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Background: Women with HIV face an increased risk of human
papillomavirus (HPV) acquisition and persistence, cervical intraepithe-
lial neoplasia, and invasive cervical cancer. Our objective was to
determine the cost-effectiveness of different cervical cancer screening
strategies among women with HIV in South Africa.

Methods: We modified a mathematical model of HPV infection
and cervical disease to reflect coinfection with HIV. The model was
calibrated to epidemiologic data from HIV-infected women in
South Africa. Clinical and economic data were drawn from in-
country data sources. The model was used to project reductions in
the lifetime risk of cervical cancer and incremental cost-
effectiveness ratios (ICERs) of Pap and HPV DNA screening and
management algorithms beginning at HIV diagnosis, at 1-, 2-, or
3-year intervals. Strategies with an ICER below South Africa’s
2016 per capita gross domestic product (US$5270) were
considered “cost-effective.”

Results: HPV testing followed by treatment (test-and-treat) at 2-year
intervals was the most effective strategy that was also cost-effective,
reducing lifetime cancer risk by 56.6% with an ICER of US$3010 per
year of life saved. Other cost-effective strategies included Pap (referral
threshold: HSIL+) at 1-, 2-, and 3-year intervals, and HPV test-and-treat
at 3-year intervals. Pap (ASCUS+), HPV testing with 16/18 genotyping,
and HPV testing with Pap or visual triage of HPV-positive women were
less effective and more costly than alternatives.

Conclusions: Considering per capita gross domestic product as the
benchmark for cost-effectiveness, HPV test-and-treat is optimal in South
Africa. At lower cost-effectiveness benchmarks, Pap (HSIL+) would
be optimal.
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INTRODUCTION
Compared with the general population, women living

with HIV face an increased risk of acquiring human
papillomavirus (HPV), the sexually transmitted virus that
causes cervical cancer.1 Once infected with HPV, women
with HIV face heightened risk of HPV persistence and
precancerous lesions, which may progress to invasive cervical
cancer if not detected through screening and effectively
treated.2 Among women with HIV in South Africa, where
HIV prevalence is 22.3% in those aged 15–49 years,3 the
age-standardized incidence rate of cervical cancer is estimated
to be 396 per 100,000 person-years4—more than 10 times
higher than the rate in the general population.5 As access to
antiretroviral therapy (ART) has improved, with more than
60% of HIV-infected adults expected to be receiving ART,6

life expectancy in women who begin ART with a CD4+ cell
count above 200 cells/mL has increased dramatically.7

Organized cervical cancer screening efforts are needed to
ensure that potential life expectancy gains from ART are fully
realized among women with HIV.

The World Health Organization (WHO) recommends
that women with HIV receive cervical cancer screening with
HPV testing at least every 3 years if resources are available;
for countries with fewer resources, visual inspection with
acetic acid (VIA) is an acceptable screening alternative.8

Screening with cervical cytology (ie, Pap testing) is only
recommended for countries that have already achieved high
cytology coverage and quality indicators. Recent guidelines
from the American Society for Clinical Oncology recommend
HPV testing at the time of HIV diagnosis and subsequently at
an interval of every 2–3 years if resources are available; for
lower-resource settings, screening for HIV-infected women is
recommended twice as often as in the general population.9 In
South Africa—where screening guidelines recommend
cytology-based screening, with phasing in of HPV testing
based on resource availability—the principles of equity,
quality, efficiency, and sustainability have been adopted by
the Department of Health.10 Yet data on the cost-effectiveness
of different screening and management strategies in HIV-
infected women are limited.

To inform ongoing discussions about clinical guide-
lines, optimal resource use, and the integration of women’s
health interventions with HIV-related care in South Africa
and other low-resource settings with a high burden of HIV,
we evaluated the cost-effectiveness of different Pap and HPV
screening and management algorithms among HIV-infected
women in South Africa.

METHODS

Epidemiologic Modeling
We modified an existing individual-based microsimula-

tion model of HPV infection and cervical cancer11,12 to reflect
the burden of HPV in HIV-infected women in South Africa
(Fig. 1) and used the model to project the health and economic
outcomes associated with different Pap and HPV-based
screening and management algorithms. Individual girls enter
the model at the age of 9 years, before HPV and HIV infection.

Each month, they face probabilities of transitioning between
mutually exclusive HPV-related health states, including type-
specific HPV infection, cervical intraepithelial neoplasia grades
2 or 3 (CIN2, CIN3), and cervical cancer (local, regional, and
distant stages). Transitions between health states may vary by
duration of infection or CIN, HPV type, age, history of
previous HPV infection, and patterns of screening. The model
keeps track of each individual woman’s health status and
resource use over time and then aggregates cost and health
outcomes at the population level.

Because of limited data on the interaction between HPV
and HIV, we assumed a similar course of HIV infection and
progression for all women in the model (see Table 2,
Supplemental Digital Content, http://links.lww.com/QAI/
B185). Women in the model are infected with HIV at the
age of 20 years, approximating the peak HIV incidence in
South Africa.13 Based on HIV progression estimates in the
absence of ART14,15 and estimates of CD4+ cell count at HIV
presentation,16 we optimistically assumed (as HIV testing and
ART access increase) that women would be diagnosed with
HIV around the age of 25 years, at a CD4+ cell count of
approximately 350 cells/mL. Before HIV acquisition at the age
of 20 years, background mortality rates for uninfected women
were drawn from the THEMBISA model (version 2.5).13 On
HIV infection at the age of 20 years, women face excess
mortality rates dependent on CD4+ cell count and rate of HIV
progression.14 On HIV detection at the age of 25 years,
women are assumed to begin ART immediately and then face
excess mortality from HIV based on a relative survival model
that considers current age, age at ART initiation, CD4+

category at ART initiation, and duration on ART.7 Excess
mortality due to cervical cancer was derived from estimates of
5-year survival in middle-income countries with a low burden
of HIV17 multiplied by hazard ratios from cervical cancer
mortality in HIV-infected versus uninfected women.18 Time-
dependent survival by stage (for 1-, 2-, and 3- to 10-year
survival) was derived from cervical cancer survival estimates
in HIV-infected women in Botswana.19 After 10 years
following cancer treatment, we assumed women no longer
faced excess mortality due to cervical cancer.

To inform transitions between HPV-related health
states, baseline “prior” transition probabilities were estimated
from large epidemiologic studies in predominantly HIV-
uninfected populations, as previously documented.11,12 Our
modeling approach assumes similarities in the natural history
of HPV regardless of setting but allows for differences in
HPV incidence (due to sexual behavior) and type-specific
immunity. To reflect the greater risk of HPV infection and
progression (to CIN and cancer) and the decreased likelihood
of HPV clearance and CIN regression in HIV-infected
women, as well as parameter uncertainty, we modified the
previously described natural history model by setting plausi-
ble ranges for factors to apply to baseline transition proba-
bilities derived from longitudinal studies, guided by previous
work modeling HPV infection in the general population of
women in several low- and middle-income countries with
a low burden of HIV12,20 and published hazard and risk ratios
in HIV-infected versus HIV-uninfected women.21 The model
underwent repeated model simulations in the absence of any
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intervention, and for each simulation, single random values
from a uniform distribution spanning the plausible range for
each factor were selected and applied to the relevant baseline
probability to create a unique natural history input parameter
set. We then computed a goodness-of-fit score by summing the
log likelihood of model-projected outcomes for each unique
parameter set to represent the quality of fit to epidemiologic
data (ie, the calibration targets) on age-specific prevalence of
oncogenic HPV and the proportion of HPV type-specific
infections in CIN3 and cervical cancer among women with
HIV in South Africa.22–24 We selected the 50 top-fitting
parameter sets for analyses and calculated the expected value,
as well as the range of values, for all outcomes. Model fit to
calibration targets is displayed in Figures 1 and 2, Supplemental
Digital Content, http://links.lww.com/QAI/B185. Data sources
used to inform the factor search space and the ranges for each
transition probability value are provided in Table 1, Supplemental
Digital Content, http://links.lww.com/QAI/B185. Model valida-
tions to CIN2/3 prevalence and cervical cancer incidence in South
Africa are presented in Figures 3 and 4, Supplemental Digital
Content, http://links.lww.com/QAI/B185.

Screening and Management Algorithms
Screening and management algorithms were based on

recently drafted guidelines for South Africa10 and WHO
guidelines for HIV-infected women.8 Strategies included (1)

liquid-based cytology with referral to colposcopy for atypical
squamous cells of undetermined significance or worse
(ASCUS+) [“Pap (ASCUS+)”]; (2) liquid-based cytology with
referral to colposcopy for atypical squamous cells cannot rule
out high-grade/high-grade squamous intraepithelial lesions or
worse (HSIL+) [“Pap (HSIL+)”]; (3) HPV DNA testing with
referral to treatment for all HPV-positive women (“HPV test-
and-treat”); (4) HPV DNA testing with triage to VIA for all
HPV-positive women, and treatment for all women who are
both HPV-positive and VIA-positive (“HPV-VIA”); (5) HPV
DNA testing with triage to Pap for all HPV-positive women,
and referral to colposcopy for all women who are both HPV-
positive and ASCUS+ (“HPV-Pap”); and (6) HPV DNA
testing followed by HPV16/18 genotyping for HPV-positive
women, with referral to treatment for 16/18-positive women
and referral to colposcopy for women with other oncogenic
types (“HPV16/18 genotyping”). Screening coverage was
70% of the target population. Of those screened, 85% were
assumed to receive the strategy of interest (strategies 1 through
6, above), whereas 15% were assumed to receive a separate
VIA strategy, to represent the potential availability of VIA
followed by treatment for women without access to Pap or
HPV-based strategies; we weighted cost and health outcomes
accordingly. Screening and management algorithms are dis-
played in Figures 5–11, Supplemental Digital Content, http://
links.lww.com/QAI/B185. All strategies were considered at
1-, 2-, and 3-year intervals.

FIGURE 1. Model schematic for the natural history model of HPV infection and progression to cervical cancer in the presence of
HIV infection. Individual girls enter the model at the age of 9 years, before HPV and HIV infection. Each month, they face
probabilities of transitioning between mutually exclusive HPV-related health states, including type-specific HPV infection (HPV
types 16, 18, 31, 33, 45, 52, 58, other oncogenic types, and low-risk types), CIN grades 2 or 3 (CIN2, CIN3), and cervical cancer
(local, regional, and distant stages). Each month, death can occur from noncervical causes or from cervical cancer after its onset
(depending on stage and time since diagnosis). Transitions between health states may vary by duration of infection or CIN, HPV
type, age, history of previous HPV infection, and patterns of screening. Women are infected with HIV at the age of 20 years. On
HIV infection, women face excess mortality rates based on CD4+ cell count and rate of HIV progression.14 After HIV presentation
and diagnosis at the age of 25 years (CD4+ cell count 350 cells/mL), women begin ART immediately and face excess mortality from
HIV based on age, age at ART initiation, CD4+ category at ART initiation, and duration on ART.7
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For HPV-testing strategies, we assumed provider-
collection of samples. For HPV testing followed by either
visual or Pap triage, women who were HPV-positive but
triage test–negative were assumed to receive repeat HPV
testing in 1 year. After colposcopy, women with normal or
CIN grade 1 (CIN1) on histology were referred to repeat
screening in 1 year; those with CIN2 or higher were referred
to treatment. Treatment included cryotherapy for eligible
women, and large loop excision of the transformation zone
(LLETZ) for women who were determined to be ineligible for
cryotherapy. Screening test performance and treatment

TABLE 1. Baseline Values and Ranges for Model Variables

Test/Parameter Base Case Scenario Analysis

Screening, triage, and
diagnostic test performance
(sensitivity/specificity to
detect CIN2+)

Pap (primary, ASCUS+) 0.95/0.3622 0.63/0.9532

Pap (primary, ASC-H/
HSIL+)

0.76/0.8322 0.63/0.9532

HPV DNA testing
(primary), provider-
collection of cervical
samples

0.92/0.5122 —

VIA (primary) 0.76/0.6822 0.49/0.92

VIA (triage of HPV+) 0.76/0.6822 0.49/0.92

Pap (triage of HPV+,
ASCUS+)

0.90/0.8533 —

Colposcopy 1.0/1.0 0.94/0.6131

Coverage and compliance

Access to routine screening
(% of the target
population)

70% 50%, 90%

Visit compliance (% per
clinical encounter),
screening facility*

85% 60%

Visit compliance (% per
clinical encounter),
referral facility*

85% 60%

Treatment eligibility and
efficacy

Eligibility for cryotherapy 83%25 59%26

Effectiveness of
cryotherapy to treat
CIN2/3

70%27,30 60%28

Effectiveness of LLETZ to
treat CIN2/3

86%28,30 86%28

Proportion of women
maintaining an HPV
infection after treatment

53%29,30 74%27

Discount rate for costs and
life-years

3%34 0%, 6%

Direct medical costs,
screening, and treatment of
precancer (2017 US$)

Pap test (liquid-based
cytology, primary)

16.8135

HPV DNA test (provider-
collection, no
genotyping)†

45.3535 25, 30, 35, 40

HPV DNA test (provider-
collection, genotyping)†

72.8535 25, 30, 35, 40

VIA 3.2435 —

Pap test (liquid-based
cytology, triage)

14.0735 —

Colposcopy/biopsy 54.2535 —

Cryotherapy 3.7038 11.10

LLETZ 56.3838 —

Women’s time and
transportation costs (2017
US$)‡

Value of women’s time per
hour

1.29 0.9336, 3.0437

TABLE 1. (Continued ) Baseline Values and Ranges for Model
Variables

Test/Parameter Base Case Scenario Analysis

Wait time, screening
facility

2.57 —

Wait time, referral facility 0.64 —

Transport time, screening
facility

0.97 —

Transport time, referral
facility

1.29 —

Transportation to screening
facility (round-trip)

0 —

Transportation to referral
facility (round-trip)

2.22 —

Cost of cancer treatment
(2017 US$) (rounded)§

Local cancer

Direct medical 2852

Women’s time and
transportation

243

Total 3095 75%, 125%

Regional cancer

Direct medical 8768

Women’s time and
transportation

555

Total 9323 75%, 125%

Distant cancer

Direct medical 8805

Women’s time and
transportation

545

Total 9350 75%, 125%

Cost of HIV management,
monthly (2017 US$)

25.2839,40 0

*Compliance is defined as the proportion of women who return for each clinical
encounter, relative to the previous visit.

†List prices for HPV DNA tests were assumed to be $42.93 (no genotyping) and
$70.42 (genotyping); the remainder of the costs reported in the table are due to personnel
time, additional supplies, and equipment.

‡Procedure time was also included, but varied by procedure. See Appendix,
Supplemental Digital Content, http://links.lww.com/QAI/B185 for details.

§Further details and data sources are available in the Appendix, Supplemental
Digital Content, http://links.lww.com/QAI/B185. We assumed cancer care took place at
a cancer center. Because we did not have data on women’s waiting and transportation
time and transportation costs for a cancer hospital, we set these costs at the 75th
percentile of women’s costs at Helen Joseph Hospital in Johannesburg (unpublished
data), which is primarily a hospital for HIV and tuberculosis care.

ASC-H, atypical squamous cells, cannot rule out high-grade squamous intra-
epithelial lesion; ASCUS+, atypical squamous cells of undetermined significance or
higher; CIN2+, CIN grade 2 or higher; HSIL+, high-grade squamous intraepithelial
lesion or higher; US$, 2017 US dollars.
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effectiveness values were based on studies in HIV-infected
women.22,25–33 Compliance with each recommended clinical
encounter was 85% relative to the previous visit. Values for
screening and treatment variables are displayed in Table 1.

Estimation of Costs and Cost-Effectiveness
Consistent with guidelines for cost-effectiveness anal-

ysis, we adopted a modified societal perspective34; costs were
estimated from in-country data sources and included direct
medical costs (personnel time, consumable supplies, equip-
ment, and South Africa National Health Laboratory Service/
National Department of Health service charges to estimate
laboratory costs), direct nonmedical costs (women’s trans-
portation), and women’s time (Table 1).35–38 Cost data were
collected in local currency units and converted to 2017 US
dollars (US$) using consumer price indexes and average

annual official exchange rates to report findings for global
policy makers. Because HPV DNA and HPV genotyping tests
have not yet been procured by the government of South
Africa, list prices (approximately $43 and $70, respectively)
did not necessarily reflect economies of scale from bulk
purchasing. Each month, beginning at HIV diagnosis, women
incurred the average monthly outpatient cost per adult on
ART and average monthly inpatient cost for individuals on
ART with a CD4 count above 350 cells/mL.39,40 Further
details and data sources are provided in the Supplemental
Digital Content, http://links.lww.com/QAI/B185.

Model outcomes included the absolute lifetime risk of
cervical cancer incidence and mortality, life expectancy, and
lifetime costs; costs and life-years were discounted at an annual
rate of 3%.34 We then calculated incremental cost-effectiveness
ratios (ICERs). An ICER is the additional cost of a strategy
divided by its additional health benefit, compared with the next

TABLE 2. Cervical Cancer Impact, Costs, and ICERs of Screening in HIV-Infected Women*

Strategy
Cancer Incidence
Reduction, %†

Cancer Mortality
Reduction, %†

Discounted Lifetime Cost,
2017 US Dollars

Discounted Life
Expectancy (yrs)‡

ICER
($ Per YLS)§

No screening — — 2227 (2214–2248) 19.937 (19.704–20.077) —

Pap (HSIL+), 3y 26.4 (19.9–32.7) 36.1 (30.9–41.0) 2272 (2260–2288) 20.069 (19.931–20.152) 340 (180–630)

Pap (HSIL+), 2y 34.2 (26.8–40.5) 43.4 (37.6–48.1) 2294 (2283–2309) 20.094 (19.973–20.166) 900 (500–
1600)

HPV (test-and-
treat), 3y

49.1 (44.6–53.5) 54.1 (50.7–57.5) 2338 (2333–2348) 20.119 (20.009–20.188) 1780 (800–
3070)║

HPV-VIA, 3y 46.8 (42.0–51.3) 52.0 (48.2–55.4) 2351 (2345–2360) 20.110 (19.994–20.182) Dominated

Pap (HSIL+), 1y 46.3 (39.3–51.7) 53.3 (48.4–56.9) 2358 (2347–2372) 20.127 (20.028–20.185) 2420 (1160–
3670)¶

Pap (ASCUS+),
3y

36.1 (29.1–41.8) 44.8 (39.4–48.9) 2362 (2355–2373) 20.096 (19.974–20.171) Dominated

HPV (test-and-
treat), 2y

56.6 (52.7–59.8) 60.1 (57.5–62.5) 2393 (2388–2400) 20.138 (20.044–20.198) 3010 (1670–
5580)

HPV-VIA, 2y 53.8 (49.3–57.4) 57.8 (54.4–60.6) 2403 (2397–2410) 20.129 (20.028–20.193) Dominated

Pap (ASCUS+),
2y

43.5 (36.8–49.0) 51.0 (46.2–54.9) 2403 (2396–2413) 20.117 (20.011–20.183) Dominated

HPV (16/18 gen),
3y

35.3 (31.1–39.8) 40.8 (37.0–44.9) 2405 (2394–2414) 20.072 (19.919–20.162) Dominated

HPV-Pap, 3y 37.3 (30.7–42.7) 45.1 (40.2–49.1) 2412 (2404–2425) 20.097 (19.975–20.172) Dominated

HPV-Pap, 2y 43.8 (36.8–49.2) 50.7 (45.4–54.5) 2461 (2454–2472) 20.115 (20.007–20.182) Dominated

Pap (ASCUS+),
1y

52.5 (46.7–56.9) 57.9 (53.8–60.6) 2474 (2465–2485) 20.141 (20.052–20.195) Dominated

HPV (16/18 gen),
2y

42.2 (37.8–46.5) 46.9 (43.2–50.8) 2478 (2469–2487) 20.091 (19.952–20.172) Dominated

HPV-VIA, 1y 61.0 (57.5–63.4) 63.5 (61.1–65.1) 2523 (2518–2529) 20.149 (20.063–20.203) Dominated

HPV (test-and-
treat), 1y

64.0 (61.6–65.5) 65.8 (64.3–67.0) 2551 (2543–2560) 20.158 (20.079–20.208) 8020 (4415–
14,940)

HPV-Pap, 1y 51.5 (45.6–55.9) 56.7 (52.5–59.7) 2552 (2542–2563) 20.135 (20.043–20.191) Dominated

HPV (16/18 gen),
1y

50.7 (46.4–54.4) 53.8 (50.1–57.1) 2669 (2662–2676) 20.115 (19.993–20.185) Dominated

*Values represent the average model output across the 50 best-fitting input parameter sets from the calibrated model; values in parentheses indicate the minimum and maximum
values across the 50 parameter sets. Strategies are listed in order of increasing cost. Results are from simulating a cohort of 1 million women.

†Cancer reduction for each strategy reflects the percentage reduction in the absolute lifetime risk of cervical cancer (incidence or mortality) compared with no screening.
‡Discounted life expectancy is reported from the age of 9 years, when the model begins to record cost and health outcomes for the hypothetical cohort.
§Dominated strategies are defined as those that are either more costly and less effective than or having a higher ICER than a more effective strategy and are thus an inefficient use

of resources.
║HPV test-and-treat at a screening interval of every 3 years was a dominated strategy in 15 of 50 parameter sets.
¶Pap (HSIL+) at a screening interval of every 1 year was a dominated strategy in 18 of 50 parameter sets.
16/18 gen, HPV genotyping for types 16 and 18; 1y, screening interval of 1 year; 2y, screening interval of 2 years; 3y, screening interval of 3 years; ASCUS+, atypical squamous

cells of undetermined significance or worse; HSIL+, high-grade squamous intraepithelial lesion or worse; Pap, Pap (ie, cytology) screening.
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most costly strategy after eliminating strategies that are
dominated (ie, either more costly and less effective, or having
higher ICERs than more effective strategies). Across the 50
top-fitting input parameter sets, the ICER was calculated as the
ratio of the mean cost divided by the mean health effect. We
considered the following possible cost-effectiveness thresholds
as a benchmark to indicate strategies that provide good value
for money: (1) South Africa’s per capita gross domestic
product (GDP) (2016 US$5270)41; (2) 50% of South Africa’s
per capita GDP (2016 US$2640); and (3) the cost per
disability-adjusted life-year averted for extending ART eligi-
bility from adult patients with CD4 counts of 350 cells/mL or
less to patients with CD4 counts of 500 cells/mL or less—an
approximation of the opportunity cost of HIV care in South
Africa—as estimated by a recent cost-effectiveness analysis
using 12 mathematical models (high estimate for South African
models: 2016 US$1190).42

Scenario analyses assessed the impact of alternate
parameter values and assumptions on cost-effectiveness
results (Table 1).

RESULTS
The impact on cervical cancer incidence and mortality,

lifetime cost, life expectancy, and ICER for each screening
strategy is presented in Table 2. Beginning at HIV diagnosis
at the age of 25 years, HPV test-and-treat at 1-year intervals
was the most effective strategy (ie, yielded the greatest
reductions in cervical cancer incidence and mortality; greatest
years of life saved), reducing the absolute lifetime risk of
cervical cancer by 64% compared with no screening. HPV-
VIA was nearly as effective, reducing cancer risk by 61%. As
screening intervals expanded from 1 to 3 years, the impact on
cancer incidence was reduced; HPV test-and-treat every 3
years reduced cancer risk by 49.1%, whereas HPV-VIA every
3 years reduced cancer risk by 46.8%. For any given
screening interval, HPV test-and-treat was the most effective
strategy followed by HPV-VIA, whereas Pap (HSIL+) was
the least effective strategy due to low test sensitivity and the
high number of required visits for screening and management.
HPV-Pap was more effective at reducing cancer risk than Pap
(ASCUS+) or HPV16/18 genotyping at the same interval,

FIGURE 2. Cost-effectiveness analysis: base case results. The graph displays the discounted lifetime costs (x-axis; in 2017 US$) and
life expectancy (y-axis) associated with each screening strategy delivered at intervals of every 1 (1y, circles), 2 (2y, squares), or 3
(3y, triangles) years. Screening strategies included Pap (HSIL+) (Pap testing at a referral threshold of atypical squamous cells
cannot rule out high-grade/high-grade squamous intraepithelial lesions or worse); Pap (ASCUS+) (Pap testing at a referral
threshold of atypical squamous cells of undetermined significance or worse); HPV (test-and-treat) (HPV testing followed by
treatment for all HPV-positive women); HPV-VIA (HPV testing followed by VIA for HPV-positive women, and treatment for all HPV-
positive/VIA-positive women); HPV-Pap (HPV testing followed by Pap triage of HPV-positive women, and treatment for all
HPV-positive/ASCUS+ women); and HPV genotyping (HPV testing followed by genotyping for HPV-positive women, with HPV16/
18-positive women referred to treatment and other oncogenic types referred to colposcopy). The cost-effectiveness associated
with a change from one strategy to a more costly alternative is represented by the difference in cost divided by the difference in
life expectancy associated with the 2 strategies. The curve indicates the strategies that are efficient because they are more effective
and either (1) cost less or (2) have a more attractive cost-effectiveness ratio than less effective options. The ICER is the reciprocal of
the slope of the line connecting the 2 strategies under comparison.
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TABLE 3. Optimal Screening Strategies in HIV-Infected Women, Under Different Cost-Effectiveness Thresholds*

(continued on next page)
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except at 1-year interval when Pap (ASCUS+) was slightly
more effective.

Pap (HSIL+) every 3 years had the lowest ICER [$340
per year of life saved (YLS)], followed by Pap (HSIL+) every
2 years ($900 per YLS), but these strategies also were the
least effective. More effective strategies that were also
efficient (ie, nondominated strategies that lie on the efficiency
frontier) included HPV test-and-treat every 3 years ($1780
per YLS), Pap (HSIL+) every year ($2420 per YLS), HPV
test-and-treat every 2 years ($3010 per YLS), and HPV test-
and-treat every year ($8020 per YLS) (Fig. 2). The optimal
strategy—the most effective strategy with an ICER below
a specified cost-effectiveness threshold—varied according to
threshold (Table 3). At a threshold of $1190, Pap (HSIL+)
every 2 years was optimal, reducing cancer incidence by

34.2%. At a higher threshold of $2640, Pap (HSIL+) every
year was optimal, reducing cancer incidence by 46.3%. Given
the threshold of per capita GDP ($5270), HPV test-and-treat
every 2 years was the optimal strategy, reducing cancer
incidence by 56.6%.

Results from scenario analyses are presented in Table 3.
The optimal strategy according to cost-effectiveness threshold
did not change when we varied assumptions around screening
coverage, reduced eligibility for cryotherapy, reduced cost of
HIV-related care, increased cost of cryotherapy, reduced
women’s time costs, or reduced or increased cancer costs.
HPV-based screening strategies became optimal at a lower
threshold when we assumed reduced cancer mortality rates,
reduced visit compliance, reduced diagnostic performance of
colposcopy, reduced Pap test performance, increased

TABLE 3. (Continued ) Optimal Screening Strategies in HIV-Infected Women, Under Different Cost-Effectiveness Thresholds*

Thresholds are in 2016 US$.
*The table indicates the optimal screening strategy (ie, screening test and screening interval) under a range of cost-effectiveness thresholds as benchmarks of good value for money.

The optimal strategy was the most effective strategy with an ICER less than the indicated threshold. Blue shading indicates the HPV test-and-treat strategy (light blue: 1-year intervals;
blue: 2-year intervals; dark blue: 3-year intervals), whereas orange shading indicates Pap testing (referral threshold: HSIL+) (light orange: 1-year intervals; orange: 2-year intervals; dark
orange: 3-year intervals). The % cost-effective refers to the proportion of simulations across the 50 top-fitting parameter sets in which the specified strategy was optimal for the cost-
effectiveness threshold. Results are from simulating a cohort of 1 million women.

†The threshold is equivalent to South Africa’s per capita GDP.
‡The threshold is equivalent to 50% of South Africa’s per capita GDP.
§The threshold is equivalent to the cost per disability-adjusted life-year averted for extending ART eligibility from adult patients with CD4 counts of 350 cells/mL or less to patients

with CD4 counts of 500 cells/mL or less, as estimated by a recent cost-effectiveness analysis using 12 mathematical models (high estimate for South African models: 2016 US$1190).42

║Stage-specific cancer mortality rates were derived from a registry-based study in middle-income countries with a low burden of HIV,17 rather than the stage-specific mortality rates
derived from studies in HIV-infected women used for the base case analysis (described in the Methods).

1y, screening at 1-year intervals; 2y, screening at 2-year intervals; 3y, screening at 3-year intervals.
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women’s time cost, reduced HPV test cost, assumed LLETZ
was the only available treatment, or assumed a discount rate
of 0%. Pap-based screening (primarily at an HSIL+ referral
threshold) displaced HPV testing as the optimal strategy
below the per capita GDP threshold when effectiveness of
cryotherapy decreased, when colposcopy and treatment were
assumed to always occur at the same visit, or when the
discount rate was 6%.

DISCUSSION
This model-based analysis found that, for women

presenting with HIV at the age of 25 years and receiving
prompt access to ART in South Africa, HPV testing every 2
years followed by treatment for HPV-positive women was
very cost-effective according to a cost-effectiveness threshold
based on per capita GDP, reducing cervical cancer risk by
56.6%. At lower willingness-to-pay thresholds (including
50% of per capita GDP and $1190), Pap testing (HSIL+
threshold) every 1–2 years would be considered optimal but
would yield much lower reductions in cervical cancer risk
(46.3% and 34.2%, respectively). Optimal strategies under
various cost-effectiveness benchmarks were robust across
many scenario analyses. However, when the high direct
medical cost of the HPV test in the base case was reduced to
$35, HPV test-and-treat at 2- or 3-year intervals was the
optimal strategy for all benchmarks considered. Furthermore,
because of the lower number of required visits for this
strategy compared with Pap-based strategies, less favorable
assumptions regarding visit compliance improved the relative
attractiveness of HPV test-and-treat.

To determine whether an intervention should be
included in a package of services, a benchmark of health
opportunity costs, or cost-effectiveness threshold, must be
established. The WHO Commission on Macroeconomics
and Health suggests that interventions with ICERs less than
per capita GDP are “very cost-effective” and less than 3
times per capita GDP are “cost-effective.41” Yet recent
analyses suggest that accepting interventions according to
per capita GDP may displace interventions yielding sub-
stantial health benefits with less effective interventions.43 In
the absence of a formal threshold based on empirical data
from South Africa, we considered alternative thresholds,
including 50% of per capita GDP and $1190, which
represents the ICER (from a recent modeling study in South
Africa) of expanding ART coverage from all adults with
CD4 counts below 350 cells/mL to those with CD4 counts
below 500 cells/mL. In addition to consideration of value for
money, it is critical to consider health equity in determining
what services should be available.

In South Africa, access to cryotherapy is limited, but
recently drafted guidelines rely heavily on this form of
treatment, and our analysis assumed that most eligible women
would receive cryotherapy.10 The effectiveness of treatment
in HIV-infected women is uncertain. One recent randomized
trial found that HIV-infected women with CIN2/3 were more
likely to experience recurrence after cryotherapy than after
LEEP at 12 and 24 months after treatment, as measured by
HSIL+ on cytology; another trial in South Africa found that

more women had recurrent CIN2+ after cryotherapy than
LEEP at 6 months, but by 12 months, the difference was not
significant.30,44 When we assumed all women were treated
with LLETZ instead of cryotherapy, HPV test-and-treat every
3 years was optimal at cost-effectiveness thresholds of per
capita GDP and 50% of per capita GDP; less frequent
screening was needed because of the assumed greater
effectiveness of treatment. Although our analysis included
the costs associated with potential overtreatment of screen-
positive women in HPV test-and-treat strategies, we did not
consider the impact of potential adverse reproductive out-
comes. Guidelines will need to weigh safety, effectiveness,
and logistical considerations (such as cost, provider training,
and capacity) in recommending surgical versus ablative
treatments for women with HIV.

Because of the complexities of modeling HIV and
HPV coinfection, few studies have evaluated the cost-
effectiveness of cervical cancer screening in HIV-infected
women in a low- or middle-income country. Vanni et al45

found that HPV testing every 1–2 years followed by Pap
triage of HPV-positive women was cost-effective in Brazil
but did not consider HPV testing with treatment for all HPV-
positive women. Lince-Deroche et al35 estimated the cost
per case of CIN2+ detected associated with screening in
South Africa and found that HPV testing followed by
colposcopy of HPV-positive women had the highest cost
per case detected, whereas VIA had the lowest; however,
this analysis did not consider the cost offsets of
prevented cancers.

There are several limitations to this analysis. We did not
have data to inform HPV transitions stratified by CD4 count,
viral load, or ART status and thus assumed a common
trajectory of HIV disease in the modeled cohort. Further
research on the time-dependent impact of ART on HPV and
cervical cancer transitions will inform future modeling efforts.
Furthermore, our calibration to oncogenic HPV prevalence
relied on data from the VICAR study of HIV-infected women
in Johannesburg, and we thus could not calibrate to the
prevalence of HPV for women younger than 20 years before
HIV infection, nor can we assume generalizability to HIV-
infected women in other parts of the country. However, by
achieving good fit to HPV prevalence beginning at the age of
20 years, when screening does not begin until the age of 25
years, we believe the model reflects appropriate clearance
versus persistence of earlier HPV infections. Furthermore, our
validation exercises examining model-projected cervical
cancer incidence relative to registry data for the general
population are consistent with hazard ratios gleaned from
studies in HIV-infected versus uninfected women.46

Although we modeled screening strategies based on WHO
recommendations and recently drafted guidelines in South
Africa, HPV testing is not widely available in South Africa at
this time. Although there are plans for scale-up as resources
become available, the delivery of HPV testing and manage-
ment may need to be refined based on system resources or
improved for more efficient delivery. We did not consider
reduced screening intervals after a specific number of
negative screening tests, nor did we model switching from
Pap-based to HPV-based screening or cotesting after the age
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of 30 years, as US guidelines suggest.47 We did not consider
the future impact of HPV vaccination of girls, which was
introduced in South Africa in 2014.

As women live longer due to improved access to life-
saving ART, they will likely continue to face an elevated risk
of cervical cancer. In South Africa, expanded access to
organized cervical cancer screening with cytology has
reduced cervical cancer incidence in HIV-infected women4;
however, tremendous disparities in access to screening
remain. Our model-based analysis demonstrates that cervical
cancer screening is likely to be both effective and very cost-
effective in HIV-infected women in South Africa. If sufficient
resources are available, HPV testing at 2-year intervals can
achieve greater reductions in cancer risk than Pap-based
strategies in South Africa through increased detection of
precancer and fewer visits per screening episode. As the
demand for HPV testing rises and test costs decline, a shift
toward HPV-based test-and-treat strategies in South Africa
and other low-resource settings with a high burden of HIV
may improve access and save lives. Health services research
will be necessary to integrate cervical cancer prevention with
HIV-related services through community outreach, task-
shifting to nonphysicians, and strengthening information
systems to track patients48; integrating and improving service
delivery for high-risk women is a tremendous opportunity to
transform the health care system and reduce health disparities.
We present optimal strategies under a range of benchmarks
for cost-effectiveness to stimulate action from international
donors, advance policy discussions, and inform implementa-
tion efforts—so that women who are saved from HIV will not
die of cervical cancer.
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