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Eastern Africa has the world’s highest cervical cancer incidence and mortality rates. We used epidemiologic data from Kenya,
Mozambique, Tanzania, Uganda, and Zimbabwe to develop models of HPV-related infection and disease. For each country, we
assessed HPV vaccination of girls before age 12 followed by screening with HPV DNA testing once, twice, or three times per
lifetime (at ages 35, 40, 45). For women over age 30, we assessed only screening (with HPV DNA testing up to three times
per lifetime or VIA at age 35). Assuming no waning immunity, mean reduction in lifetime cancer risk associated with
vaccination ranged from 36 to 45%, and vaccination followed by screening once per lifetime at age 35 with HPV DNA testing
ranged from 43 to 51%. For both younger and older women, the most effective screening strategy was HPV DNA testing three
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times per lifetime. Provided the cost per vaccinated girl was less than 1$10 (IS2 per dose), vaccination had an incremental
cost-effectiveness ratio [IS (international dollars)/year of life saved (YLS)] less than the country-specific per capita GDP, a
commonly cited heuristic for “very cost-effective” interventions. If the cost per vaccinated girl was between 1510 (IS2 per
dose) and 1$25 (1S5 per dose), vaccination followed by HPV DNA testing would save the most lives and would be considered
good value for public health dollars. These results should be used to catalyze design and evaluation of HPV vaccine delivery
and screening programs, and contribute to a dialogue on financing HPV vaccination in poor countries.

Cervical cancer, caused by infection with carcinogenic “high-
risk” types of human papillomavirus (HPV), is a leading
cause of cancer deaths among women in Africa.' In Eastern
Africa, which has the world’s highest reported rates of cervi-
cal cancer incidence and mortality,’ HPV types 16 and 18
are associated with ~75% of cases.”

In countries with organized cervical cancer screening pro-
grams, incidence and mortality have decreased substantially.”

Key words: human papillomavirus, cervical cancer, vaccination,
screening, economic evaluation, Eastern Africa

Abbreviations: CIN: cervical intraepithelial neoplasia; HIV: human
immunodeficiency virus; HPV: human papillomavirus; I$:
international dollars; VIA: visual inspection with acetic acid; YLS:
year of life saved.
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version of this article.
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To date, screening in East African countries has been limited
to demonstration projects or low levels of opportunistic
screening in young women."" Barriers to secondary preven-
tion in poor countries include lack of health delivery infra-
structure, trained personnel, and equipment required for
screening, diagnosis, and treatment; limited health budgets;
and competing healthcare priorities.” Despite the difficulties
of implementing and scaling up secondary prevention pro-
grams, economic evaluations and studies assessing test per-
formance suggest that one- and two-visit screen-and-treat
approaches could be feasible, beneficial, and cost-effective in
resource-poor settings.® A large randomized trial in India
demonstrated that a single round of screening using HPV
DNA testing in women over age 30 reduced advanced cervi-
cal cancer incidence and mortality in a developing country
setting by 50%.” A recently developed, lower-cost and less
time-consuming HPV DNA test that is being piloted in sev-
eral demonstration projects facilitates same-day testing and
treatment, and may reduce costs and loss to follow-up in
low-income countries.*’

The potential for primary prevention has been realized
with the availability of two HPV vaccines, both with high

*In April 2011, the Rwandan government announced the launch of a
comprehensive cervical cancer prevention program including screening
with HPV DNA testing and HPV vaccination.
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efficacy against infection with HPV 16/18, and recently pre-
qualified by the World Health Organization.'™'? Challenges
to vaccination of preadolescent girls include the high cost of
the vaccines, the need for three doses at an age not routinely
targeted for vaccination, and limited data on optimal delivery
strategies for preadolescents.'

Acknowledging that country-specific data are limited, this
analysis aims to synthesize available data to (1) inform policy
makers and high-level decision makers of the potential value
of alternative cervical cancer prevention strategies; and (2)
explore the comparative performance of, and potential syner-
gies between primary and secondary prevention strategies.
We estimate the reduction in lifetime risk of cervical cancer
associated with HPV vaccination of preadolescent girls and
screening of older women in five East African countries:
Kenya, Mozambique, Tanzania, Uganda, and Zimbabwe. For
selected countries, we assess the cost-effectiveness of preven-
tion strategies, estimate the financial costs of preadolescent
HPV vaccination, and explore alternative assumptions about
vaccine efficacy, coverage, and duration of protection, as well
as the impact of screening coverage, test performance, and
loss to follow-up.

Material and Methods

Analytic overview

Using epidemiologic data for five East African countries, we
adapted a previously described computer-based simulation
model of cervical carcinogenesis'*'® to Kenya, Mozambique,
Tanzania, Uganda, and Zimbabwe. Adopting a decision ana-
Iytic approach, we estimated the health impact (e.g., reduc-
tion in lifetime cervical cancer risk) of: (1) HPV 16/18 vacci-
nation of preadolescent girls; (2) screening of adult women
over age 30 using HPV DNA testing or visual inspection
with acetic acid (VIA); and (3) preadolescent vaccination fol-
lowed by screening at older ages. Following standard guide-
lines for cost-effectiveness analysis'®'® for four countries,
we estimated incremental cost-effectiveness ratios, defined as
the additional cost of a particular strategy (per woman, in
2005 international dollars, I$) divided by its additional bene-
fit (per woman life expectancy gain), compared with the next
most costly strategy after eliminating strategies that are domi-
nated (defined as more costly and less effective, or having
higher incremental cost-effectiveness ratios than more effec-
tive options). We performed sensitivity analysis to evaluate
the impact of uncertain parameters and assumptions.

Model
The model is described in previous publications.
Briefly, the natural history of cervical carcinogenesis in an

14,15,19

"Because the Zimbabwe dollar was discontinued in 2009 due to severe
hyperinflation, we do not report cost-effectiveness results for Zim-
babwe. The reliability of international dollars to convey the purchasing
power of local currency units within a country’s borders is limited when

the value of local currency changes dramatically within a short period.
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individual woman is represented as a sequence of monthly
transitions between mutually exclusive health states, including
HPYV infection status, grade of cervical intraepithelial neopla-
sia (CIN), and stage of cancer. Individual girls representative
of a single birth cohort enter the model at age 9, prior to sex-
ual debut, and are followed over their lifetimes. Transitions
between health states depend upon HPV type, age, and his-
tory of prior type-specific infection (naturally acquired im-
munity). HPV types are categorized hierarchically, with a
woman classified according to her dominant type of infec-
tion: (1) HPV 16; (2) HPV 18; (3) other high-risk types (31,
33, 35, 39, 45, 51, 52, 56, 58, 59, and 68) and possibly high-
risk types (26, 53, 66, 73, 82, and 82v); and (4) low-risk
types.”® Strategies in the model can include age-specific vacci-
nation, screening, or both, and the model differentiates the
number of doses (in the case of vaccination) and test choice,
frequency, and diagnostic protocol (in the case of screening).
Women with cervical cancer can be detected via symptoms
or screening, and are subject to stage-specific mortality rates
in addition to all-cause age-specific mortality rates.

Epidemiologic data and calibration
Our model parameterization process has been described pre-
viously and is detailed in the Supporting Information
Appendix.' !>

Briefly, we leveraged epidemiologic data (country-specific
when possible) on age-specific prevalence of high-risk HPV
in women with normal cytology, age-specific cervical cancer
incidence, and prevalence of HPV 16/18 in cervical cancer.
Data sources and summary statistics are listed in Table 1 and
described further in the Supporting Information Appendix.

Based on data from the published literature, a plausible
range was established for each natural history parameter, and
uniform distributions were sampled jointly. Each round of
sampling generated a different set of candidate values to
input into the model. For each of the greater than 2 million
input parameter sets, outcomes generated by model simula-
tions were compared with the country-specific epidemiologic
data. A composite goodness-of-fit score for each parameter
set was computed based on the sum of the log-likelihoods of
each model outcome. We selected the top 50 sets for each
country to use as model inputs for our analysis. Graphs
depicting model fit to each country’s epidemiologic data may
be found in the Supporting Information Appendix. To incor-
porate the effects of parameter uncertainty, we report results
as a mean and range of outcomes. Incremental cost-effective-
ness ratios are reported as the ratio of the mean costs divided
by the mean effects of one strategy versus another across the
top 50 parameter sets.”!

Strategies

To compare the potential benefits of any cervical cancer
intervention with other public health interventions evaluated
under optimistic delivery assumptions,”* our baseline “com-
parative” analysis assumed 70% of the target population
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Figure 1. Reduction in lifetime risk of cervical cancer attributable to selected vaccination and screening strategies. Colored vertical bars

represent the mean reduction in lifetime risk of cancer (on the y-axis) for selected strategies (on the x-axis) in each country (light blue: Kenya;

dark blue: Mozambique; yellow: Tanzania; green: Uganda; pink: Zimbabwe). Error bars represent the range of uncertainty in cancer reduction

based on the 50 top-fitting parameter sets in each country. VIA, visual inspection with acetic acid; HPV, HPV DNA testing; 1x, screening once

per lifetime at age 35; 2x, screening twice per lifetime at ages 35 and 40; 3x, screening three times per lifetime at ages 35, 40, and 45.

received the first step of the intervention (first dose of vacci-
nation or screening), with an attrition rate of 15% for each
subsequent intervention step (Table 1).

We assumed vaccination occurred before age 12 (prior to
sexual debut for most women). For girls receiving all three
doses, we assumed the vaccine provided full lifelong protec-
tion against HPV 16/18, while two doses conferred 90%, and
one dose conferred 30% lifelong protection (Table 1). Because
of uncertainty in achievable coverage and real-world clinical
effectiveness of the vaccine, we varied coverage and per-dose
attrition rates, overall effectiveness (a function of per-dose ef-
ficacy and the per-dose attrition rate), and duration of immu-
nity in additional analyses.

Screening strategies primarily used HPV DNA testing,
and we varied screening frequency (once, twice, or three
times in a lifetime, at ages 35, 40, and 45, respectively) and
the number of required clinical visits for screening and treat-
ment. Only one VIA strategy was considered—a single test at
age 35—due to concerns about low sensitivity for incident
lesions and declining test performance in older women.>* >
For screening strategies that relied on a single visit, we
assumed that women who were screen positive and eligible
for cryosurgery were treated the same day; for those not eligi-
ble for cryosurgery, we assumed referral to a secondary facil-
ity for further diagnostic testing and treatment. For two-visit
screening strategies, we assumed women were screened dur-
ing the first visit and returned for a second visit to obtain
results (in the case of HPV DNA testing) and, if they
screened positive and were eligible, received cryosurgery

(Table 1; Supporting Information Appendix). We assessed
the impact of varying screening coverage rates and loss to
follow-up after each clinic visit. To allow decision makers to
contextualize results based on likelihood of uptake and cover-
age in a specific population, we also varied coverage for vac-
cination and screening differentially.

Cost data

Selected costs are presented in Table 1, and complete documenta-
tion of cost assumptions is provided in the Supporting Informa-
tion Appendix. Costs are presented in 2005 international dollars
(I$), a currency that provides a means of translating and compar-
ing costs among countries, taking into account differences in pur-
chasing power. When country-specific data were unavailable, we
adapted cost data from other countries using previously pub-
lished methods.*'*'*?® Because the price of the HPV vaccine®
and programmatic costs of delivering an adolescent vaccine in
Eastern Africa are not known, we express vaccine costs as an ap-
proximate composite value referred to as the “cost per vaccinated
girl,” which we varied from I$5 to 1$200; this was categorized
into vaccine costs, wastage, freight and supplies, administration,
immunization support, and programmatic costs. For example, a
cost of I$10 per vaccinated girl approximated three doses of vac-
cine at 1$2.00 each, with the remainder allocated to the other
component costs. For screening strategies, direct medical costs

*In June 2011, Merck announced that it will offer its HPV vaccine to the
GAVT Alliance at US$5 per dose. (http://www.gavalliance.org/media_

centre/press_releases/vaccine_prices.php).
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(e.g., staff, supplies, equipment, specimen transport) and wom-
en’s time and transportation costs were included.

Results

Population-level health benefits

First we present results for our baseline analysis, in order to
compare the potential value of HPV vaccination and cervical
cancer screening, analyzed under optimistic assumptions
(e.g., 70% coverage, lifelong immunity), to other public health
interventions.*® Results are then presented for more conserv-
ative scenarios.

For preadolescent girls eligible for vaccination, the mean
reduction in the lifetime risk of cancer with vaccination
ranged from 36% (Kenya, range: 28-49%) to 45% (Zim-
babwe, range: 32-54%) (Fig. 1). The most effective strategy
was a combined approach of adolescent vaccination followed
by screening once per lifetime at age 35 using one-visit HPV
DNA testing; this strategy was associated with a mean cancer
reduction ranging from 43% in Kenya (range: 34-56%) to
51% in Uganda (range: 42-60%) and Zimbabwe (range: 41-
61%). Results for additional strategies may be found in the
Supporting Information Appendix.

For women older than age 30, the most effective strategy
was one-visit HPV DNA testing and the least effective once
per lifetime screening strategy was VIA. Screening three
times per lifetime with one-visit HPV DNA testing reduced
cancer risk from 27% (Mozambique, range: 19-37%) to 34%
(Tanzania, range: 22-46%).

Cost-effectiveness analysis
For preadolescent girls eligible for vaccination, results of
analyses in which we vary the cost per vaccinated girl from
I$5 (1$0.55 per dose) to 1$200 (1$54.25 per dose) are shown
in Table 2. Two independent analyses are shown—one
assuming screening with one-visit HPV DNA testing, and
one assuming screening with two-visit HPV DNA testing.

Provided the cost per vaccinated girl was equal to, or below
I$10 (I$2 per dose), vaccination was less than I$500 per year of
life saved (YLS), and was more effective and had lower (more
attractive) cost-effectiveness ratios than screening alone. For
vaccine costs at or below I$25 per vaccinated girl (I$5 per
dose), preadolescent vaccination followed by screening with
one-visit HPV DNA testing at age 35 was associated with a
cost per YLS ranging from 1$740 (Tanzania) to 1$2090 (Kenya).
As the cost per vaccinated girl approached 1$50 (I$12.25 per
dose), vaccination alone was more costly and less cost-effective
than screening alone, with the exception of two-visit HPV
DNA testing in Uganda (I1$1240 per YLS). At I$200 per vacci-
nated girl (I$54.25 per dose), adolescent vaccination followed
by screening with one-visit HPV DNA testing at age 35 was
associated with a cost per YLS ranging from 1$5610 (Tanzania,
Uganda) to 1$15,000 (Kenya).

For women older than age 30, analyses shown in Table 3
assumed either one-visit VIA or HPV testing or two-visit
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VIA or HPV testing. We assumed countries would choose
screening modality, frequency, and number of visits based on
a number of factors—including existing pilot programs, avail-
able infrastructure and human resources, operational feasibil-
ity, and patient and cultural preferences—and thus, we pres-
ent scenarios based on alternative choices a country might
make for reasons other than cost-effectiveness. Additional
scenarios are presented in the Supporting Information
Appendix.

Provided that HPV DNA testing is available, HPV DNA
testing strategies were more effective with lower cost-effec-
tiveness ratios than VIA, ranging from 1$450 (one-visit HPV
testing once per lifetime, Tanzania) to 1$1860 (two-visit HPV
testing once per lifetime, Kenya) per YLS. When we assumed
VIA was the only available option, screening once per life-
time yielded cost-effectiveness ratios ranging from I1$700
(Tanzania) to I$2010 (Kenya) per YLS, reflecting both the
low cost and low effectiveness of VIA.

In each of the four countries considered, screening three
times per lifetime with one-visit HPV DNA testing was less
than I1$1400 per YLS, and with two-visit HPV DNA testing
less than I1$1800 per YLS. Additional results, including other
screening ages and frequencies, are presented in the Support-
ing Information Appendix.

Additional analyses

Results from sensitivity analyses are shown below and in the
Supporting Information Appendix using examples from
Kenya and Uganda. The performance of vaccination
depended upon vaccine efficacy, level of population coverage
with at least one dose, attrition rate per dose, and duration
of protection. As shown previously, the comparative perform-
ance of screening strategies depends on test performance,
population coverage, and loss to follow-up.*'*'®

Varying efficacy, population coverage, and attrition rate per
dose of the vaccine in Kenya. Figure 2 shows the reduction
in the lifetime risk of cancer in Kenya as per-dose efficacy
and coverage were varied. Overall effectiveness of the vaccine
is a function of per-dose efficacy—for which we considered a
scenario with the same protection as in the baseline analysis
(one dose: 30%; two doses: 90%; three doses: 100% lifelong
protection), as well as a more conservative scenario (one
dose: 0%; two doses: 50%; three doses 100% lifelong protec-
tion) and a more optimistic scenario (any doses: 100% life-
long protection)—and the attrition rate following administra-
tion of each vaccine dose, which we varied from 0 to 40%.
When 75% of girls received at least one dose of vaccine, the
mean reduction in the lifetime risk of cancer was 22%, even
with the more conservative vaccine protection scenario and
an attrition rate of 40% for each subsequent dose. When 75%
of girls received a vaccine conferring 100% protection with
just one dose, cancer risk was reduced by 45%.

Assuming an initial coverage rate with the first dose of
vaccine of 75%, as overall vaccine effectiveness was varied
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Table 2. Cost-effectiveness results for preadolescent girls*

Cervical cancer prevention in Eastern Africa

Kenya® Mozambique® Tanzania® Uganda®
1S/YLS IS/YLS I1S/YLS IS/YLS
Adolescent vaccination followed by a single lifetime HPV DNA testing at age 35 (1-visit)?
Cost per vaccinated girl: 1$5 (1$0.55 per dose)
Vaccine 160 80 CS 20
Screening with HPV, age 35 4 = = 4
Vaccine + screening with HPV, age 35 2,090 1,260 740 1,000
Cost per vaccinated girl: 1$10 (1$2.00 per dose)
Vaccine 470 250 90 130
Screening with HPV, age 35 —4 = = =
Vaccine + screening with HPV, age 35 2,090 1,260 740 1,000
Cost per vaccinated girl: 1$25 (1$5.00 per dose)
Screening with HPV, age 35 1,400 — = =
Vaccine 1,440 750 440 490
Vaccine + screening with HPV, age 35 2,090 1,260 740 1,000
Cost per vaccinated girl: 1$50 (1$12.25 per dose)
Screening with HPV, age 35 1,400 770 450 570
Vaccine —4 -4 4 -4
Vaccine + screening with HPV, age 35 3,580 1,870 1,260 1,300
Cost per vaccinated girl: 1$200 (1$54.25 per dose)
Screening with HPV, age 35 1,400 770 450 570
Vaccine =4 -4 -4 =4
Vaccine + screening with HPV, age 35 15,000 7,850 5,610 5,610
Adolescent vaccination followed by a single lifetime HPV DNA testing at age 35 (2-visit)®
Cost per vaccinated girl: 1$5 (1$0.55 per dose)
Vaccine 160 80 CS 20
Screening with HPV, age 35 4 4 -4 4
Vaccine + screening with HPV, age 35 2,810 1,690 1,060 1,370
Cost per vaccinated girl: 1$10 (1$2.00 per dose)
Vaccine 470 250 90 130
Screening with HPV, age 35 = = = =
Vaccine + screening with HPV, age 35 2,810 1,690 1,060 1,370
Cost per vaccinated girl: 1$25 (1$5.00 per dose)
Screening with HPV, age 35 -4 4 -4 =4
Vaccine 1,420 750 440 490
Vaccine + screening with HPV, age 35 2,810 1,690 1,060 1,370
Cost per vaccinated girl: 1$50 (1$12.25 per dose)
Screening with HPV, age 35 1,860 1,010 630 770
Vaccine -4 —4 —4 1,240
Vaccine + screening with HPV, age 35 3,480 1,830 1,220 1,370
Cost per vaccinated girl: 1$200 (1$54.25 per dose)
Screening with HPV, age 35 1,860 1,010 630 770
Vaccine =4 -4 4 =4
Vaccine + screening with HPV, age 35 14,570 7,650 5,420 5,450

yLs, years of life saved; HPV, human papillomavirus DNA testing; CS, cost-saving. All currencies are reported in 2005 international dollars (I$).
2Gross domestic product (GDP) per capita, 2005 |1$ for each country is as follows: Kenya (1$1470); Mozambique (1$791); Tanzania (1$1167); Uganda
(1$1077).?” 2Analyses assume either 1-visit HPV testing or 2-visit HPV testing. The results should be interpreted assuming that a country has
already decided to utilize a 1-visit or 2-visit strategy. Analyses that rely on alternative assumptions are provided in the Supporting Information
Appendix. “These strategies are either more costly and less effective, or have higher incremental cost-effectiveness ratios than more effective

options, and are thus considered dominated.
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Table 3. Cost-effectiveness results for screening in women over age
30"

Kenya’ Mozambique® Tanzania’ Uganda’

IS/YLS 1S/YLS IS/YLS IS/YLS
Screening with one-visit VIA once per lifetime®
VIA at age 35 2,010 1,080 700 840

Screening with either one-visit VIA or HPV DNA testing once per
lifetime?

VIA at age 35 4 -4 —4 -4
HPV at age 35 1,400 770 450 570

Screening with either two-visit VIA or HPV DNA testing once per
lifetime?

VIA at age 35 = -4 -4 -4
HPV at age 35 1,860 1,010 630 770

Screening with one-visit HPV DNA testing once or three times per
lifetime®®

HPV at age 35  —* 4 —4 570
HPV at ages 35, 1,370 720 450 720
40, 45

Screening with two-visit HPV DNA testing once or three times per
lifetime>®

HPV at age 35  -* 4 = 770
HPV at ages 35, 1,770 920 610 930
40, 45

YLS, years of life saved; VIA, visual inspection with acetic acid; HPV,
human papillomavirus DNA testing. *Gross domestic product (GDP) per
capita, 2005 1$ for each country is as follows: Kenya (1$1470);
Mozambique (1$791); Tanzania (1$1167); Uganda (1$1077).?” 2Analyses
assume either 1-visit VIA or HPV testing or 2-visit VIA or HPV testing. The
results should be interpreted assuming that a country has already decided
to utilize the strategy shown if a single strategy is presented; when two
strategies are shown as options, this assumption is not made. “These
strategies are either more costly and less effective, or have higher
incremental cost-effectiveness ratios than more effective options, and
are thus considered dominated. HPV DNA testing three times per
lifetime is compared with HPV DNA testing twice per lifetime, unless
the strategy was dominated, in which case HPV DNA testing was
compared to testing once per lifetime. Results for screening twice per
lifetime are presented in the Supporting Information Appendix.

from 60 to 100%, the corresponding cost-effectiveness ratios
associated with vaccination were reduced by ~60% (Support-
ing Information Appendix).

Varying  vaccination  and  screening  coverage  in
Uganda. Figure 3 shows the reduction in the lifetime risk of
cancer as screening and vaccination coverage were varied as
part of a strategy that followed preadolescent vaccination
with a single-lifetime screen with one-visit HPV DNA testing
at age 35.

Each level of vaccination coverage displayed represents a
potential scenario in Uganda, depending on which proxy
indicators for achievable HPV vaccination coverage prove to
be most realistic. For example, a modeled vaccination cover-
age level of 25% resembles the coverage achieved with the
hepatitis B vaccine in its first year of roll-out in Uganda
(29%).2® Under this assumption, combined HPV vaccination
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and screening reduced cancer risk by 19 to 26%, depending
on screening coverage, and cost less than 1$700 per YLS. If
girls’ likelihood of continuation to school grade 5 is a better
indicator of achievable HPV vaccination coverage, coverage
could be closer to 50%.%” Under this assumption, the strategy
reduced cancer risk by 35 to 40% and cost less than 1$850
per YLS. If HPV vaccination coverage were to exceed current
childhood vaccination coverage with three doses each of
DTP, Hepatitis B, and Hib vaccines (64-68%), a reasonable
proxy for projections might be a modeled coverage level of
75%. Under this assumption, the strategy reduced cancer risk
by 50 to 54% and cost less than 1$1100 per YLS.

Varying the performance and cost of HPV DNA testing in
women over age 30 in Kenya. As we varied HPV DNA test
sensitivity to detect cervical intraepithelial neoplasia grade 2
or higher (CIN2+) from ~90% to 63%, the expected reduc-
tion in lifetime risk of cancer associated with a single lifetime
screening (one-visit) fell from 11% to 8% and the cost-effec-
tiveness ratio increased from 1$1400 to 1$1840 per YLS.

If the cost of HPV DNA testing was reduced from the
baseline assumption of 1$10.68 to 1$5.34, the cost-effective-
ness ratio for a single lifetime screening (one-visit) decreased
from 1$1400 to I$1120 per YLS. If instead the HPV DNA
testing cost was doubled to 1$21.36, the cost-effectiveness ra-
tio for a single lifetime screening increased to 1$1940 per
YLS (Supporting Information Appendix).

We describe the dramatic impact on the population-level
benefits and the cost-effectiveness of two-visit HPV DNA
testing, as loss to follow-up associated with each clinical visit
was varied, in the Supporting Information Appendix.

Discussion

The vaccine-preventable burden of cervical cancer in Eastern
Africa is a function of cervical cancer incidence, the propor-
tion of disease attributable to HPV 16/18, long-term vaccine
efficacy, and the ability to achieve widespread coverage in
girls prior to sexual debut. In our analysis—intended to pro-
vide estimates of the potential value of vaccination and
screening if implemented under optimistic assumptions—we
found that HPV 16/18 vaccination at 70% coverage of girls
between ages 9 and 12 is expected to reduce the lifetime risk
of cancer by ~40%, even when considering attrition rates of
15% between doses. For girls vaccinated as preadolescents,
subsequent screening with HPV DNA testing at least once
per lifetime between ages 35 and 40 is expected to cut the
lifetime risk of cancer nearly in half. For women over age 30
today, screening three times per lifetime with one-visit HPV
DNA testing reduced cancer risk from 27% in Mozambique
to 34% in Tanzania.

We may have over- or underestimated vaccine perform-
ance. Clinical benefits associated with the vaccine may be
greater than predicted if there are herd immunity benefits to
nonvaccinated individuals, or if the vaccine provides long-
term cross-protection against high-risk HPV types other than
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Figure 2. Impact of vaccine effectiveness and coverage level on reduction in lifetime risk of cervical cancer in Kenya. Colored vertical bars

represent the mean reduction in cancer risk (on the y-axis) at different levels of overall vaccine effectiveness (60-100%, on the x-axis) for

varying levels of vaccination coverage (i.e., proportion of the target population that receives at least one dose of vaccine) (blue, 25%; purple,

50%; pink, 75%). Error bars represent the range of uncertainty in cancer reduction based on the 50 top-fitting parameter sets. Overall vaccine

effectiveness is a function of per-dose efficacy and the attrition rate following each dose (e.g., for an attrition rate of 40%: of the girls who

received at least one dose, 40% received only the first dose, 24% received two doses, and 36% received three doses). For example, an

overall vaccine effectiveness of ~60% would be realized with a vaccine conferring 100% efficacy with administration of 3 doses, 50% for 2

doses, and no benefit for 1 dose, and an attrition rate of 40% between each dose. The table at the top of the graph describes scenarios that

yield costs, benefits, and reduction in cancer risk similar to each corresponding level of overall vaccine effectiveness shown.

HPV 16/18. Analysis of clinical trial data suggests that the
quadrivalent HPV vaccine may provide some degree of cross-
protection against HPV 31 and HPV 59,%° while the bivalent
vaccine appears to provide cross-protection against persistent
infection at 6 months with HPV 31, 45, and 52.° While
HPV types 31, 45, 52, and 59 are detected in 2.5%, 6.3%,
1.2%, and 0.4%, respectively, of cancers in Eastern Africa,”
nearly 17% of cancers in the region are associated with mul-
tiple HPV types, and thus any improved efficacy due to
cross-protection may not be fully additive.

The effectiveness of the vaccine may be lower than our
baseline analysis suggests if vaccine-induced immunity is low
due to malnutrition, severe anemia, or comorbidities such as
HIV. Effectiveness of vaccination programs may also be less
than predicted if the attrition rate between doses is high and
administration of less than three doses confers little protec-
tion against HPV16/18. At this time, published data on the
efficacy of one- and two-dose regimens are limited. A biva-
lent vaccine trial in Costa Rica found comparable efficacy for
one, two, or three doses against persistent HPV infection
over a 3-year period.’’ Vaccination may be less effective if
the vaccine wanes while women are still at high risk of new
HPV infections. Because clinical studies of vaccine efficacy

1011 the actual duration

only extend to 5-7 years of follow-up,
of protection is uncertain.

There is no universal criterion that defines a threshold
cost-effectiveness ratio, below which an intervention would
be considered cost-effective. One heuristic has evolved from
the Commission on Macroeconomics and Health, suggesting
interventions with a cost-effectiveness ratio less than the
Gross Domestic Product (GDP) per capita would be “very
cost-effective” and less than three times the GDP per capita,
“cost-effective.”*> Provided the cost per vaccinated girl was
less than 1$10 (I$2 per dose), vaccination had an incremental
cost-effectiveness ratio less than the country-specific per cap-
ita GDP. If the cost per vaccinated girl was between I1$10
(I$2 per dose) and 1$25 (I$5 per dose), vaccination followed
by screening at age 35 with one-visit HPV DNA testing
would also be considered good value for public health dollars.
These results are similar to those reported previously in a dif-
ferent analysis.”

The single most influential factor on the cost-effectiveness
of vaccination is the cost of vaccinating adolescents with a
three-dose vaccine. There is uncertainty both in the price of
the vaccine for countries of different income levels and in the
programmatic costs associated with an adolescent vaccine. By
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Figure 3. Impact of vaccination coverage and screening coverage on
reduction in the lifetime risk of cervical cancer and the incremental
cost-effectiveness ratio of vaccination followed by one screening
per lifetime with one-visit HPV DNA testing (comparator: vaccine
alone; cost per vaccinated girl: 1$10), Uganda. Colored vertical bars
represent mean reduction in lifetime risk of cancer (on the primary
y-axis) at different levels of vaccination coverage (25-75%, on the
x-axis) and screening coverage (green, 25%; blue, 50%; pink, 75%).
Error bars represent the range of uncertainty in cancer reduction
based on the 50 top-fitting parameter sets. Lines with colors
corresponding to level of screening coverage represent the
incremental cost-effectiveness ratio (on the secondary y-axis) at
different levels of vaccination coverage. The dashed black line
represents a threshold of 30% cancer reduction. ICER, incremental
cost-effectiveness ratio; YLS, years of life saved.

expressing a composite cost per vaccinated girl, we capture
the potential cost-effectiveness of vaccination under a wide
range of vaccine price and program cost scenarios. Should
future studies indicate that one- or two-dose regimens are
noninferior, the cost per vaccinated girl may be closer to the
lower range we consider. The HPV vaccine will be competing
for the same resources as other new vaccines, such as the
Haemophilus influenzae type B (Hib) and hepatitis B vac-
cines, which have been introduced in 80% and 96% (respec-
tively) of African countries, and vaccines against rotavirus
and pneumococcal diseases, which are eligible for GAVI Alli-
ance support (roll-out of pneumococcal vaccination has
begun in Kenya).** The estimated cost per disability-adjusted
life year (DALY) averted for the Hib vaccine in Kenya was
$38, and for the hepatitis B vaccine in The Gambia was
$28.%>7¢ Estimated cost-effectiveness of rotavirus vaccination
in Kenya and Malawi ranges from $75 to $227 per DALY
averted when the vaccine course (including two doses and
programmatic costs) cost $9.26 to $11.70.°”*® Given these
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comparative cost-effectiveness estimates, it will be difficult for
the HPV vaccine to compete for dollars earmarked for exist-
ing programs or dollars considered for new programs if the
cost per vaccinated girl exceeds I$10 (I$2 per dose). That
being said, provided the price and cost of programmatic
delivery can be lowered, the benefits are comparable to those
of other new vaccines.”

While cost-effectiveness analysis provides information on
value for money, this is not equivalent to affordability, or the
financial impact of a cervical cancer prevention program on
a payer’s budget. The estimated financial costs of vaccine
roll-out scenarios in four countries at an estimated cost of
I$10 per vaccinated girl®® are displayed in the Supporting In-
formation Appendix. Both the cost-effectiveness profile and
financial costs of rolling out a vaccine program will need to
be favorable to implement a sustainable vaccination program.

The effectiveness of a screening program depends upon popu-
lation coverage, test performance, and the ability to screen and
treat in as few visits as possible. The impact of multiple screen-
ings may be less than our analysis indicates if attendance at one
screening correlates with attendance at subsequent sessions.
Based on the most recently available data, VIA was less effective
and cost-effective than the strategy appeared in older analyses.®
While data on the performance of both VIA and lower-cost
HPV DNA testing, used in a single-visit screening strategy, are
limited in Eastern Africa, a recent trial in South Africa found that
conventional HPV DNA testing reduced CIN2+ over three years
by 70-80%; reductions in the VIA arm were less evident.” We
used recent data from a Chinese study comparing VIA with con-
ventional [Hybrid Capture 2 (HC2); Qiagen, Gaithersburg, MD,
USA] and lower-cost HPV DNA (careHPV; Qiagen) testing to
inform test performance®; HC2 and careHPV were found to have
comparable sensitivity. In China, careHPV had a sensitivity of
81% on self-collected vaginal specimens (95% confidence inter-
val: 72-91%), and we examined the impact of an HPV test with
approximately 63% sensitivity to capture the effectiveness of this
strategy if patient preferences and operational constraints neces-
sitate self-sampling.

The cost of the careHPV test has not been established, and
may be different than the values assumed in our baseline com-
parative analysis. Like vaccination, HPV testing costs strongly
influence the cost-effectiveness of screening with the rapid test.
If self-sampling is accepted and facilitates greater screening
coverage at lower costs, the cost-effectiveness of HPV testing
will become even more attractive. Some have advocated VIA as
an alternative for very low-resource settings until HPV DNA
testing becomes more economical,'>*’
health workers to visualize the transformation zone of the cer-
vix will be an essential component of screen-and-treat strat-
egies involving HPV DNA testing in the future.

arguing that training

We have previously discussed inherent limitations in any
model-based decision analytic approach,'*'® but we reiterate
key points here. In addition to model structure and parame-
ter uncertainty, there are uncertainties with respect to the
natural history of HPV (particularly in older women), the
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nature of type-specific immunity following natural infection,
and the relationship between HIV and the course of HPV
infection. We summarize limitations related to the availability
and quality of country-specific data used for model calibra-
tion in the Supporting Information Appendix.

In the countries considered here, where adult HIV preva-
lence ranges from 5.4% (Uganda) to 15.3% (Zimbabwe), we
are mindful of how current data limitations regarding the
interaction between HPV and HIV may affect results. While
several studies from developed countries report increased
incidence of invasive cervical cancer among those infected
with HIV,*"*** cancer registries in African countries have not
generally reflected increased incidence rates corresponding to
time trends in the HIV epidemic.*> Our assumption of steady
time trends for cervical cancer incidence over the lifetime of
a cohort of preadolescent girls may over- or underestimate
health benefits, depending on changes in HIV prevalence in
women, the future availability of antiretroviral therapy, and
the extent to which antiretroviral therapy leads to increased
(due to greater life expectancy) or decreased (due to immune
reconsititution) cervical cancer incidence. (We note, however,
that for women with HIV whose lives are prolonged by anti-
retroviral therapy, cervical cancer is a preventable cause of
mortality.) Adding to the uncertain dynamic between the two
viruses, early data suggest a potential beneficial impact of
HPV vaccination on acquisition of HIV.**"*® If these findings
are valid and substantial, the benefits of the HPV vaccine in
Eastern Africa will be greater.

We did not consider the impact of vaccination on other
HPV-related diseases that are attributable to HPV 16/18—
including anal cancer, vulvar and vaginal cancer, and oro-
pharyngeal and oral cancer—and thus may have underesti-
mated potential benefits of the vaccine. We assumed there
was no correlation between the probability a woman received
the vaccine as a preadolescent girl and the probability she
subsequently received screening as an adult. The validity of
this assumption in a resource-poor setting is unclear. Addi-
tionally, country-specific cost data are lacking and many of
our estimates were derived using indirect estimation techni-
ques as summarized in the Supporting Information
Appendix.

Given the above limitations, our estimates of the benefits
and cost-effectiveness of cervical cancer prevention strategies
should be interpreted in the context of our analytic pur-
pose—namely, to provide initial insight to policy makers in
Africa, financing alliances (e.g., GAVI), and other potential
payers by leveraging the best available data. Country imple-
mentation will require a second series of decisions and corre-
sponding new analyses that consider the likelihood of uptake
and acceptability with country-contextualized strategies.
Forthcoming evidence from vaccine demonstration projects
in Uganda and Tanzania®”*® and implementation in
Rwanda®® will provide valuable information regarding the
effectiveness and costs of delivery strategies, as well as the
role of specific communication and educational efforts.

Cervical cancer prevention in Eastern Africa

Following implementation, decisions regarding whether and
how to monitor vaccine impact through investment in moni-
toring systems and cancer registries in target areas will also
be necessary. Vaccination and screening are applied to differ-
ent age groups, rely on different components of existing
infrastructure, and require the mobilization of financial
resources that are likely to come from different payers. Pro-
grams are synergistic in that vaccination prevents infection
with HPV 16/18, while screening allows for treatment of pre-
cancerous lesions caused by any high-risk HPV type before
progression to invasive cancer. Screening adult women once
has been shown to decrease cancer incidence and mortality
in a resource-poor setting in less than 10 years.”** We will
not see cancer reduction from a vaccination program for
many years to come. Screening programs will reduce cancer
risk among those who do not receive the vaccine, those who
are infected with nonvaccine targeted HPV types, and those
who may experience reduced vaccine efficacy (as a result of
immunosuppression or missed doses), and will provide insur-
ance at the population level, given the uncertainties sur-
rounding the long-term vaccine performance. Furthermore,
screening with HPV DNA tests may eventually enable sur-
veillance of HPV infection (with HPV typing in a subset who
are HPV positive), and thus assessment of vaccine impact,
within a population.®® Finally, screening remains the only
cervical cancer prevention for the millions of women in East-
ern Africa over age 20, who are beyond the targeted age for
vaccination.

In 2008, an estimated 53,000 women on the African conti-
nent died of cervical cancer. By 2030, this number will be
nearly double." Most of these women will not have access to
curative treatment and will die from this preventable disease
at an age when they are vital to social and economic stability.
In societies already ravaged by HIV, the loss of these women
will be felt acutely. Preadolescent vaccines to prevent infec-
tion with HPV 16/18 and a lower-cost HPV DNA test offer
opportunity to prevent these deaths. Provided vaccine and
screening test costs are low, these interventions are of great
promise. Yet even those strategies we have identified as cost-
effective will likely be unaffordable without assistance from
the global community. We hope this analysis will catalyze the
current dialogue about how to (1) expediently secure these
necessary resources, (2) develop delivery programs and evalu-
ate alternative implementation strategies for primary and sec-
ondary prevention, and (3) begin the discourse at the country
level over preferences for prevention modality, prioritization
relative to other health problems, timing of introduction, and
mechanisms for evaluation.
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