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Background. Optimal laboratory monitoring of antiretroviral therapy (ART) for human immunodeficiency virus (HIV) remains
controversial. We evaluated current and novel monitoring strategies in Côte d′Ivoire, West Africa.

Methods. We used the Cost-Effectiveness of Preventing AIDS Complications –International model to compare clinical out-
comes, cost-effectiveness, and budget impact of 11 ART monitoring strategies varying by type (CD4 and/or viral load [VL]) and
frequency. We included “adaptive” strategies (biannual then annual monitoring for patients on ART/suppressed). Mean CD4
count at ART initiation was 154/μL. Laboratory test costs were CD4=$11 and VL=$33. The standard of care (SOC; biannual
CD4) was the comparator. We assessed cost-effectiveness relative to Côte d′Ivoire’s 2013 per capita GDP ($1500).

Results. Discounted life expectancy was 16.69 years for SOC, 16.97 years with VL confirmation of immunologic failure, and 17.25
years for adaptive VL. Mean time on failed first-line ART was 3.7 years for SOC and <0.9 years for all routine/adaptive VL strategies. VL
failure confirmation was cost-saving compared with SOC. Adaptive VL had an incremental cost-effectiveness ratio (ICER) of $4100/year
of life saved compared with VL confirmation and increased the 5-year budget by $310/patient compared with SOC. Adaptive VL
achieved an ICER <1× GDP if second-line ART and VL costs simultaneously decreased to $156 and $13, respectively.

Conclusions. VL confirmation of immunologic failure is more effective and less costly than CD4 monitoring in Côte d′Ivoire.
Adaptive VL monitoring reduces time on failing ART, is cost-effective, and should become standard in Côte d′Ivoire and similar
settings.
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Access to antiretroviral therapy (ART) for human immunode-
ficiency virus (HIV)-infected patients in resource-limited set-
tings has improved dramatically over the past 5 years, with
13.5 million patients receiving ART in 2014 in low- and mid-
dle-income countries compared with 6.9 million in 2010 [1,
2]. In sub-Saharan Africa, where ART regimens with low barri-
ers to resistance have been widely used, improved access to care
has caused growing concerns regarding first-line ART failure and
switching to second-line therapies [2].The best use of second-line
ART depends on timely detection of treatment failure, since con-
tinued exposure to failing ART leads to increased drug resistance
and mortality [3, 4].Viral load (VL) monitoring promotes earlier

switching compared with immunologic monitoring and can re-
duce exposure time to a virologically failing regimen [3]. The
World Health Organization (WHO) currently recommends
CD4 monitoring every 6 months and VL monitoring 6 months
after ART initiation and every 12 months thereafter [5].

With the expanded availability of second-line ART and in-
creased emphasis on early viral suppression, new questions have
arisen on how best to use VL monitoring of ART [5–8]. To ad-
dress these issues, we compared innovative VL monitoring strate-
gies that reduced monitoring frequency for virally suppressed
patients to conventional monitoring strategies. Our objective was
to assess the cost-effectiveness and budget impact of current and
novel strategies to determine the most efficient use of VLmonitor-
ing and to maximize survival benefits in resource-limited settings.

METHODS

Analytic Overview
We used the Cost-Effectiveness of Preventing AIDS Complica-
tions (CEPAC)–International model, a microsimulation of HIV
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disease and treatment, to evaluate the clinical outcomes,
costs, cost-effectiveness, and budget impact of alternative
types (CD4 count and/or VL) and frequencies of laboratory
monitoring [9–11].

We simulated a cohort of HIV-infected patients on or start-
ing ART in Côte d′Ivoire in 2013. We compared projected sur-
vival in discounted life years and costs (2013 US dollars [USD])
of various monitoring strategies to biannual CD4 monitoring,
which is Côte d′Ivoire’s current standard of care (SOC). Out-
comes included time spent on failed ART; life expectancy; life-
time cost (in 2013 USD); and incremental cost-effectiveness
ratios (ICERs) in dollars per year of life saved ($/YLS). Cost-ef-
fectiveness outcomes were discounted at 3% annually [12].

To evaluate budget impact, we simulated a cohort of HIV-
infected patients receiving ART over 5 years, from the beginning
of 2013 through the end of 2017, including those who had start-
ed ART prior to 2013 and new patients initiating ART each year
from 2013 to 2017. We used costs from an HIV care center in
Abidjan, Côte d′Ivoire [13, 14]. We compared each strategy’s 5-
year overall and per-person costs to the current SOC.

Strategies
We compared 11 laboratory monitoring strategies that varied
by CD4 and VL availability and frequency (Table 1). These in-
cluded CD4 only, CD4 with VL confirmation of immunologic
failure, routine VL with or without CD4, and “adaptive” mon-
itoring, with biannual monitoring for the first year and annual
monitoring thereafter for virally suppressed patients. Routine
and adaptive monitoring strategies with VL also included a

CD4 test for ART initiation and every 2 years (for opportunistic
infection [OI] prophylaxis decisions) thereafter. We assumed
that second-line ART was available to all patients who failed
first-line ART. Cotrimoxazole prophylaxis was used in all strat-
egies [14].

Main Outcomes
Main outcomes were mean time on virologically failed first-line
ART, ICERs for cost-effectiveness, and 5-year budget change for
the budget impact analysis. ICERs were calculated by compar-
ing each strategy to the next less costly, nondominated strategy
[12]. We labeled strategies “dominated” if they were less effec-
tive and more costly than some combination of other strategies
[12]. A strategy was defined as “very cost-effective” if its ICER
was <1× Cote d′Ivoire’s 2013 per capita gross domestic product
(GDP; $1500) and “cost-effective” if its ICER was <3× GDP [12,
15]. The 5-year budget change was the 5-year cost difference be-
tween each strategy and the SOC (biannual CD4 testing).

CEPAC–International Model
The CEPAC–International model simulates a cohort of patients
generated from an initial distribution of age, sex, CD4 count,
HIV RNA, and likelihood of treatment adherence [9–11].
Each patient is followed monthly from entry until death. CD4
count determines risk of developing an HIV-related disease or
dying from HIV [16]. ART decreases VL, increases CD4 count,
and reduces HIV-related mortality [17]. The model tracks
“true” CD4 count and VL for each patient monthly; however,
ART failure criteria and switching are based on CD4 and VL
values “observed” via laboratory testing or development of an
OI. Additional model structure details are published and online
(http://web2.research.partners.org/cepac) [9–11, 18].

Model Input Parameters
Baseline characteristics, monthly risk of OIs, and mortality were
from clinical trials and cohort studies in Côte d’Ivoire and other
sub-Saharan African countries (Table 2) [16, 19, 24]. Simulated
patients started ART upon model entry. First-line ART was
tenofovir and emtricitabine plus efavirenz; second-line was
zidovudine and lamivudine plus lopinavir/ritonavir [25]. Over-
all 6-month viral suppression was 80% for both regimens [19].
Third-line ART was not in the base case, since it is not currently
available in Côte d′Ivoire. True ART failure was defined by at
least 1 of the following, according to WHO guidelines: immu-
nologic: 50% decrease from peak CD4, return to nadir CD4, or
CD4 ≤100/μL; virologic: VL >1000 copies/mL. Clinical failure,
defined as WHO stage III/IV disease after at least 6 months on
ART, was also included [25]. After observed ART failure, a 6-
month adherence reinforcement intervention was implemented
with a 30% chance of virologic resuppression [11]. Patients who
suppressed after adherence reinforcement were maintained on
first-line ART; others were switched to second-line ART.

Estimates of direct costs were from the payer perspective.
These included costs to the Côte d′Ivoire Ministry of Health,

Table 1. Laboratory Monitoring Strategies

Monitoring Strategy

Laboratory Monitoring Frequency

CD4 Testing
Frequency (mo)

Viral Load Testing
Frequency (mo)

Biannual CD4 (standard of care) 6 . . .

Biannual CD4 + biannual VL 6 6

Biannual CD4 + annual VL 6 12

Annual CD4 + annual VL 12 12

Biannual VL 24 6

Annual VL 24 12

Adaptive: biannual then annual
CD4 and VLa

6 then 12 6 then 12

Biannual CD4 + biannual then
annual VL (World Health
Organization)b

6 6 then 12

Adaptive: biannual then annual VLa 24 6 then 12

Biannual CD4 + VL to confirm
failure

6 To confirm failure
only

Annual CD4 + VL to confirm failure 12 To confirm failure
only

Abbreviation: VL, viral load.
a In “adaptive” strategies, monitoring frequency decreased from biannual to annual in
patients virologically suppressed after 1 year.
b The World Health Organization recommends biannual CD4 monitoring with VL testing 6
months after initiation and every 12 months thereafter.
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The United States President's Emergency Plan for AIDS Relief
(PEPFAR), and patients. Drug costs were from Médecins Sans
Frontières and Clinton Health Access Initiative databases [21].
CD4 and VL test costs ($11 and $33) were from a reference
laboratory, Centre de Diagnostic et de Recherche sur le SIDA
et les Affections Opportunistes, at Treichville University Hospi-
tal, Abidjan, Côte d′Ivoire. Indirect costs were not included. We
assumed that 5 laboratories in regions of high HIV prevalence

would be sufficient to monitor VL for those on ART in Côte d′
Ivoire [26]. Implementation would cost approximately $80 000
per laboratory, including cost of a VL machine (COBAS Ampli-
PREP and TAQMAN 48) and training [22]. Thus, we estimated
the initial overhead cost for implementing routine VL testing in
Côte d′Ivoire at $400 000. This value was included in both our
cost-effectiveness and budget impact analyses (Supplementary
Material 2).

Table 2. Monitoring Strategies and Main Model Input Parameters for Analysis Comparing Antiretroviral Therapy Monitoring Strategies in Côte d′Ivoire

Parameter Base Case Value

Sensitivity Analyses

Range Reference

Initial characteristics

Age, mean (SD), y 37 (9) [28–46] [19]

CD4, mean (SD), cells/µL 154 (102) [52–256] [19]

Sex, female, % 75 . . . [19]

Characteristics in 2013

Age, mean (SD), y 40 (9) . . . Model derived

CD4, mean (SD), cells/µLa 391 (131) . . . Model derived

ART regimen and adherence

First- and second-line ART

HIV-1 RNA suppression at 6 mo, % 80 [50–90] [19]

Virologic failure after 6 mo, per 100 PY 15 [7–22] [19]

Adherence <65%b 93 [46–143] [19]

Adherence >95%b 1.6 [0.8–2.3] [19]

Monthly CD4 increase, mean (SD), cell/µL

Between 0 and 2 mo 76 (19) [58–97] [19]

≥2 mo 4 (1) . . . [19]

6-mo adherence reinforcement

HIV-1 RNA suppression at 6 mo, % 30 [10–60] Assumption

Virologic failure after 6 mo, per 100 PY 15 [7–22] [19]

Adherence <65%b 93 [46–143] [19]

Adherence >95%b 1.6 [0.8–2.3]

Monthly CD4 increase, mean (SD), cell/µL

Between 0 and 2 mo 76 (19) [58–97] [19]

≥2 mo 4 (1) . . . [19]

Loss to follow-up, per 100 PY

Adherence <65%b 13 [6.5–19.6] [20]

Adherence >95%b 1.9 [0.9–2.8] [20]

Costs (2013 US dollars)

Prophylaxis, annual 30 . . . [14]

Drugs, annual

First-line ART 123 [61–185] [21]

Second-line ART 391 [196–587] [21]

6-mo adherence reinforcementc 156 [77–234] Assumption

Laboratory monitoring, per test

CD4 test 11 [5–16] CeDReS

VL test 33 [10–50] CeDReS

VL implementation costd 400 000 . . . [22]

Confidence interval ranges were derived from input data or estimated by multiplying base case value by .5 (lower bound) and 1.5 (upper bound).

Abbreviations: ART, antiretroviral therapy; CeDReS, Centre de diagnostic et de Recherche sur le SIDA et les Affections Opportunistes at Treichville University Hospital, Abidjan, Côte d′Ivoire;
HIV, human immunodeficiency virus; PY, person-years; SD, standard deviation; VL, viral load.
a CD4 for patients on ART beginning at various points from 2008 to 2012.
b Values from 65% to 95% were linearly interpolated. For more information, see [23].
c The adherence reinforcement involved 6 adherence training sessions (1/month) and weekly short message service reminders, estimated as the cost of 6 routine care visits.
d We assumed that 5 VL machines in the 5 areas of highest HIV prevalence in Côte d′Ivoire would cover all patients on ART. Implementation cost/machine would be $80 000 (see “Methods”
section).
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Cohort Description
Patients on ART at the Beginning of 2013 in Côte d′Ivoire
By UNAIDS estimates, approximately 110 000 adults were on
ART at the beginning of 2013 and 27 000 new patients started
ART during 2013 in Côte d′Ivoire [27]. To model patients on
ART in 2013, we simulated the following 5 cohorts for each
monitoring strategy: patients suppressed on first-line ART;
patients on failed first-line ART; patients suppressed on
second-line ART; patients on failed second-line ART; and pa-
tients initiating ART in 2013 (hereafter the "new ART" cohort).
Patients in the first 4 cohorts (hereafter the “prior ART”
cohorts) initiated ART prior to 2013 and were on first- or
second-line ART for various durations. Characteristics of the
prior ART cohorts in 2013 were from an initial simulation of
patients starting ART each year between 2008 and 2012 to ob-
tain an epidemic steady state (Table 2, Supplementary Table 2).

Patients on ART Between 2013 and the End of 2017

We simulated 5 additional cohorts for the budget impact anal-
ysis, 1 initiating ART each year between 2013 and 2017. We as-
sumed that 110 000 patients were on ART at the beginning of
2013 and an additional 27 000 patients initiated ART each year
from 2013 to 2017, for a total of 245 000 patients [27].

Analyses
Base Case and Sensitivity Analyses

For the cost-effectiveness analysis, the prior ART and new ART
cohorts were simulated as the base case for each strategy. For the
budget impact analysis, we scaled the results to the total of
245 000 patients.

In 1-way sensitivity analyses, we varied main parameters, in-
cluding ART suppression, mean initial CD4, monitoring costs,

and ART costs, to evaluate the sensitivity of our model output to
variation in the input variables. One-way sensitivity analysis
ranges were 95% confidence intervals from the literature, 50%
ranges (0.5× and 1.5× the base case), or extreme values. In a 3-
way sensitivity analysis, we simultaneously varied 3 of the most
influential parameters from 1-way sensitivity analyses: VL test
cost, second-line ART cost, and probability of resuppression.

RESULTS

Base Case Analysis
Mean Time on Failed First-Line ART

Mean time on failed first-line ARTwas 3.65 years for SOCmon-
itoring. Biannual or annual CD4 monitoring with VL confirma-
tion of failure increased this to 4.32 years and 5.18 years.
Routine or adaptive VL monitoring, alone or with CD4 moni-
toring, decreased mean time on failed first-line ART to 0.90
years for annual VL and 0.70 years for adaptive VL. Time on
failed first-line ART was lowest (0.54 years) for the following
2 strategies: biannual VL monitoring alone and biannual CD4
and VL.

Cost-Effectiveness Analysis

Discounted life expectancy ranged from 16.69 years for the SOC
to 17.25 years for adaptive VL monitoring with or without CD4
and WHO-recommended monitoring (biannual CD4 and VL
at 6 months followed by every 12 months; Table 3). Strategies
with confirmatory VL increased life expectancy to 16.82–
16.97 years, while strategies using routine or adaptive VL mon-
itoring further increased life expectancy to 17.18–17.25 years.
Lifetime per-person costs ranged from $12 130 for annual
CD4 with confirmatory VL to $14 460 for biannual CD4 and
VL monitoring. Of the strategies using routine or adaptive

Table 3. Clinical and Economic Outcomes of Implementing Monitoring Strategies for Human Immunodeficiency Virus–Infected Patients on Antiretroviral
Therapy in Côte d′Ivoire

Monitoring Strategy
Mean Time on Failed First-
Line Antiretroviral Therapy (y)

Discounted Life
Expectancy (y)

Discounted Lifetime
Cost (USD)

Incremental Cost-Effectiveness
Ratio (USD/YLS)

Annual CD4 + VL to confirm failure 5.18 16.82 12 130 . . .

Biannual CD4 + VL to confirm failure 4.32 16.97 12 560 2900

Biannual CD4 (standard of care) 3.65 16.69 12 720 Dominated

Annual VL 0.90 17.18 13 490 Dominated

Annual CD4 + annual VL 0.90 17.19 13 600 Dominated

Adaptive: biannual then annual VLa 0.70 17.25 13 700 4100

Adaptive: biannual then annual CD4 and VLa 0.70 17.25 13 820 1 993 500

Biannual CD4 + annual VL 0.85 17.22 13 830 Dominated

Biannual CD4 + biannual then annual VLb

(World Health Organization)
0.73 17.25 13 960 Dominated

Biannual VL 0.54 17.23 14 170 Dominated

Biannual CD4 + biannual VL 0.54 17.23 14 460 Dominated

All costs and life years discounted at 3% per year (see “Methods” section). Costs are in 2013 US dollars. Numbers were rounded for clarity; recalculating incremental cost-effectiveness ratio
(ICER) using these rounded numbers would not be accurate. In the cost-effectiveness analysis, life expectancy was projected for 110 000 patients initiating antiretroviral therapy at the beginning
of 2013. Dominated: More costly and lower life expectancy or higher ICER than another, more effective strategy. Bolded strategies are non-dominated.

Abbreviations: USD, 2013 US dollars; VL, viral load; YLS, years of life saved.
a Adaptive strategies included biannual testing and then annual testing if a patient was suppressed after 12 months.
b The World Health Organization recommends biannual CD4 monitoring with VL testing 6 months after initiation, then every 12 months thereafter, not contingent on virologic suppression.
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VL, annual VL was least expensive ($13 490), followed by annu-
al CD4 and VL ($13 600), then adaptive VL ($13 700). The fol-
lowing 4 strategies were nondominated and on the efficiency
frontier, denoting the maximum life expectancy gain that can
be achieved for a given financial outlay (Figure 1): annual
CD4 with confirmatory VL, biannual CD4 with confirmatory
VL, adaptive VL, and adaptive CD4 and VL. All strategies
with routine CD4 and/or routine VL, including the SOC and
WHO-recommended strategies, were dominated (Table 3).
Adaptive VL had an ICER of $4100/YLS compared with bian-
nual CD4 with confirmatory VL. Adaptive CD4 and VL slightly
increased life expectancy compared with adaptive VL alone but
also increased costs (ICER: $1 993 500/YLS). WHO-recom-
mended monitoring was more expensive ($13 960 compared
with $13 820) and yielded lower life expectancy than adaptive
CD4 and VL and was thus dominated (Table 3).

Budget Impact Analysis

For patients already on ART or starting ART in 2013, SOC
monitoring had a projected 5-year budget impact of $642.2 mil-
lion ($3670/person; Table 4). Biannual CD4 monitoring with
VL confirmation of failure decreased the 5-year outlay to

$640.7 million ($3660/person). Adaptive VL monitoring in-
creased this outlay to $699.2 million ($3980/person), an increase
of 8.9% from the SOC. WHO monitoring would require a 10.9%
increase in the 5-year budget.

Sensitivity Analysis
Cost-Effectiveness Analysis

In 1-way sensitivity analysis, the cost-effectiveness of adaptive
VL compared with biannual CD4 monitoring with VL confir-
mation was most sensitive to initial mean CD4 count, second-
line ART cost, VL test cost, and probability of resuppression.
Decreasing initial mean CD4 from 152/µL to 52/µL decreased
the ICER from $4100 to $3200; increasing initial mean CD4
to 256/µL increased the ICER to $6900 (Supplementary Fig-
ure 2). A 50% decrease in second-line ART cost decreased the
ICER of the adaptive VL strategy from $4100 to $2500/YLS,
while a 50% decrease in VL test costs decreased the ICER of
adaptive VL to $3000/YLS. Simultaneously varying second-
line ART cost, VL test cost, and probability of resuppression
in a 3-way sensitivity analysis substantially changed the cost-ef-
fectiveness and percentage budget increase of the adaptive mon-
itoring strategies (Figure 2B). The ICER decreased to <1× Côte

Figure 1. Cost-effectiveness efficiency frontier. The increase in life expectancy and cost as strategies become more effective and more costly. Adding viral load (VL) improves
survival for all strategies; more frequent VL further improves survival. All adaptive strategies are above and to the left of the corresponding nonadaptive strategies, highlighting
the benefit of adaptive monitoring. Neither the standard of care (SOC) nor the World Health Organization (WHO) –recommended strategy (biannual CD4 and VL monitoring at 6
months, followed by every 12 months thereafter) is on the efficiency frontier. Abbreviation: USD, 2013 US dollars.
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d′Ivoire’s GDP when we simultaneously reduced annual sec-
ond-line ART cost and VL test cost to 40% of base case (to
$156 and $13, respectively), with a probability of resuppression
of 30%. This strategy also had ICER <1× GDP when we simul-
taneously reduced annual second-line ART cost to 30% of base
case cost (from $391 to $117) and VL test cost to 60% of base
case cost (from $33 to $20). If probability of resuppression was
60% (base case: 30%), then smaller reductions in VL test cost
and second-line ART cost made the adaptive strategy ICER
<1× GDP (Figure 2C).

Budget Impact Analysis

In 1-way sensitivity analysis, the 5-year budget impact was most
sensitive to VL test cost, second-line ART cost, and first-line
ART cost (Supplementary Figure 3). In 3-way sensitivity anal-
ysis, when probability of resuppression was 30%, total budget
increase was <3% if second-line ART cost was 50% of base
case ($196) and VL test cost was 40% of base case ($13; Fig-
ure 2E). Other parameters varied in sensitivity analysis, includ-
ing first- and second-line ART efficacy, loss to follow-up, and
mean age at ART initiation, had little effect on the budget im-
pact results.

DISCUSSION

TheWHO recommends VLmonitoring of first-line ART if pos-
sible; however, there are many countries in sub-Saharan Africa

where this remains largely unavailable, including Côte d′Ivoire,
Malawi, Rwanda, and Zambia [28, 29]. Our goal was to deter-
mine the clinical outcomes, cost-effectiveness, and budget im-
pact of various monitoring strategies using current data on ART
availability and efficacy. “Adaptive” VL monitoring, which in-
cluded biannual monitoring followed by annual monitoring
after 1 year of viral suppression, substantially decreased time
spent on failed first-line ART, which would markedly decrease
time for HIV transmission [30]. Additionally, biannual CD4
monitoring with VL failure confirmation improved survival
and was cost-saving compared with the current Côte d′Ivoire
SOC (biannual CD4 monitoring). Therefore, the SOC, which
reflects current clinical care in Côte d′Ivoire, cannot be justified
on cost-effectiveness grounds. Adaptive VL monitoring further
increased survival and was cost-effective compared with bian-
nual CD4 with confirmatory VL (ICER: $4100/YLS).

In sensitivity analyses, we found that the cost-effectiveness of
the adaptive strategy depended mostly on the initial CD4 count
of the cohort, second-line ART cost, and VL test cost. Since the
clinical benefit of VL monitoring is from switching patients to
second-line ART before immunologic decline or an OI, VL
monitoring will be even more cost-effective as second-line
ART costs decrease further. This would have a bigger impact
on cost-effectiveness than VL test cost itself.

We found a similar benefit as in previous studies to routine
VL compared with biannual CD4 monitoring, with a life

Table 4. Budget Impact Analysis Over 5 Years of Laboratory Monitoring Strategies for Human Immunodeficiency Virus–Infected Patients on Antiretroviral
Therapy in Côte d′Ivoire

Monitoring Strategy

Monitoring
Antiretroviral Therapy

Regimen Overall

Cost (1000
USD)

% of Overall
Cost

Cost (1000
USD)

% of Overall
Cost

Cost (1000
USD)a

5-Year Cost per
Person (USD)b

% Budget
Increasec

Annual CD4 testing + VL to confirm failure 15 000 2.4 118 000 18.9 623 700 3570 −2.9
Biannual CD4 testing + VL to confirm failure 26 800 4.2 122 400 19.1 640 700 3660 −0.2

Biannual CD4 testing (standard of care) 21 500 3.4 128 900 20.1 642 200 3670 . . .

Annual VL testing 40 700 6.1 139 100 20.7 671 800 3830 4.6

Annual CD4 + annual VL testing 45 500 6.7 139 100 20.6 676 500 3860 5.3

Biannual CD4 + annual VL testing 57 300 8.3 142 100 20.5 691 900 3940 7.8

Adaptive: biannual then annual VLd 53 500 7.6 152 100 21.8 699 200 3980 8.9

Adaptive: biannual then annual CD4 and VLd 62 200 8.8 152 000 21.5 707 800 4030 10.2

Biannual CD4 + biannual then annual VLe

(World Health Organization)
66 400 9.3 152 100 21.4 712 100 4070 10.9

Biannual VL 71 200 9.9 154 100 21.4 718 900 4090 11.9

Biannual CD4 + biannual VL 86 100 11.7 154 100 21.0 733 900 4170 14.3

All costs are undiscounted. Bolded strategies are non-dominated.

Abbreviations: USD, 2013 US dollars; VL, viral load.
a In the budget impact analysis, 5-year outcomes were projected for 110 000 patients on antiretroviral therapy (ART) at the beginning of 2013 and 27 000 additional patients starting ART each
year from 2013 to 2017 (See “Methods” section for details).
b Per person cost was calculated by dividing the total cost over 5 years by the total number of patients ever in care (prior ART cohorts and new ART cohorts [patients entering care each year]),
weighted by total amount of time spent in care per patient and adjusted for mortality (see Supplementary Material 1).
c Budget increase is compared with the standard of care.
d Adaptive strategies included biannual testing and then annual testing if a patient was suppressed after 12 months.
e The World Health Organization recommends biannual CD4 monitoring with VL testing 6 months after ART initiation, then every 12 months thereafter, not contingent on virologic suppression.
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expectancy increase of 1.1 undiscounted life years for routine
biannual VL compared with biannual CD4. Prior modeling
analyses have reported life expectancy increases of 0.7–1.8 un-
discounted life years [31–35]. Phillips et al found an undis-
counted life expectancy increase of 0.7 years with VL
monitoring compared with CD4, while Braithwaite et al com-
pared biannual VL to confirmatory VL and found a difference
of 0.5 discounted life years [33, 36]. Our analysis differs from all
of these in our evaluation of adaptive VL monitoring strategies,
which have not previously been examined.

VL monitoring, even when adaptive strategies are used, will
likely increase total HIV care costs, primarily due to increased
survival and concomitant ART costs. Thus, while the adaptive
strategy has an ICER <3× Côte d′Ivoire’s per capita GDP, it
would increase the total 5-year budget by 8.9%. Though allocat-
ing additional resources to HIV monitoring would be challeng-
ing, initiatives are ongoing to develop low-cost VL assays,
including point-of-care tests [22, 31, 37]. Additionally, Roche
introduced a ceiling price of $9.40 in 2014 for VL testing, indi-
cating that VL tests may soon achieve prices similar to CD4 tests
[38]. Governments and organizations such as the Clinton

Health Access Initiative and Médecins Sans Frontières will like-
ly continue to drive down the cost of second-line ART; since
2010, that cost has decreased from $550/year to $390/year
[21, 39]. Over the next several years, further decreases in sec-
ond-line ART costs and VL test costs, as well as reduced clinic
visit frequencies for virally suppressed patients, would lessen the
impact of adaptive monitoring on constrained national budgets.

The WHO recommends VL monitoring 6 months after ART
initiation and every 12 months thereafter, as well as biannual
CD4 monitoring [25]. Our analysis is the first to fully evaluate
this recommendation, and we found that including biannual
CD4 with VL monitoring increased costs, but not survival,
compared with VL monitoring with CD4 only every 2 years.
CD4 monitoring, with its inherent variability, can lead to
ART switching without virologic failure; thus, adding CD4
monitoring to routine or adaptive VL increases costs but does
not improve outcomes [4, 40].

This analysis has several limitations. Models are simplifica-
tions of complex clinical and healthcare systems, and all needed
data are not always available. There are scant data on the effica-
cy of adherence interventions, so we assumed a low efficacy

Figure 2. Three-way sensitivity analysis. A–C, Variation in the incremental cost-effectiveness ratio (ICER) of the adaptive strategy when second-line antiretroviral therapy
(ART) cost, viral load (VL) test cost, and probability of resuppression with the adherence intervention are varied. D–F, Variation in 5-year percent budget increase under the same
variations. In the adaptive strategy, testing frequency is decreased from biannual to annual for patients suppressed after 1 year. The comparator strategy for adaptive VL
monitoring changes throughout this figure. Abbreviations: GDP, gross domestic product; USD, US dollars; YLS, years of life saved.
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(30%), though recent evidence suggests this could be much
higher [11, 41]. Second, in our budget impact analysis, we as-
sumed that a constant number of patients would initiate ART
each year from 2013 to 2017. New data on the benefits of earlier
ART initiation, coupled with recent WHO recommendations,
will likely increase the number of patients starting ART annu-
ally, which would affect our total budget estimates [5, 7, 8].
Third, we did not directly evaluate the impact of different mon-
itoring strategies on HIV transmission. By reducing time on
failing first-line ART before switching and increasing the overall
percentage of patients virologically suppressed, adaptive VL
monitoring would lower HIV transmission rates, making it
even more cost-effective [6].

Resource constraints in Côte d′Ivoire and other sub-Saharan
African nations have limited access to VL monitoring. Achiev-
ing the best outcomes for HIV-infected patients, however, re-
quires timely switching to second-line ART after virologic
failure. Using VL to confirm failure diagnosis would be cost-
saving and would improve life expectancy in settings where
CD4 monitoring alone is the SOC. Incorporating routine or
adaptive VL monitoring will improve switch timing, reduce
time on failed ART, and further improve clinical outcomes.
Adaptive VL monitoring is cost-effective at current costs and
will become increasingly affordable with reductions in VL and
second-line ART costs. VL monitoring should be implemented
in Côte d′Ivoire and similar resource-limited settings.
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