Cure intervention (Figure 1). For example, 
holding all other parameters at their Baseline values, Cure would 
cease to be dominated and become cost-saving if its efficacy rose 
from 50% to ≥60%. A third parameter, the cure cost, could cause 
the Cure strategy to be decrementally cost-effective (ie, saving 
money but with a survival loss) if set to the lowest extreme of 
its plausible range. Also notable was the general absence of any 
middle ground scenario in which the usual cost-effectiveness 
tradeoff was observed between greater survival and higher costs. 
With few exceptions, Cure was either unequivocally dominated 
or unequivocally cost-saving (Table 2).

Table 2. Cost-Effectiveness of a Hypothetical Cure Strategy in South Africaa

Strategy
Discounted LY 

Gained 
Discounted
Costs ($)

Incremental
Cost-Effectiveness 

($/LY)

Cure Tipping Pointsb

Dominatedc
Not 

Cost-Effectived
Decrementally
Cost-Effectivee Cost-Effective Cost-Saving

Baseline Scenario

 Lifetime ART 19.37 13 700 —

 Cure 19.31 13 800 Dominated

Optimistic Scenario

 Lifetime ART 19.37 13 700 — — — — — —

 Cure 19.91 11 000 Cost-saving — — — — —

Sensitivity Analysis on Baseline Scenario

Fatal Toxicity Rate = 0.0%

 Lifetime ART 19.37 13 700 — — — — — —

 Cure 19.43 13 900 Cost-effective 
(ICER = 3300)

0.5%–1.5% 2.0%–5.0% — 0% —

Table 1. Continued 

Variable Baseline Scenario Optimistic Scenario
Range Examined in 
Sensitivity Analysis References

Cure Characteristics

 Efficacy (%) 50 75 20–100 Assumption

  Relapse rate monthly (%), ≤5 years 0.37 0.085 0–2.0b Assumption

  Relapse rate monthly (%), >5 years 0.185 0.0425 —c Assumption

 Cure intervention cost (2014 USD) 500 2000 0–5000 Assumption

 Fatal Toxicity Probability (%) 0.6 0 0–5.0 Assumption based on [29, 32]

 Fatal Toxicity Cost (2014 USD) 1027 1027 — Assumption

 Acute Nonfatal Toxicity Probability (%) 6.0 6.0 — [29, 31]

 Acute Nonfatal Toxicity Cost (2014 USD) 50 50 — Assumption based on [29, 30]

 Chronic Nonfatal Toxicity Probability (%/month) 5.8 5.8 0–10.0 [29, 31]

 Chronic Nonfatal Toxicity Cost, (2014 USD) 20, until switch 
to ART

20, until switch to ART 0–100 Assumption

Abbreviations: 3TC, lamivudine; ART, antiretroviral therapy; AZT, zidovudine; EFV, efavirenz; HIV, human immunodeficiency virus; LPV/r, lopinavir/ritonavir; RNA, ribonucleic acid; SD, standard 
deviation; TDF, tenofovir; USD, US dollars; XTC, lamivudine or emtricitabine.
aParameter values for probabilistic sensitivity analysis were drawn from a uniform distribution that assigns equal likelihood to each of the possible values within the defined range.
bLate ART failure: loss of treatment efficacy after sustained suppression on ART, resulting in virologic rebound.
cThe monthly risk of relapse >5 years is always set at one half that of the ≤5-year risk.
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We then conducted the same series of one-way sensitiv-
ity analyses, this time holding all other parameters at their 
Optimistic Scenario values (Figure 2). Under these more favor-
able general circumstances, we identified 4 parameters whose 
variability could cause the overall assessment of Cure to swing 
from cost-saving to “not cost-effective”: (1) cure fatal toxicity, 

(2) the efficacy of ART after cure failure, (3) cure relapse, and 
(4) cure efficacy. For example, holding all other parameters 
at their Optimistic Scenario values, Cure would cease to be 
cost-saving if the risk of fatal toxicity rose from 0% to ≥3.0%; if 
that risk were to rise even further to ≥4.0%, Cure would cease 
to be cost-effective.

Table 2. Continued 

Strategy
Discounted LY

Gained 
Discounted
Costs ($)

Incremental
Cost-Effectiveness  

($/LY)

Cure Tipping Pointsb

Dominatedc
Not  

Cost-Effectived
Decrementally
Cost-Effectivee Cost-Effective Cost-Saving

Cure Efficacy = 70%

 Lifetime ART 19.37 13 700 — — — — — —

 Cure 19.53 13 300 Cost-saving <60% — — — ≥$60%

Cure Relapse Rate = 0.2%/Month

 Lifetime ART 19.37 13 700 — — — — — —

 Cure 19.41 13 600 Cost-saving >0.2% — — — ≤0.2%

Cure Cost = $500

 Lifetime ART 19.37 13 700 — — — — — —

 Cure 19.31 12 300 Decrementally 
cost-effective    

(ICER = 23 300)

>$1500 $1000–1500 <$1000 — —

Abbreviations: ART, antiretroviral therapy; GDP, gross domestic product; ICER, incremental cost-effectiveness ratio; Intl., international; LY, life-years.
aBase case Cure assumptions: efficacy = 50%, cost = $2000; relapse = 0.37%/month. Life years and costs are discounted at 3%/year.
bSmall gaps in the ranges reported in these columns reflect the granularity created using discrete (rather than continuous) values for the sensitivity analysis.
cDominated: The strategy produces reduced life expectancy and increased costs, compared with some combination of other strategies.
dNot cost-effective: The strategy produces either (1) an increase in life expectancy and increased costs with an ICER > Intl. $13 200 (100% of 2015 South African GDP per capita), or (2) a 
reduction in life expectancy but yields offsetting economic savings with an ICER < Intl. $13 200.
eDecrementally cost-effective: The strategy produces a reduction in life expectancy but yields offsetting economic savings [40].

Cost-saving Cost-e�ective (ICER<$13,200) Decrementally cost-e�ective Not cost-e�ective Dominated

Parameter (base case value; range explored)

Cure Toxicity Duration (while cured; one-time to lifetime)

Cure Chronic Toxicity Probability (5.8%/month; 0-10%/month)

Cure Toxicity Cost (USD$20/month; USD$0-100/month)

HVL Testing Frequency (yearly; yearly to monthly)

Lifetime ART E�cacy after Relapse from Cure (100%; 100-50%)

Initial CD4 Count (418cells/μL; 50-500cells/μL)

Cure Cost (USD$2,000; USD$0-5,000)

Cure Fatal Toxicity Probability (0.6%; 5%-0%)

Cure Relapse Rate, ≤5 years (0.37%/month; 0-2%/month)

Cure E�cacy (50%; 100-20%)

Lifetime ART Late Failure Probability (0.1%/month; 0.5-0.1%/month)

Most favorable
value

Least favorable
valuePlausible Range

Figure 1. One-way sensitivity analyses of Cure (theoretical human immunodeficiency virus cure strategy) cost-effectiveness (Baseline scenario). The figure summarizes 
the results of a series of one-way, deterministic sensitivity analyses on the incremental cost-effectiveness ratio (ICER) of Cure compared with LifetimeART using Baseline 
scenario cure characteristics. Each horizontal bar represents the range of ICERs produced by varying a single model parameter across its plausible range, while all other 
parameters are held at their baseline values. The parameter inputs (listed along the vertical axis) are varied from their most Cure-favorable plausible value (left) to their least 
Cure-favorable plausible value (right). Red regions of the horizontal bars represent scenarios in which LifetimeART dominates Cure (ie, it costs less and results in higher life 
expectancy). Dark orange regions surrounded by dotted lines represent scenarios in which Cure is not cost-effective (ICER > 2015 gross domestic product per capita of South 
Africa). Yellow regions represent scenarios in which Cure is “decrementally cost-effective” (ie, saves money but with a survival loss). Green regions represent scenarios 
where Cure is cost-saving (ie, it costs less and results in higher life expectancy). For each parameter, a black ‘X’ indicates the location of the Baseline value within the 
plausible range.
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Across a broad variety of one-way sensitivity analyses, some 
input parameters remained consistently uninfluential (ie, the 
overall assessment of Cure was unchanged as we varied them 
across their plausible ranges). These included the following: fre-
quency of HIV RNA monitoring; monthly cost, probability, and 
duration of chronic nonfatal toxicity; initial mean CD4 count; 
and the cost-effectiveness willingness-to-pay threshold value.

Multiway Sensitivity Analyses

Figure 3A and B depict the sensitivity of the cost-effective-
ness assessment to 3 of the parameters identified as most 
influential via one-way sensitivity analysis: (1) cure effi-
cacy, (2) monthly probability of cure relapse at 5 years, and 
(3) cure cost. All other parameters are held at their Baseline 
(3A) and Optimistic (3B) Scenario values. The figures illus-
trate how delicately sensitive the overall assessment of Cure 
is to the input data. Under the highly optimistic assumptions 
of Figure 3B, Cure would probably be an attractive alterna-
tive to LifetimeART across plausible variants of the Baseline 
Scenario (Figure 3A), the conclusion that Cure would be 
dominated by LifetimeART is less unequivocal. Taken as a 
whole, the figures underscore the lack of middle ground: the 
boundary separating the zone of cost-ineffectiveness from 
the zone of cost savings is thin; for example, in the Baseline 
setting of Figure 3A and assuming a cure cost of $2000, there 
are only 3 data scenarios under which Cure would be either 

incrementally or decrementally cost-effective; in every other 
case, Cure would either be dominated or cost-saving, and the 
decision maker would not be forced to confront the usual 
tradeoff between cost and effectiveness.

Probabilistic Sensitivity Analyses

At willingness-to-pay thresholds of $5700, $13 200, and $39 600/
LY (representing 25%, 100%, and 300% of the South African 
per capita GDP in international dollars), LifetimeART would 
be preferred to Cure with probabilities of 89%, 90%, and 91%, 
respectively. (See Supplementary Material for more PSA inputs 
and results.)

DISCUSSION

An HIV cure strategy in South Africa would have to clear very 
high hurdles—in terms of efficacy, toxicity profile, durability, 
and cost—to compete with LifetimeART. Under conservative 
Baseline assumptions that might reasonably apply at the time 
of an initial rollout, we find that Cure is likely to be dominated 
by LifetimeART. We are able to construct a more optimistic 
scenario—one that emulates the 2 decades of experience with 
increasingly effective ART therapies and steadily improv-
ing HIV patient care—under which Cure becomes cost-sav-
ing. Moreover, we find little middle ground between these 2 
extremes where the usual cost-effectiveness tradeoff between 
greater survival and higher costs is observed.

Cost-saving Cost-e�ective (ICER<$13,200) Decrementally cost-e�ective Not cost-e�ective Dominated

Parameter (base case value; range explored)

Initial CD4 Count (418cells/μL; 50-500cells/μL)

Cure Toxicity Duration (while cured; one-time to lifetime)

Cure Chronic Toxicity Probability (5.8%/month; 0-10%/month)

Cure Toxicity Cost (USD$20/month; USD$0-100/month)

Lifetime ART Late Failure Probability (0.1%/month; 0.5-0.1%/month)

HVL Testing Frequency (yearly; yearly to monthly)

Cure Cost (USD$500; USD$0-5,000)

Cure E�cacy (75%; 100-20%)

Cure Relapse Rate, ≤5 years (0.085%/month; 0-2%/month)

Lifetime ART E�cacy after Relapse from Cure (100%; 100-50%)

Cure Fatal Toxicity Probability (0%; 0%-5%)

Most favorable
value

Least favorable
value

Plausible Range

Figure 2. One-way sensitivity analyses of Cure (theoretical human immunodeficiency virus cure strategy) cost-effectiveness (Optimistic Scenario). The figure summarizes 
the results of a series of one-way, deterministic sensitivity analyses on the incremental cost-effectiveness ratio (ICER) of Cure compared with LifetimeART using more favor-
able Optimistic Scenario assumptions regarding Cure: 75% efficacy (up from 50%); 0.085% relapse risk (down from 0.37%/month for 5 years, 0.185% thereafter); 0.0% risk 
of fatal toxicity (down from 0.6%); and a cure intervention cost of $500 (down from $2000). Each horizontal bar represents the range of ICERs produced by varying a single 
model parameter across its plausible range, while all other parameters are held at their Optimistic Scenario values. The parameter inputs (listed along the vertical axis) are 
varied from their most Cure-favorable plausible value (left) to their least Cure-favorable plausible value (right). Red regions of the horizontal bars represent scenarios in which 
LifetimeART dominates Cure (ie, it costs less and results in higher life expectancy). Dark orange regions surrounded by dotted lines represent scenarios in which Cure is not 
cost-effective (ICER > 2015 gross domestic product per capita of South Africa). Yellow regions represent scenarios in which Cure is “decrementally cost-effective” (ie, saves 
money but with a survival loss). Green regions represent scenarios where Cure is cost-saving (ie, it costs less and results in higher life expectancy). For each parameter, a 
black ‘X’ indicates the location of the parameter value for the Optimistic Scenario within the plausible range. USD, US dollars.
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Given the hypothetical nature of this investigation, readers 
should interpret our remarks less as a commentary on the pros-
pects for better cure modalities (about which little is known) and 
more as a reminder that the urgent priority remains expanding 
the delivery of ART. Although the side effects and short-term 
potency of early HIV medications were readily endured during 
a time in which no other treatment was available, the advent of 
Cure would arrive in an era in which modern ART is unequiv-
ocally effective, remarkably well tolerated, and demonstrably 
cost-effective [19, 33]. Extending care to the more than 3 million 
HIV-infected South Africans who remain untreated will pro-
vide immediate individual and public health benefits. We note 
that global investments in HIV cure research increased 130% 
(from $88 million to $202 million) between 2012 and 2015, 
while overall international spending to address HIV in low- and 
middle-income countries declined 5% (from $7.9 billion to $7.5 

billion) over the same period [34, 35]. Our analysis suggests that 
only the most promising cure strategies in this population will 
compete successfully—at least from a clinical and economic 
standpoint—with fully scaled-up, accessible ART.

This is not the first exploration of this question. Our research 
group previously assessed 3 potential cure strategies (chemo-
therapy, gene therapy, and stem cell transplantation), focusing 
on implementation in the United States [29]. As in the present 
analysis, we identified highly optimistic but plausible circum-
stances under which a cure might be cost-effective—and again, 
even cost-saving—by US standards, compared with current 
ART. However, the present analysis identifies different thresh-
old values and sheds new light on the tradeoffs in South Africa, 
home to approximately 20% of the world’s HIV-infected pop-
ulation. The results of this current analysis reflect the marked 
differences in the epidemic scale, cost structure, and national 
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Figure 3. (A and B) Three-way sensitivity analysis of Cure (theoretical human immunodeficiency virus cure strategy) cost-effectiveness versus LifetimeART: Cure efficacy, 
relapse rate, and cost (Baseline/Optimistic Scenarios). The diagrams report the range of incremental cost-effectiveness ratios (ICERs) obtained when simultaneously varying 
3 influential input parameters in the Cure intervention: Cure efficacy, 5-year monthly Cure relapse rate, and Cure cost. In each panel, the horizontal axis denotes Cure effi-
cacy, whereas the vertical axis represents the monthly probability of relapse from Cure in the first 5 years after intervention. The panels represent 3 possible costs of Cure, 
ranging from $500 to $5000. All other parameters are held at their Baseline (A) and Optimistic (B) Scenario values. The shading represents the resultant ICERs, ranging from 
Dominance (ie, LifetimeART costs less and results in higher life expectancy than Cure) in red through Cost-saving (ie, Cure costs less and results in higher life expectancy than 
LifetimeART) in green. Yellow shading is used to denote situations where Cure is decrementally cost-effective (ie, saves money but with a survival loss). A white ‘X’ marks 
the situation where all parameters are set to their Baseline (A) and Optimistic (B) Scenario values.
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ability to pay in South Africa versus the United States. In the 
United States, the annual cost of ART is $40 000, implying a life-
time cost of HIV treatment of $326 500 for patients infected at 
age 35 [36]; in South Africa, where ART costs are $137–$375/
year and the estimated lifetime cost of care for a patient starting 
ART is $16 360 [37, 38], a medically intensive, risky, and high-
cost cure strategy is not a credible option.

A recently published analysis, conducted using data from 
Zimbabwe, reached different conclusions about the prospects 
for a cure [39]. Phillips et al [39] found that a 95% effective 
cure costing $500 and producing rapidly declining rates of viral 
rebound would produce an 8.7% reduction in HIV program 
costs and avert 0.53 million disability-adjusted-LY (DALY) over 
20 years. Using a cost-effectiveness threshold of $500/DALY 
averted, the authors concluded that a cure intervention of this 
efficacy costing up to $1400 would likely be cost-effective. Our 
Baseline Scenario portrays the Cure strategy less favorably: we 
are less optimistic about its efficacy, toxicity, durability, and 
cost; we are more concerned about the ongoing need to screen 
patients frequently for relapse; we are more optimistic about 
the uptake and performance of long-term ART; and we make 
no assumptions about increased risk-taking resulting from 
pre-exposure prophylaxis availability in the community and 
the adverse effects this might have on secondary HIV transmis-
sion. When we consider our Optimistic Scenario, relaxing our 
assumptions to more closely match those of Phillips et al [39], 
we arrive at an even more favorable conclusion: an effective and 
inexpensive cure is likely to be cost-saving. It will be critically 
important to update these assumptions as better data become 
available.

Our analysis raises but does not resolve issues regarding the 
target population for a cure. First, would it be ethical to focus a 
costly cure strategy on patients with well controlled HIV when 
millions of HIV-infected South Africans are not yet receiving 
treatment? Linking untreated, infected persons to effective ART 
would not only improve their personal health but would also 
avert secondary HIV transmissions [9]. By contrast, patients 
eligible for cure have already been virologically suppressed 
for at least 1 year and are likely to continue being adherent 
to their medications, virtually eliminating their risk of trans-
mission. This question is beyond the scope of this paper but 
should be considered as cure research proceeds. Second, our 
analysis targets the cure strategy to patients who have success-
fully responded to and adhered to ART, maintaining virologic 
suppression for at least 12 months. Although focusing on such 
patients accurately reflects the eligibility criteria for ongoing 
cure trials [17], our portrayal may prove too pessimistic if future 
curative technologies are shown to work even in the presence of 
waning adherence or imperfect viral suppression.

This analysis has a number of important limitations. First, 
there is currently no proven cure strategy. All modeling and 
input data portraying cure are based on assumptions. We have 

attempted to manage this limitation by conducting extensive 
sensitivity analysis. Readers should nevertheless interpret 
our what-if explorations as a benchmark-setting exercise that 
needs to be followed up with real-world comparative assess-
ments. Second, this analysis does not account for the psycho-
social benefits of being cured. Studies show that stigma, even 
among HIV-infected people on ART, decreases health-related 
quality of life [8]. By failing to account for the intangible (but 
nonetheless real) benefits of complete disease eradication, we 
may have undervalued cure. We do not consider the possi-
bility of reinfection among those who are cured; practically, 
this would be similar to our sensitivity analysis that increases 
the likelihood of virologic rebound after a cure intervention. 
Finally, we have not included secondary HIV transmission 
effects.

CONCLUSIONS

Our findings suggest a 2-part policy response: first, focus on 
expanding access to ART for the 3.2 million HIV-infected South 
Africans who remain untreated; second, continue research to 
develop practical and affordable cure modalities. Until and 
unless an HIV cure can achieve a durable efficacy greater than 
60% at a cost below $2000, increased access to standard-of-care 
ART will be a preferred use of limited HIV resources in South 
Africa. Even a minimally acceptable HIV cure is not likely to 
be ready to be rolled out for decades. Given the magnitude of 
the South African AIDS epidemic and the observation that the 
current South African HIV detection and care strategy will be 
difficult to sustain without continued global partnerships, we 
conclude that pursuit of a cure should not divert resources or 
attention from expanding access to and improving the perfor-
mance of ART.

Supplementary Data
Supplementary materials are available at Open Forum Infectious Diseases 
online. Consisting of data provided by the authors to benefit the reader, 
the posted materials are not copyedited and are the sole responsibility of 
the authors, so questions or comments should be addressed to the corre-
sponding author.

Acknowledgments
Disclaimer. The funding sources had no role in the design, analysis, 

or interpretation of the study or in the decision to submit the manuscript 
for publication. The content is solely the responsibility of the authors and 
does not necessarily represent the official views of the National Institutes of 
Health. A. D. P. had access to all of the data in the study and takes responsi-
bility for the integrity of the data and the accuracy of the analysis.

Financial support. This work was funded by the National Institute of 
Mental Health (Grant R01 MH105203; to A. D. P.); the National Institute 
on Drug Abuse (Grant R01 DA015612; to A. D. P.); the National Institute of 
Allergy and Infectious Diseases (Grants R01 AI058736and R37 AI093269; 
to R. P. W., Grant R56 AI114617; to K. A. F); and the Massachusetts General 
Hospital Research Scholar Award (to R. P. W.). 

Potential conflicts of interest. P. E. S. has served on the advisory board 
and as a consultant to AbbVie, Merck, and Janssen; he has served on the 
advisory board, as a consultant, and received grants from Bristol-Myers 
Squibb, GlaxoSmithKline/ViiV, and Gilead. All authors have submitted the 
ICMJE Form for Disclosure of Potential Conflicts of Interest. Conflicts that 



Standards for HIV Cure in South Africa • OFID • 9

the editors consider relevant to the content of the manuscript have been 
disclosed.

References
1. World Health Organization. HIV/AIDS. Fact Sheet. Available at: http://www.who.

int/mediacentre/factsheets/fs360/en. Accessed 18 April 2016.
2. April MD, Wood R, Berkowitz BK, et al. The survival benefits of antiretroviral 

therapy in South Africa. J Infect Dis 2014; 209:491–9.
3. Johnson LF, Mossong J, Dorrington RE, et al. Life expectancies of South African 

adults starting antiretroviral treatment: collaborative analysis of cohort studies. 
PLoS Med 2013; 10:e1001418.

4. Maurice J. South Africa’s battle against HIV/AIDS gains momentum. Lancet 
2014; 383:1535–6.

5. South Africa Department of Health 2014–2015 HIV Data Fact Sheet. Available 
at: http://www.health-e.org.za/wp-content/uploads/2015/06/2014-15-HIV-Data-
Fact-Sheet-01-June-2015.pdf. Accessed 18 April 2016.

6. Bavinger C, Bendavid E, Niehaus K, et  al. Risk of cardiovascular disease from 
antiretroviral therapy for HIV: a systematic review. PLoS One 2013; 8:e59551.

7. Lederman MM, Funderburg NT, Sekaly RP, et al. Residual immune dysregulation 
syndrome in treated HIV infection. Adv Immunol 2013; 119:51–83.

8. Mekuria LA, Sprangers MA, Prins JM, et al. Health-related quality of life of HIV-
infected adults receiving combination antiretroviral therapy in Addis Ababa. 
AIDS Care 2015; 27:934–45.

9. Cohen MS, Chen YQ, McCauley M, et  al. Prevention of HIV-1 infection with 
early antiretroviral therapy. N Engl J Med 2011; 365:493–505.

10. Attia S, Egger M, Müller M, et al. Sexual transmission of HIV according to viral 
load and antiretroviral therapy: systematic review and meta-analysis. AIDS 2009; 
23:1397–404.

11. Takuva S, Brown AE, Pillay Y, et al. The continuum of HIV care in South Africa: 
implications for achieving the second and third UNAIDS 90-90-90 targets. AIDS 
2017; 31:545–52.

12. Simbayi LC, Shisana O, Rehle T, et al. South African National HIV Prevalence, 
Incidence and Behaviour Survey, 2012. Available at: http://www.hsrc.ac.za/en/
researchdata/view/6871. Accessed 18 April 2016.

13. Deeks SG, Lewin SR, Ross AL, et al. International AIDS Society global scientific 
strategy: towards an HIV cure 2016. Nat Med 2016; 22:839–50.

14. Smiley ST, Singh A, Read SW, et al. Progress toward curing HIV infections with 
hematopoietic stem cell transplantation. Clin Infect Dis 2015; 60:292–7.

15. National Institute of Allergy and Infectious Diseases. Fiscal Year 2016 Budget: 
Congressional Justification. Available at: http://www.niaid.nih.gov/sites/default/
files/fy2016cj.pdf. Accessed 22 May 2017.

16. World Health Organization. Guideline on When to Start Antiretroviral Therapy 
and on Pre-Exposure Prophylaxis for HIV. Available at: http://apps.who.int/iris/
bitstream/10665/186275/1/9789241509565_eng.pdf. Accessed 18 April 2016.

17. Mellors J, McMahon D. Evaluating the safety and efficacy of single-dose romidep-
sin in combination with antiretroviral therapy in HIV-infected adults with sup-
pressed viral load. NCT01933594. Available at: http://clinicaltrials.gov/ct2/show/
NCT01933594. Accessed 7 March 2016.

18. Walensky RP, Ross EL, Kumarasamy N, et al. Cost-effectiveness of HIV treatment 
as prevention in serodiscordant couples. N Engl J Med 2013; 369:1715–25.

19. Goldie SJ, Yazdanpanah Y, Losina E, et  al. Cost-effectiveness of HIV treat-
ment in resource-poor settings—the case of Côte d’Ivoire. N Engl J Med 2006; 
355:1141–53.

20. Siegel JE, Weinstein MC, Russell LB, Gold MR. Recommendations for reporting 
cost-effectiveness analyses. Panel on Cost-Effectiveness in Health and Medicine. 
JAMA 1996; 276:1339–41.

21. World Health Organization. CHOosing Interventions that are Cost Effective 
(WHO-CHOICE): Cost-effectiveness thresholds. Available at: http://www.who.
int/choice/costs/CER_levels/en/. Accessed 18 April 2016.

22. World Bank. International Comparison Program database. Available at: http://
data.worldbank.org/indicator/NY.GDP.PCAP.PP.CD?locations=ZA. Accessed 22 
February 2017.

23. Mellors JW, Muñoz A, Giorgi JV, et  al. Plasma viral load and CD4+ lym-
phocytes as prognostic markers of HIV-1 infection. Ann Intern Med 1997; 
126:946–54.

24. Pozniak AL, Gallant JE, DeJesus E, et al. Tenofovir disoproxil fumarate, emtric-
itabine, and efavirenz versus fixed-dose zidovudine/lamivudine and efavirenz 
in antiretroviral-naive patients: virologic, immunologic, and morphologic 
changes–a 96-week analysis. J Acquir Immune Defic Syndr 2006; 43:535–40.

25. South Africa Department of Health. National consolidated guidelines for the pre-
vention of mother-to-child transmission of HIV (PMTCT) and the management 
of HIV in children, adolescents and adults. Available at: http://www.health-e.org.
za/2015/07/02/guidelines-national-consolidated-guidelines-for-pmtct-and-the-
management-of-hiv-in-children-adolescents-and-adults/. Accessed 22 May 2017.

26. Henrich TJ, Hanhauser E, Marty FM, et al. Antiretroviral-free HIV-1 remission 
and viral rebound after allogeneic stem cell transplantation: report of 2 cases. Ann 
Intern Med 2014; 161:319–27.

27. Holmes CB, Wood R, Badri M, et al. CD4 decline and incidence of opportunistic 
infections in Cape Town, South Africa: implications for prophylaxis and treat-
ment. J Acquir Immune Defic Syndr 2006; 42:464–9.

28. Siedner MJ, Ng CK, Bassett IV, et al. Trends in CD4 count at presentation to care 
and treatment initiation in sub-Saharan Africa, 2002–2013: a meta-analysis. Clin 
Infect Dis 2015; 60:1120–7.

29. Sax PE, Sypek A, Berkowitz BK, et al. HIV cure strategies: how good must they be 
to improve on current antiretroviral therapy? PLoS One 2014; 9:e113031.

30. Centers for Medicare and Medicaid Services. Medicare Physician Fee Schedule 
2012. Available at: http://www.cms.gov/apps/physician-fee-schedule/overview.
aspx. Accessed 18 April 2016.

31. Kavanaugh SM, Kavanaugh SA, White LA, Kolesar JM. Vorinostat: a novel ther-
apy for the treatment of cutaneous T-cell lymphoma. Am J Health Syst Pharm 
2010; 67:793–7.

32. Merck Sharp & Dohme Corp. Zolinza (vorinostat) [package insert]. Available 
at: http://www.merck.com/product/usa/pi_circulars/z/zolinza/zolinza_pi.pdf. 
Accessed 18 April 2016.

33. Freedberg KA, Losina E, Weinstein MC, et al. The cost effectiveness of combin-
ation antiretroviral therapy for HIV disease. N Engl J Med 2001; 344:824–31.

34. Resource Tracking Working Group. HIV prevention research & development 
investments, 2000–2015. Available at: http://www.hivresourcetracking.org/
wp-content/uploads/2016/10/HIV_px_r_and_d_2015.pdf. Accessed 13 March 
2017.

35. Kates J, Wexler A, Lief E. Financing the response to HIV in low- and middle-in-
come countries: international assistance from donor governments in 2015. Kaiser 
Family Foundation and UNAIDS. Available at: http://files.kff.org/attachment/
Financing-the-Response-to-HIV-in-Low-and-Middle-Income-Countries-
International-Assistance-from-Donor-Governments-in-2015. Accessed 13 
March 2017.

36. Schackman BR, Fleishman JA, Su AE, et al. The lifetime medical cost savings from 
preventing HIV in the United States. Med Care 2015; 53:293–301.

37. Levison JH, Wood R, Scott CA, et al. The clinical and economic impact of geno-
type testing at first-line antiretroviral therapy failure for HIV-infected patients in 
South Africa. Clin Infect Dis 2013; 56:587–97.

38. Clinton Health Access Initiative 2014 ARV Ceiling Price List. Available at: http://
www.clintonhealthaccess.org/chai-arv-ceiling-price-list-2014. Accessed 18 April 
2016.

39. Phillips AN, Cambiano V, Revill P, et al. Identifying key drivers of the impact of 
an HIV cure intervention in sub-Saharan Africa. J Infect Dis 2016; 214:73–9.

40. Walensky RP, Sax PE, Nakamura YM, et al. Economic savings versus health losses: 
the cost-effectiveness of generic antiretroviral therapy in the United States. Ann 
Intern Med 2013; 158:84–92.

http://www.who.int/mediacentre/factsheets/fs360/en
http://www.who.int/mediacentre/factsheets/fs360/en
http://www.health-e.org.za/wp-content/uploads/2015/06/2014-15-HIV-Data-Fact-Sheet-01-June-2015.pdf
http://www.health-e.org.za/wp-content/uploads/2015/06/2014-15-HIV-Data-Fact-Sheet-01-June-2015.pdf
http://www.hsrc.ac.za/en/researchdata/view/6871
http://www.hsrc.ac.za/en/researchdata/view/6871
http://www.niaid.nih.gov/sites/default/files/fy2016cj.pdf
http://www.niaid.nih.gov/sites/default/files/fy2016cj.pdf
http://apps.who.int/iris/bitstream/10665/186275/1/9789241509565_eng.pdf
http://apps.who.int/iris/bitstream/10665/186275/1/9789241509565_eng.pdf
http://clinicaltrials.gov/ct2/show/NCT01933594
http://clinicaltrials.gov/ct2/show/NCT01933594
http://www.who.int/choice/costs/CER_levels/en/
http://www.who.int/choice/costs/CER_levels/en/
http://data.worldbank.org/indicator/NY.GDP.PCAP.PP.CD?locations=ZA
http://data.worldbank.org/indicator/NY.GDP.PCAP.PP.CD?locations=ZA
http://www.health-e.org.za/2015/07/02/guidelines-national-consolidated-guidelines-for-pmtct-and-the-management-of-hiv-in-children-adolescents-and-adults/
http://www.health-e.org.za/2015/07/02/guidelines-national-consolidated-guidelines-for-pmtct-and-the-management-of-hiv-in-children-adolescents-and-adults/
http://www.health-e.org.za/2015/07/02/guidelines-national-consolidated-guidelines-for-pmtct-and-the-management-of-hiv-in-children-adolescents-and-adults/
http://www.cms.gov/apps/physician-fee-schedule/overview.aspx
http://www.cms.gov/apps/physician-fee-schedule/overview.aspx
http://www.merck.com/product/usa/pi_circulars/z/zolinza/zolinza_pi.pdf
http://www.hivresourcetracking.org/wp-content/uploads/2016/10/HIV_px_r_and_d_2015.pdf
http://www.hivresourcetracking.org/wp-content/uploads/2016/10/HIV_px_r_and_d_2015.pdf
http://files.kff.org/attachment/Financing-the-Response-to-HIV-in-Low-and-Middle-Income-Countries-International-Assistance-from-Donor-Governments-in-2015
http://files.kff.org/attachment/Financing-the-Response-to-HIV-in-Low-and-Middle-Income-Countries-International-Assistance-from-Donor-Governments-in-2015
http://files.kff.org/attachment/Financing-the-Response-to-HIV-in-Low-and-Middle-Income-Countries-International-Assistance-from-Donor-Governments-in-2015
http://www.clintonhealthaccess.org/chai-arv-ceiling-price-list-2014
http://www.clintonhealthaccess.org/chai-arv-ceiling-price-list-2014

