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Background. In resource-limited settings, genotype testing at virologic failure on first-line antiretroviral
therapy (ART) may identify patients with wild-type (WT) virus. After adherence counseling, these patients may
safely and effectively continue first-line ART, thereby delaying more expensive second-line ART.

Methods. We used the Cost-Effectiveness of Preventing AIDS Complications International model of human
immunodeficiency virus (HIV) disease to simulate a South African cohort of HIV-infected adults at first-line
ART failure. Two strategies were examined: no genotype vs genotype, assuming availability of protease inhibitor–
based second-line ART. Model inputs at first-line ART failure were mean age 38 years, mean CD4 173/µL, and
WT virus prevalence 20%; genotype cost was $300 per test and delay to results, 3 months. Outcomes included life
expectancy, per-person costs (2010 US dollars), and incremental cost-effectiveness ratios (dollars per years of life
saved [YLS]).

Results. No genotype had a projected life expectancy of 106.1 months, which with genotype increased to 108.3
months. Per-person discounted lifetime costs were $16 360 and $16 540, respectively. Compared to no genotype,
genotype was very cost-effective, by international guidance, at $900/YLS. The cost-effectiveness of genotype was
sensitive to prevalence of WT virus (very cost-effective when prevalence ≥12%), CD4 at first-line ART failure, and
ART efficacy. Genotype-associated delays in care ≥5 months decreased survival and made no genotype the pre-
ferred strategy. When the test cost was <$100, genotype became cost-saving.

Conclusions. Genotype resistance testing at first-line ART failure is very cost-effective in South Africa. The
cost-effectiveness of this strategy will depend on prevalence of WT virus and timely response to genotype results.
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South Africa has the largest government-sponsored an-
tiretroviral therapy (ART) program for human

immunodeficiency virus (HIV). Limited resources
require prudent management of healthcare invest-
ments. In South Africa, 2 sequential regimens or
“lines” of ART are available, consistent with World

Health Organization (WHO) guidelines [1].
After failure of first-line, nonnucleoside reverse tran-

scriptase inhibitor (NNRTI)–based ART, guidelines rec-

ommend that individuals switch to protease inhibitor

(PI)–based second-line ART. The relative effectiveness

and cost determine this sequence; NNRTI-based ART is
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considerably less expensive than PI-based ART [2], although
more likely to lead to viral resistance [3].

In the United States and Europe, genotype testing to distin-
guish resistant and nonresistant (wild-type [WT]) virus is the
standard of care at ART initiation and failure [4]. In resource-
limited settings, public health approaches to ART emphasize
algorithms that exclude genotype testing, likely due to con-
cerns for the complexity of healthcare delivery, upfront test
costs, and the absence of ART options [1]. Without genotype
testing, persistent observed HIV viremia or perceived virologic
failure (based on CD4 count) prompts a switch to second-line
ART. However, patients who fail ART with WT virus often
“fail” due to medication nonadherence rather than drug resis-
tance. Genotype may distinguish patients with resistant virus,
who merit a switch to PI-based ART, from patients with WT
virus, who with effective adherence counseling might succeed
on a renewed trial of first-line ART [4, 5]. Such management
of patients with WT virus would defer a switch to second-line
ART. We used a computer model to project the clinical
impact, cost, and cost-effectiveness of genotype resistance
testing at first-line ART failure in South Africa.

METHODS

Analytic Overview
Using a computer simulation model of HIV disease, we as-
sessed clinical and cost-effectiveness outcomes of genotype
testing among HIV-infected patients failing first-line NNRTI-
based ART. We first simulated the period between ART ini-
tiation and first-line ART failure (“initialization cohort”) to
determine cohort characteristics at first-line ART failure. Next,
in the “main analysis,” we investigated 2 strategies: the current
standard of care [6] (no genotype) and genotype testing at
first-line ART failure (genotype). Two cohorts of patients were

simulated for each strategy: those who failed first-line ART
with WT virus (“No Geno WT” and “Geno WT”) and those
who failed with NNRTI-resistant virus (“No Geno Resistant”
and “Geno Resistant”; Figure 1). Projected outcomes were time
on PI-based second-line ART, life expectancy, and mean per-
person lifetime costs, all from the time of first-line ART failure.
Total cohort outcomes for genotype and no genotype strategies
were calculated as the weighted average of No Geno WT and
No Geno Resistant for no genotype and Geno WT and Geno
Resistant for genotype, weighted in each case by the prevalence
of resistant and WT virus at first-line ART failure.

In no genotype, at confirmed virologic failure all individuals
switched immediately to PI-based second-line ART with lopi-
navir/ritonavir and 2 nucleoside reverse transcriptase inhibi-
tors (NRTIs). In genotype, a genotype test was performed.
Results informed clinical decisions as follows: (1) if the
test result indicated WT virus (Geno WT), we modeled a
continuation of NNRTI-based ART following a routine adher-
ence intervention. If subsequent failure occurred, PI-based
second-line ART was initiated; (2) if the test result indicated
resistant virus (Geno Resistant), we modeled a switch to PI-
based second-line ART. The efficacy of the PI-based regimen
for each of the 4 modeled cohorts depended on the presence of
WT or resistant virus (Figure 1). Because the acquisition of
viral resistance to ART is often time-dependent [7], we conser-
vatively assumed a 5% decrement in the efficacy of ART for
every 3 months of a genotype-associated delay in care (base
case delay = 3 months; Supplementary Appendix).

Genotype was compared with no genotype using an incre-
mental cost-effectiveness ratio (ICER) in 2010 US dollars
(USD) per year of life saved ($/YLS). We adopted a modified
societal perspective considering only HIV-associated direct
costs. Future costs and life expectancy were discounted at 3%
per year [8]. Following the general guidance of the WHO

Figure 1. Diagram for evaluation of genotype testing at first-line antiretroviral therapy (ART) failure. Two strategies for management of confirmed
virologic failure after first-line ART failure are compared. The genotype strategy represents the implementation of drug resistance genotype testing at
the time of first-line ART failure. In this strategy, the switch to protease inhibitor–based second-line ART is dependent on whether the test result
indicates the presence of wild-type or resistant virus. The percentages reflect the proportion of the cohort with virologic suppression to <400 copies/mL
at 24 weeks, or ART efficacy, on the given regimen. Abbreviations: ART, antiretroviral therapy; WT, wild-type.
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Commission on Macroeconomics and Health, we considered a
strategy “very cost-effective” if its ICER was <1 times the per
capita gross domestic product (GDP =US$7100 for South
Africa in 2010), and “cost effective” if <3 times the GDP [9, 10].
A strategy was “dominated” if it was less effective and costlier
than the comparator strategy [11].

Model Structure
The Cost-Effectiveness of Preventing AIDS Complications
(CEPAC)–International Model is a state-transition model of
HIV infection that simulates disease progression and clinical
care in resource-limited settings using country-specific data
[12] (Supplementary Appendix). In the model, HIV-infected
individuals are simulated individually from the beginning of
HIV care until death. In each month, hypothetical individuals
can move between health states including chronic HIV infec-
tion, acute clinical events (eg, opportunistic diseases or medi-
cation toxicities), and death from both HIV-related and HIV-
unrelated causes. CD4 count, prophylaxis against opportunis-
tic infection, and history of opportunistic infections determine
the risk of these clinical events [13].

In the model, effective ART leads to suppression of HIV
RNA, an increase in CD4 count, and decreased risks for clini-
cal events, as well as an additional, CD4-independent reduc-
tion in risk of opportunistic diseases and chronic AIDS death
[14, 15]. ART efficacy represents virologic suppression to
<400 copies/mL at 24 weeks. Modeled virologic failure can
occur either “early” (≤24 weeks) or “late” (>24 weeks) after
ART initiation. When virologic failure occurs, HIV RNA rises
and CD4 count declines [16]. Consistent with ART guide-
lines [1, 6], we modeled individual clinic visits every 3 months,
with CD4 count and HIV RNA measured every 6 months. In
the model, we simulated 2-lines of sequential ART, NNRTI-
based first-line ART and PI-based second-line ART; individu-
als who fail second-line ART continue on this regimen [6].
ART switching relies on the observation of confirmed and
persistent virologic failure (2 consecutive clinic visits with >1
log increase in HIV RNA) in both strategies.

Model Input Parameters
Initialization Cohort: ART Initiation to Failure of First-line
ART
Characteristics of the ART-naive population were drawn from
published reports from South Africa [13, 17, 18]; mean age
was 33 years, 55% were male, mean CD4 count was 73/μL,
and median HIV RNA was 4.9 log copies/mL. First-line ART
efficacy was 75% [19] (Supplementary Appendix).

Main Analysis: After Failure of First-line ART
Cohort Characteristics. At the conclusion of the initializa-

tion analyses (when patients failed first-line ART) the cohort

mean age was 38.1 years, consistent with prior reports [20]. In
the base case, mean CD4 count was 173/μL, and 20% had WT
virus [20, 21] (Table 1).

ART Efficacy. The type and efficacies of ART regimens
modeled after first-line ART failure differed among the 4
modeled cohorts (Figure 1):

No genotype (PI-based ART only): For the No Geno WT
cohort, PI-based ART efficacy was modeled as 60%. For the No
Geno Resistant cohort, PI-based ART efficacy was 80% [22].
Modeled PI efficacy was lower among the No Geno WT cohort
(60%) than the No Geno Resistant cohort (80%), because we
assumed nonadherence as the cause of ART failure in those
with WT virus.

Genotype (NNRTI- or PI-based ART): In the Geno WT
cohort, following a routine adherence intervention, patients
continued NNRTI-based ART with an efficacy of 45% [20].
We modeled this efficacy as lower than that of NNRTI-based
ART among treatment-naive patients (75%, see “initialization
cohort” above) assuming prior ART nonadherence. In the
Geno WT cohort, persistent virologic failure on continued
NNRTI-based ART led to a switch to PI-based second-line
ART. We assigned an efficacy of 60% to PI-based ART in the
Geno WT strategy, lower than the efficacy of PI-based ART in
the Resistant cohorts. This was to account for time-dependent
selection of NRTI resistance on the “second-chance” on first-
line ART. In the Geno Resistant cohort, patients switched to
PI-based second-line ART with an efficacy of 80% (equal to
the efficacy of PI-based second-line ART in the No Geno
Resistant cohort) [22].

For all regimens and cohorts, individuals on ART with
virologic suppression had a modeled increase in CD4 cells of
148/μL at week 24 [23] and 1.3% monthly probability of “late”
failure [24–26].

Costs. Costs of HIV-related care were derived from HIV-
infected cohorts from South Africa (Table 1 and Supplemen-
tary Appendix Table 1). We converted South African rand (R)
to 2010 USD using the South African 2010 mean exchange
rate (7.33R = 1USD) and South African GDP deflators [9, 27].
Since adherence counseling is generally part of routine HIV
care, the costs of counseling for individuals with detected WT
virus in the genotype cohorts were considered part of routine
care costs. Costs of ART were derived from public sector
sources (Table 1) [2]. Genotype drug resistance testing was
$300 per test (Toga Laboratories, personal communication,
5 August 2011).

Sensitivity Analyses. We performed broad univariate
analyses and multiway sensitivity analyses, guided by national
recommendations, which examined the impact of simultane-
ous variations in the parameters with the greatest effect on
results [8]. Although not currently available in the South
African ART rollout, we modeled available third-line ART as
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Table 1. Model Input Parameters for Analysis of Genotype Drug Resistance Testing at First-line Antiretroviral Therapy Failure in South
Africa

Variable Estimate (Range Examined) Data Sources

First-line ART failure cohort characteristics

Age, y, mean ± SD 38.1 ± 4.6 Initialization simulation

Male (%) 55 [13]

Distribution of initial CD4, cells/µL, mean ± SD 173 ± 25 [20, 21]

Median HIV RNA, log10 copies/mL 4.9 [18]

Prevalence of WT virus at first-line ART failure 20% (1%–30%) [21]

Natural history of disease

Mean monthly CD4 decline, cells/µL, by HIV RNA stratum [40]

>30 000 copies/mL 6.4

10 001–30 000 copies/mL 5.4

3001–10 000 copies/mL 4.6

501–3000 copies/mL 3.7

0–500 copies/mL 3.0

Monthly risk of severe opportunistic diseasesa, range by CD4, % [13]

Active tuberculosis 0.16–1.96

Other severe bacterial infection 0.04–0.71

Other WHO stage III–IV event (mucocutaneous) 0.03–2.26

Other WHO stage III–IV, nonspecific 0.03–0.71

Non-WHO stage III–IV event 0.25–1.67

Monthly risk of mild opportunistic diseasesa, range by CD4, % [13]

Fungal 1.76–3.14

Other WHO stage II 2.33–2.67

Monthly risk of HIV-related deatha, range by CD4, % [13]

No history of opportunistic infection 0.11–4.0

History of opportunistic infection 7.9–9.5

Antiretroviral therapy

Continued NNRTI-based ART after first-line ART failure (Geno WT cohort only)

Efficacyb 45%c (10%–100%) [20]

Second-line ART: PI-based (nucleoside-resistant virus)

Efficacyb 80%c (10%–100%) [22]

Second-line ART: PI-based (WT virus)

Efficacyb 60% (10%–100%) Assumption

Second-line ART: PI-based after failure of continued NNRTI-based ART (Geno WT cohort only)

Efficacyb 60% (10%–100%) Assumption

CD4 count increase at 24 wk (all strategies/cohorts) 148 cells/µL [23]

Probability of late failure, monthly, after 24 wk (all strategies/cohorts) 1.3% (0%–30%) [24–26]

Genotype-associated delays in ART switching, mo 3 (0–12) Assumption

Costs (2010 USD)

NNRTI-based ART, monthly 10.33 [2]

Lopinavir/ritonavir-based second-line ART, monthly 51.07 (10–70) [2]

Darunavir/etravirine/tenofovir-based third-line ART, monthlyd 254.00 (25–300) [2]

CD4 count test 12.31 (6–23) [41]

HIV RNA test 61.55 (29–116) [41]

Genotype test 300 (50–600) (Personal communication)

Discount rate 3% (0%–5%) [8]

Abbreviations: ART, antiretroviral therapy; HIV, human immunodeficiency virus; NNRTI, nonnucleoside reverse transcriptase inhibitor; PI, protease inhibitor; SD,
standard deviation; USD, US dollars; WHO, World Health Organization; WT, wild-type.
a Risk of opportunistic infection varies by CD4 stratum, classified as <50 cells/µL, 50–99 cells/µL, 100–199 cells/µL, 200–349 cells/µL, 350–499 cells/µL, or ≥500
cells/µL.
b Efficacy is modeled as the proportion with HIV RNA <400 copies/mL at week 24.
c In the base case, there is a 3-month genotype-associated delay in ART switching and a 5% absolute decrease in ART efficacy per 3-month delay (or 1.67%
decrease per month) while remaining on a failing regimen. Therefore in the Geno WT cohort, the efficacy of continued NNRTI-based ART in the base case is
40% at 3 months, and in the Geno Resistant cohort, the efficacy of PI-based ART is 75% at 3 months.
d Third-line ART: modeled to be available only in sensitivity analyses.
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etravirine, darunavir/ritonavir, and raltegravir, with a week 48
efficacy of 86% at $254 per month [28, 29].

RESULTS

Base Case
Cohort-Based Outcomes
In no genotype, cohort No Geno WT, life expectancy after
first-line ART failure was projected as 93.9 months (115.4 un-
discounted months; Table 2). For the No Geno Resistant
cohort, life expectancy was 109.1 months (136.5 undiscounted
months). In genotype, cohort Geno WT, life expectancy was
116.5 months (149.6 undiscounted months). For cohort Geno
Resistant, life expectancy was 106.2 months (132.5 undis-
counted months), shorter than No Geno Resistant due to the
modeled genotype-associated delay in switching to second-
line ART (Table 2).

Strategy-Based Outcomes
In no genotype, life expectancy was projected as 106.1 months
(132.3 undiscounted months; Table 2). In genotype, projected
life expectancy was higher, at 108.3 months (135.9 undis-
counted months). Per-person discounted lifetime costs were
$16 360 in no genotype and $16 540 in genotype. Genotype
compared with no genotype yielded an ICER of $900 per YLS,
considered very cost-effective for South Africa [10]. Time on
PI-based second-line ART was shorter in genotype at 101.0
months due to continued NNRTI-based ART in the WT
cohort compared with 106.1 months in no genotype.

One-Way Sensitivity Analyses
Clinical Outcomes. Projected life expectancy for genotype
and no genotype was most influenced by 6 parameters,

holding all others equal to the base case: (1) prevalence of WT
virus: genotype increased life expectancy compared with no ge-
notype when the prevalence of WT virus was >11% (Table 3,
Supplementary Appendix Table 2); (2) CD4 count at first-line
ART failure: genotype improved life expectancy in individuals
whose CD4 count was >80/μL; (3) genotype-associated delays
in ART switching: delays <5 months improved survival in
genotype compared with no genotype; (4) efficacy of continued
NNRTI-based ART (cohort Geno WT): genotype increased
life expectancy compared with no genotype when the efficacy
of continued NNRTI-based ART was >10%; (5) efficacy of PI-
based second-line ART after continued NNRTI-based ART
(cohort Geno WT): genotype increased life expectancy com-
pared with no genotype when the efficacy of PI-based ART
was >38%; (6) monthly probability of “late” ART failure: when
the probability was ≥0.25%, genotype increased life expectancy.

Cost-effectiveness. In 1-way sensitivity analyses, 8 parame-
ters exerted the greatest influence on the cost-effectiveness of
genotype (Table 3, Supplementary Appendix Table 2): (1)
prevalence of WT virus at first-line ART failure (base
case = 20%): when WT virus was ≥12%, genotype was very
cost-effective compared with no genotype; (2) CD4 count at
first-line ART failure (base case = 173/μL): when CD4 count
was >80/μL, genotype was very cost-effective; (3) genotype-
associated delays in ART switching (base case = 3 months): ge-
notype was very cost-effective when this delay was <5 months,
but when the delay was ≥5 months, genotype reduced life ex-
pectancy compared with no genotype, making no genotype pre-
ferred; (4) efficacy of continued NNRTI-based ART (cohort
Geno WT, base case = 45%): genotype was cost-effective when
this efficacy was >15%, and very cost-effective at efficacies
>17%; (5) efficacy of PI-based second-line ART (cohort Geno
WT, base case = 60%): genotype was very cost-effective if the

Table 2. Base Case Results Assuming 20% Wild-Type Virus at Confirmed First-line Antiretroviral Therapy Failure

Base Case Result
Time on Second-line

ARTa (mo)
Undiscounted Life
Expectancy (mo)

Discounted Life
Expectancy (mo)

Discounted
Cost ($)

Cost-effectiveness
($/YLS)

Cohort-based outcomes

No genotype WT
virus

93.9 115.4 93.9 15 350

No genotype
resistant virus

109.1 136.5 109.1 16 610

Genotype WT virus 80.1 149.6 116.5 16 220

Genotype resistant
virus

106.2 132.5 106.2 16 620

Strategy-based outcomes, weighted average, by prevalence of resistance

No genotype 106.1 132.3 106.1 16 360 …

Genotype 101.0 135.9 108.3 16 540 900

Abbreviation: ART, antiretroviral therapy; WT, wild-type; YLS, year of life saved.
a Less time on protease inhibitor–based second-line ART confers decreased costs because second-line ART is more expensive than nonnucleoside reverse
transcriptase inhibitor–based first-line ART and is the last available regimen.
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Table 3. Selected 1-Way Sensitivity Analyses of Genotype vs No Genotype at First-line Antiretroviral Therapy Failure in South Africa

Undiscounted Life
Expectancy (mo)

Discounted Life
Expectancy (mo)

Discounted
Cost ($)

Cost-effectiveness
($/YLS)

Clinical
Thresholda

Cost-effectiveness
Thresholdb

Prevalence of WT virus at first-line
ART failurec (base case = 20%)

WT virus >11% WT virus ≥12%

Prevalence = 5% WT virus

No genotype 135.4 108.4 16 550 …

Genotype 133.3 106.7 16 600 Dominatedd

Prevalence = 30% WT virus

No genotype 130.1 104.6 16 230 …

Genotype 137.6 109.3 16 500 700

CD4 count at first-line ART failure
(base case = 173 cells/µL)

>80 cells/µL >80 cells/µL

CD4 count = 25 cells/µL

Genotype 91.9 74.0 13 450 …

No genotype 100.5 81.4 14 440 1600
CD4 count = 500 cells/µL

No genotype 151.2 118.6 15 770 …

Genotype 154.7 120.8 15 800 200
Genotype-associated delays in ART

switching (base case = 3 mo)
<5 mo <5 mo

Delay = 1 mo
No genotype 132.3 106.1 16 360 …

Genotype 139.3 110.5 16 730 1000

Delay = 12 mo
Genotype 125.5 101.0 16 120 …

No genotype 132.3 106.1 16 360 600

Efficacy of continued NNRTI-based ART
after first-line ART failuree (base case = 45%)

Efficacy >10% Efficacy >17%

Efficacy = 20%

No genotype 132.3 106.1 16 360 …

Genotype 133.2 106.6 16 530 3900

Efficacy = 70%

No genotype 132.3 106.1 16 360 …

Genotype 140.0 110.9 16 550 500

Efficacy of PI-based second-line after
continued NNRTI-based ARTe (base
case = 60%)

Efficacy >38% Efficacy >38%

Efficacy = 20%

Genotype 129.5 104.1 16 210 …

No genotype 132.3 106.1 16 360 900
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Table 3 continued.

Undiscounted Life
Expectancy (mo)

Discounted Life
Expectancy (mo)

Discounted
Cost ($)

Cost-effectiveness
($/YLS)

Clinical
Thresholda

Cost-effectiveness
Thresholdb

Efficacy = 70%

No genotype 132.3 106.1 16 360 …

Genotype 137.5 109.4 16 620 900

Available third-line ART, $254/mo … Cost-saving

Genotype 203.6 149.0 37 100 …

No genotype 202.5 148.8 38 120 Dominatedd

Probability of “late” failuref (base case = 1.3%) ≥0.25% 0.25%–0.9%g

Probability = 0.1%
Genotype 197.2 138.6 17 600 …

No genotype 198.1 139.0 17 840 5100

Probability = 30%
No genotype 82.1 73.2 13 980 …

Genotype 86.0 76.1 14 460 1900

Genotype test cost (base case = $300) … <$100g

Genotype test cost, $50

Genotype 135.9 108.3 16 310 …

No genotype 132.3 106.1 16 360 Dominatedd

Genotype test cost, $600

No genotype 132.3 106.1 16 360 …

Genotype 135.9 108.3 16 850 2700

Abbreviations: ART, antiretroviral therapy; NNRTI, nonnucleoside reverse transcriptase inhibitor; PI, protease inhibitor; WT, wild-type; YLS, years of life saved.
a Clinical threshold represents the threshold value where genotype imparts increased clinical benefit, measured as increased life expectancy, compared with standard of care, no genotype.
b Cost-effectiveness threshold represents the threshold value where genotype is very cost-effective compared with no genotype. Guided by the World Health Organization, we consider an incremental cost-
effectiveness ratio <1 times the South Africa per capita gross domestic product as “very cost-effective.”
c ART failure = 2 consecutive HIV RNA with >1 log increase.
d A strategy is “dominated” if it is less effective and more costly than the comparator strategy.
e ART efficacy expressed as week 24 HIV RNA <400 copies/mL
f
“Late” failure =monthly probability of virologic failure after 24 weeks on suppressive ART.

g Cost-effectiveness threshold here represents the threshold value where genotype is cost-saving compared with no genotype. A strategy is cost-saving if it imparts more clinical benefit for less money than the
comparator strategy.
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efficacy of second-line ART was >38%; (6) third-line ART (base
case = $254 per month): if third-line ART was available, geno-
type became cost-saving; (7) monthly probability of “late” ART
failure (base case = 1.3%): genotype was very cost-effective if the
probability was ≥1% and cost-saving between 0.25% and 0.9%.
When the probability was <0.25%, genotype reduced survival,
making no genotype the preferred strategy; (8) genotype test
cost (base case = $300): genotype was cost-saving when the test
cost was <$100, and very cost-effective at costs greater than this.

Genotype remained very cost-effective under plausible varia-
tions in the costs of second-line ART, routine care, and an ad-
herence intervention for individuals with WT virus (Geno WT)
as well as the discount rate (Supplementary Appendix Table 2).

Multiway Analyses
Efficacy of Continued NNRTI-Based ART and Prevalence of
WT Virus. In 2-way sensitivity analysis, holding the efficacy
of continued NNRTI-based ART at 20%, genotype was very
cost-effective when prevalence of WT virus was ≥19%, cost-
effective at 18% (Figure 2), and dominated by no genotype at
<17% (region not displayed on Figure 2). When the efficacy of
continued NNRTI-based ART was increased to 70%, genotype
was very cost-effective when the prevalence of WT virus was
≥8%, and dominated by no genotype when prevalence was
<8% (region not displayed on Figure).

CD4 Count and Genotype-Associated Delays in ART
Switching. In a 2-way sensitivity analysis, we varied both
CD4 count at first-line ART failure (base case = 173 cells/μL)
and genotype-associated delay in ART switching (base
case = 3 months; Supplementary Appendix Table 3). Higher
CD4 counts at first-line ART failure permitted longer geno-
type-associated delays, while still achieving gains in life expec-
tancy. For example, at a CD4 count of 500/μL, genotype was
very cost-effective when the delay was ≤3 months though the
survival benefit declined with increasing delay. Lower CD4
counts at first-line ART failure required shorter delays for
genotype to remain clinically effective and cost-effective; when
CD4 count was 50/μL at failure, genotype improved survival as
long as the genotype-associated delay was <2 months, once
delay was ≥3 months no genotype was preferred due to this
decrease in survival.

Projected Costs of Genotype Testing at First-line ART
Failure. Under base case assumptions at 5 years, the cu-
mulative undiscounted cost per person for genotype was
$8830 and for no genotype was $9020 (Supplementary
Appendix Figure 1). Of total HIV costs, genotype testing
represented 3%, ART 34%, laboratory monitoring 9%, and
all other HIV care costs (eg, cost of clinic visits, opportunis-
tic infection prophylaxis and events, routine care, and
death) 54%.

Figure 2. Two-way sensitivity analysis to examine the impact of prevalence of wild-type (WT) virus at first-line antiretroviral therapy (ART) failure and
efficacy of continued nonnucleoside reverse transcriptase inhibitor (NNRTI)–based ART on suppressing human immunodeficiency virus RNA to <400
copies/mL at 24 weeks. The vertical axis represents the incremental cost-effectiveness ratio (ICER) of genotype compared with no genotype. The
horizontal axis represents the prevalence of WT virus at first-line ART failure. Combinations of efficacy of continued NNRTI-based ART and prevalence
of WT virus that yield ICERs above and to the left of the marked efficacy curves represent scenarios where genotype is “dominated” by no genotype,
and the horizontal axis extends beyond the 30% mark to represent scenarios where genotype is very cost-effective compared with no genotype. The
solid curve represents the base-case efficacy of continued NNRTI-based ART assuming a 3-month genotype-associated delay in care. The shaded gray
region represents cases where the ICER of genotype is ≤1 times the South Africa gross domestic product ($7100) and very cost-effective. Circles
represent the threshold prevalence of WT virus below which genotype becomes very cost-effective. Abbreviations: ART, antiretroviral therapy; GDP,
gross domestic product; ICER, incremental cost-effectiveness ratio; NNRTI, nonnucleoside reverse transcriptase inhibitor; YLS, years of life saved.
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DISCUSSION

Effective and efficient management of first-line ART failure in
resource-limited settings is critical due to limited availability
of ART regimens and relatively higher costs of second-line
ART. Several studies have examined the clinical and economic
impact of genotype testing in the United States [30, 31] and
Europe [32]. While ART rollout has accelerated in resource-
limited settings, there has been limited analysis of the clinical
and economic impact of individual genotype testing at first-
line ART failure in these settings.

We used a validated simulation model of HIV disease and
found that genotype testing at first-line ART failure increased
the projected survival of HIV-infected patients by 2.2 months
compared to no genotype testing, the current standard of
care [6]. This gain in life expectancy is comparable to other
HIV-related laboratory monitoring interventions in resource-
limited settings [33]. Average time on PI-based second-line
ART was 5 months less in a strategy of genotype testing com-
pared with standard of care. The deferral of a more expensive
second-line regimen in patients with persistent WT virus pro-
vides clinical as well as economic benefits by continuing less
expensive ART in patients who may resuppress with improve-
ment in ART adherence. As a result, genotype testing was very
cost-effective compared to switching all patients failing first-
line ART to PI-based second-line ART. The benefits of geno-
type testing persisted even if the reported prevalence of WT
virus was reduced by 40% from the modeled base case (from
20% to 12%) or the test costs were >2-fold greater than
current estimates (from $300 to $600).

Cost has been a major barrier to the rollout of PI-based
second-line ART. Drug-related costs contribute almost three-
quarters of the expense of second-line ART in South Africa
[34]. Recently, the cost of ART has decreased through negotia-
tions with drug manufacturers and approval of generic regi-
mens [35]. The availability of less expensive second-line ART
did not affect our main conclusions, consistent with a cost-
consequence analysis of genotype testing in South Africa [36].
Furthermore, a genotype testing strategy at first-line ART
failure may be cost-saving if the test cost were <$100 or third-
line ART were to become available, since the one-time cost of
genotype testing is outweighed by ART and other recurring
HIV care costs.

The clinical and economic benefits of genotype testing are
particularly critical in patients with low CD4 counts at ART
failure where genotype results must lead promptly to ART
switching. This is consistent with prior reports of the high-
risk for serious clinical events and death for patients failing
first-line NNRTI-based ART particularly with WT virus [20].
Therefore, program planners should consider operational
strategies to reduce delays in processing of the genotype test

and delivering results. Individuals with advanced immunosup-
pression may require immediate switching to potent ART
when prompt implementation of genotype test results cannot
be assured.

No genotype at first-line ART failure was the preferred
strategy when the efficacy of a renewed trial of an NNRTI-
based regimen was significantly reduced (≤10%). Such low
efficacies with this second chance at NNRTI-based ART,
although much lower than reported to date [20], might result
from repeated nonadherence or the selection of drug resis-
tance mutations over time.

This analysis has several limitations. First, model inputs for
ART efficacy did not capture information on the relationship
between ART adherence and ART efficacy [20, 22]. Second, in
resource-limited settings, the effect of viral resistance on the
efficacy of PI-based second-line ART has been described infre-
quently [37–39]. Third, we derived model inputs for sex distri-
bution from a large observational cohort in South Africa and
this assumption may not represent settings where sex-associat-
ed rates of adherence differ. To address these issues, we
modeled the effect of ART adherence indirectly, through as-
sumptions based on available data (Figure 1) and sensitivity
analyses on ART efficacies. Lastly, while clinical and immuno-
logic monitoring is more common than virologic monitoring
in resource-limited settings, we modeled a scenario where ge-
notype and viral load technologies were both available, since
genotyping is contingent on detectable viremia. However, we
addressed the impact of delayed detection of virologic failure
by simulating delays in ART switching and lower CD4 counts
at first-line ART failure.

In conclusion, we project that genotype testing, performed
in settings where the prevalence of WT virus in those failing
first-line ART is ≥12% and informing clinical decision-making
<5 months from that failure, will improve survival in HIV-
infected individuals. The upfront cost of the genotype test is
largely offset by the deferral of a more expensive second-line
regimen in patients who fail ART due to nonadherence, ren-
dering genotype resistance testing very cost-effective.
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