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Summary

Background—Radiotherapy is standard of care for cervical cancer, but major global gaps in
access exist, particularly in low-income and middle-income countries. We modelled the health and
economic benefits of a 20-year radiotherapy scale-up to estimate the long-term demand for
treatment in the context of human papillomavirus (HPV) vaccination.
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Methods—We applied the Global Task Force on Radiotherapy for Cancer Control investment
framework to model the health and economic benefits of scaling up external-beam radiotherapy
and brachytherapy for cervical cancer in upper-middle-income, lower-middle-income, and low-
income countries between 2015 and 2035. We estimated the unique costs of external-beam
radiotherapy and brachytherapy and included a specific valuation of women’s caregiving
contributions. Model outcomes life-years gained and the human capital and full income net present
value of investment. We estimated the effects of stage at diagnosis, radiotherapy delivery system,
and simultaneous HPV vaccination (75% coverage) up to a time horizon set at 2072.

Findings—For the period from 2015 to 2035, we estimated that 9-4 million women in low-
income and middle-income countries required treatment with external-beam radiotherapy, of
which 7-0 million also required treatment with brachytherapy. Incremental scale-up of
radiotherapy in these countries from 2015 to meet optimal radiotherapy demand by 2035 yielded
11-4 million life-years gained, $59-3 billion in human capital net present value (-$1.5 billion in
low-income, $19:9 billion in lower-middle-income, and $40-9 billion in upper-middle-income
countries), and $151-5 billion in full income net present value ($1-5 billion in low-income
countries, $53-6 billion in lower-middle-income countries, and $96-4 billion in upper-middle-
income countries). Benefits increased with advanced stage of cervical cancer and more efficient
scale up of radiotherapy. Bivalent HPV vaccination of 12-year-old girls resulted in a 3-9%
reduction in incident cases from 2015-2035. By 2072, when the first vaccinated cohort of girls
reaches 70 years of age, vaccination yielded a 22:9% reduction in cervical cancer incidence, with
38-4 million requiring external-beam radiotherapy and 28-8 million requiring brachytherapy.

Interpretation—Effective cervical cancer control requires a comprehensive strategy. Even with
HPV vaccination, radiotherapy treatment scale-up remains essential and produces large health
benefits and a strong return on investment to countries at different levels of development.

Introduction

Cervical cancer is a major cause of morbidity and mortality in women in low-income and
middle-income countries (LMICs). In 2018, the International Agency for Research on
Cancer estimated that 569 847 women were diagnosed with and 311 365 died from cervical
cancer worldwide, with 85% of diagnoses and 88% of deaths occurring in LMICs.1
Globally, it is the most commonly diagnosed cancer in 28 countries and the predominant
cause of cancer mortality in 42 countries, most of which are in sub-Saharan Africa and
Southeast Asia.l2 International efforts to address cervical cancer in LMICs and to reduce
global disparities have focused on early detection of precancerous lesions and prophylactic
vaccination against human papillomavirus (HPV) infections, the primary cause of nearly all
cervical cancers. However, this emphasis on primary and secondary prevention has not been
matched by provision of accessible treatment and palliative care.3

In countries without effective coverage of cervical cancer screening, many women,
especially those living in poverty, do not seek medical attention until their disease is
advanced and no longer amenable to surgical intervention.3®> Access to treatment and
financial protection is inadequate and too costly for most low-income families.5 When they
do seek care, treatment is often unavailable, which contributes to the disproportionately high
mortality from the disease in LMICs.
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Radiotherapy is the standard of care for stages IB3-111 cervical cancer’ and is a highly
effective and curative treatment, even for patients with advanced disease (stage IB2-1VA).8
However, radiotherapy is largely unavailable in LMICs, where the need is often greatest.
These disparities were well documented in the 2015 Lancet Oncology Commission on
Radiotherapy.# The Commission delineated the substantial health and economic benefits that
might accrue from a global investment in expansion of radiotherapy access and laid out a
call for action to include radiotherapy in cancer control planning and universal health
coverage schemes, as well as to invest in human resources and technical capacity, especially
in LMICs.#

The objective of this study was to inform policy by quantifying the health and economic
effects of scaling up radiotherapy over a 20-year period to achieve optimal use for patients
with cervical cancer by 2035, in the context of HPV vaccination. We extended previous
modelling approaches*? by evaluating the unique costs of treating patients who require both
external-beam radiotherapy (EBRT) and brachytherapy, an essential component of curative
treatment for cervical cancer.1% We also included the economic value of women’s
contributions as health-care providers and caregivers, applying the methods from the Lancet
Global Health 2035 Commission!! and the Lancet Commission on Women and Health.12
Additionally, we aimed to estimate the direct effect of implementing universal HPV
vaccination for 12-year-old girls on the future demand for radiotherapy from 2015 to 2072,
at which time the first vaccinated cohort (girls vaccinated in 2014) will reach 70 years of
age.

Radiotherapy investment model

Three independent models, which estimate demand, cost, and survival benefit of EBRT and
brachytherapy, were integrated into an investment framework developed by the Global Task
Force on Radiotherapy for Cancer Control for the 2015 Lancet Oncology Commission on
Radiotherapy to estimate the health and economic effects of scaling up access to
radiotherapy for cervical cancer in low-income, lower-middle-income, and upper-middle-
income countries (figure 1; appendix pp 1-8).% This framework relied on a parsimonious
Markov model, in which patients diagnosed between 2015 and 2035 were simulated over
their remaining lifetime from diagnosis in a scenario of radiotherapy scale-up compared
with no scale-up. In line with the Commission,* we assumed that radiotherapy capacity
would be scaled up at a linear rate from initial capacity in 2015 to optimal capacity by 2035
(for assumptions specific to this analysis, see tables 1 and 2 and appendix pp 1-8).

Optimal demand and 5-year overall population survival benefit from EBRT and
brachytherapy were based on a model of optimum use developed by the Australian
Collaboration for Cancer Outcomes Research and Evaluation (appendix pp 1-3),13 which
assumed that patients were treated according to evidence-based guidelines. The distribution
of cancer stage at diagnosis used in the Commission was applied, which was derived from
Australian population-based models (table 1).12 Curative (radical and adjuvant) and
palliative indications were included, but indications for brachytherapy alone were not
considered. Information about cervical cancer stage in LMICs is poor or incomplete, but
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individual hospital-based reports suggest more advanced disease at diagnosis compared with
high-income countries.}4 Because radiotherapy indications increase with stage of disease,
use of Australian estimates in our base case are expected to yield conservative estimates of
health and economic benefits. The effects of more advanced stage distribution were
modelled as a sensitivity analysis based on the stage at diagnosis in the 26th International
Federation of Gynecology and Obstetrics annual report,14 in which a greater proportion of
patients presented with locally advanced, non-metastatic disease (table 1; appendix p 3).

Global cervical cancer incidence data were derived from country-specific GLOBOCAN
estimates?S categorised by the 2017 World Bank income groups.1® Baseline radiotherapy
capacity was determined for each country on the basis of the number of treatment fractions
that could be delivered with the existing EBRT machines recorded in the Directory of
Radiotherapy Centres maintained by the International Atomic Energy Agency. Model
simulations were developed for patients from a median age at diagnosis of 50 years in low-
income and lower-middle-income countries and 47 years in upper-middle-income countries,
based on GLOBOCAN 2012 age-specific incidence data.1® A background mortality rate to
account for the probability of dying from other causes was modelled using representative life
tables!’ from each income group and proportionately weighted, accounting for increasing
mortality as the population ages.

The funding needed for capital and operating investments was estimated from the
Commission’s time-driven, activity-based, costing model (table 2; appendix p 4).418 The
capital costs reflect the additional investment in equipment and human resources needed to
achieve optimal use by 2035 (scale-up period). Capital costs related to maintenance and
machine and source replacement were included in the operating budget (table 2), with the
assumption that equipment (eg, CT simulators and linear accelerators) is replaced every 12
years, or 5 years for computer equipment.

Unlike many other malignancies, brachytherapy is an indispensable component of cervical
cancer treatment.10 Therefore, we separately estimated the cost of EBRT and high dose-rate
brachytherapy (table 2), which have unique technical, operational, and educational
considerations. Although 2D brachytherapy is used in many centres around the world,8 we
modelled the cost of scaling up to 3D brachytherapy with CT simulation based on
international recommendations, assuming diffusion of these technologies over the time
horizon of the analysis. We also assumed that EBRT was delivered using 3D-conformal
radiotherapy planning and portal image guidance.

Two radiotherapy investment scenarios were considered: a nominal scenario with essential
equipment and typical operating parameters and an efficiency scenario with lower costs. The
efficiency scenario was based on a 50% reduction in time spent on EBRT and brachytherapy
treatment planning and quality assurance, a reduction in EBRT treatment time from an
average of 15 min to 12 min, an increase in machine operating hours from 12 h to 16 h, and
a 30% reduction in capital costs from bulk purchasing. These technological efficiencies,
which were estimated by the Global Task Force on Radiotherapy for Cancer Control and
published in the Commission, are expected to be derived from increased use of automation
in routine clinical practice (appendix pp 4-6).
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Health and economic benefits

Economic benefits were calculated using both the human capital and full income methods.11
These complementary approaches estimate the economic value of treating cancer and
allowing patients to productively return to the workforce. Model outcomes were the life-
years gained and the economic benefits of added years of worker productivity, measured in
term of gross domestic product (GDP) per person using 2015 US$. Projections for GDP
growth were made using a weighted average of country-specific GDP for each income
group, according to estimates provided by the International Monetary Fund’s World
Economic Outlook for 2012-22;19 projections beyond 2022 were estimated based on
average annual growth over the preceding 10-year period. Patients were assumed not to
make further contributions to the economy beyond the age of 70 years. Radiotherapy return
on investment was calculated as the net present value divided by cost. All benefits and costs
were discounted by 3% per annum to adjust for their value at the time at which they occur.20

The human capital model estimates the monetary value of health as the contribution to
national income accounts as a result of recovery from illness and avoidance of premature
mortality.1} We calculated this value by multiplying the additional life-years gained with
radiotherapy scale-up by the GDP per person of each World Bank income group. However,
most economic analyses underestimate the full value of a year of life by zero-valuing unpaid
caregiving and domestic labour, hence defining these hours of work in the home as outside
the productive sphere of activities that contribute to economic growth.12 A robust analysis
should consider both the value of time and the fact that improved health at home drives
productivity of all household members. This is an especially important oversight for any
analysis of the value of women’s time and, therefore, an important additional benefit to
estimate for our study of cervical cancer. The Lancet Commission on Women and Health
specifically analysed the value of women’s unpaid caregiving contributions as part of
women’s contribution to health. They found that, globally, the hours of unpaid caregiving
work are worth almost as much as paid health-care work.12

For our study, the human capital model included the economic value of women’s unpaid
work in health in the home that would be realised through radiotherapy scale-up, which was
estimated by adding the average wage equivalency per person to the human capital benefits
(appendix pp 7-8).12 The average wage was calculated by the Lancet Commission on
Women and Health for each income group by using the average hourly earnings of all life
science and health professionals as a proxy wage. These wages do not incorporate the value
of women’s domestic work that does not directly contribute to health.

Our full income model was based on the Lancet Commission on Investing in Health, which
considered the benefits of improved health and longevity by also considering the value that
individuals place on changes in their own life expectancy (the value of a statistical life-year)
and, correspondingly, the amount of wealth that individuals in a country are willing to
expend for a reduction in the probability of death. This approach captures the behavioural
changes and broader economic effects that occur when people live in a society where they
can expect to live a longer and healthier life.1> The Commission on Investing in Health’s
2013 report! calculated full income benefits by multiplying the human capital US$
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projections by the value of a statistical life-year, estimated as 2-3—the value adopted for this
study.11

HPV vaccination and radiotherapy investment

To explore the interaction of intensification of HPV vaccination programmes and demand
for treatment capacity for patients with established locally advanced disease, we modelled
the effect of a universal rollout of bivalent HPV vaccination (vaccination against HPV-16
and HPV-18) in low-income, lower-middle-income, and upper-middle-income countries on
the annual burden of cervical cancer and the demand for radiotherapy treatment (appendix
pp 9-10). We modelled the best case validation scenario defined by Jit and colleagues® in
their Papillomavirus Rapid Interface for Modelling and Economics (PRIME) study, which
assumed routine bivalent vaccination of all 12-year-old girls before sexual debut with 75%
coverage, with the expectation of immediate, lifelong protection against HPV-16 and
HPV-18 infections (table 1). The proportion of cervical cancer cases worldwide that are
attributable to HPV-16 and HPV-18 infections ranges from 65% in South and Central
America to 76% in North America.21:22

Under the assumption that the first cohort of girls was vaccinated in 2014, we modelled the
annual age-specific reduction in cervical cancer incidence relative to GLOBOCAN
projections!® from 2015 to 2035 in the base case analysis. The timeframe was extended to
2072 in the sensitivity analysis, which represents the year in which the first vaccinated
cohort would reach the age of 70 years. Catch-up vaccination, vaccination of boys, cross-
protection against other HPV strains not targeted by the vaccine, and HPV herd immunity
were not considered. The stage distribution of cervical cancer in our base case analysis
conservatively reflected the burden of disease in a population with ongoing screening and
effective health system performance.

Role of the funding source

Results

There was no funding source for this study. DR received fellowship support from the
Canadian Association of Radiation Oncology and the The Commonwealth Fund during the
preparation of this report, but neither organisation had a role in study design, data collection,
data analysis, data interpretation, or writing of the report. The corresponding author had full
access to all the data and had final responsibility for the decision to submit for publication.

For the period from 2015 to 2035, we estimated that 9-4 million women in lower-middle-
income countries required treatment with EBRT, of which 7-0 million also required
treatment with brachytherapy (table 3). Incrementally scaling up radiotherapy in these
countries using the nominal costing scenario over the time horizon of the study resulted in
11-4 million life-years gained and a net present value of $59-3 billion using the human
capital model (-$1-5 billion in low-income, $19-9 billion in lower-middle-income, and $40.9
billion in upper-middle-income countries), and $151.5 billion using the full income model
($1-5 billion in low-income, $53:6 billion in lower-middle-income, and $96-4 billion in
upper-middle-income countries; figure 2).
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Under the efficient radiotherapy scenario, the human capital model suggests a net present
value of $68-8 billion ($0-67 billion in low-income, $26-1 billion in lower-middle-income,
and $43:6 billion in upper-middle-income countries) and, using the full income scenario, a
net present value 0f$163-0 billion ($3-7 billion in low-income, $59-8 billion in lower-
middle-income, and $99-5 billion in upper-middle-income countries). In LMICs overall,
worldwide investments in radiotherapy yielded positive returns on investment in all
scenarios, ranging from 2.5 to 13-8 (table 3).

In a sensitivity analysis, when we assumed a more advanced cancer stage distribution, the
number of patients requiring radiotherapy increased by 21% (11-3 million for EBRT and 9-0
million for brachytherapy). Scaling up radiotherapy over this period yielded 17-5 million
life-years gained across LMICs, with a strong return on investment in all scenarios, ranging
from 4.0 to 22-1 (table 3). Applying the nominal costing model, this scale-up resulted in
$103-2 billion human capital net present value gains and $257-6 billion in net present value
full income gains. Under the efficiency scenario, the net present value increased to $117-4
billion from the human capital approach and $271-8 billion from the full income approach.

Over the 20-year analytic period (2015-35), HPV vaccination of 12-year-old girls resulted in
a 3:9% reduction in cervical cancer incidence compared with 2012 GLOBOCAN projections
(4-2% in low-income, 3:3% lower-middle-income, and 4-8% reduction in upper-middle-
income countries; figure 3). After 20 years with an HPV vaccination programme in place,
we projected that 9:0 million women would require EBRT and 6-8 million women would
require brachytherapy to treat their cancer (table 3). Increasing the time horizon to 2072,
HPV vaccination is estimated to cumulatively reduce cervical cancer by 22:9% (24-6% in
low-income, 22-8% in lower-middle-income, and 21-9% in upper-middle-income countries;
figure 3); however, 38-4 million women would require EBRT and 28-8 million would require
brachytherapy (figure 4).

Discussion

This modelling study provides quantitative evidence on the health and economic benefits of
investing in life-saving radiotherapy treatment for women with cervical cancer across a wide
range of country income settings and alongside investment in HPV vaccination. Although
ongoing operational costs remain low, the existing scarcity of radiotherapy access in low-
income countries required large upfront capital expenditure, leading to negative returns for
the nominal scale-up model. This finding highlights the limitations of cost-benefit analyses
in appropriately accounting for other endpoints that have legitimate normative value to
economists, such as equity and household protection. Nevertheless, our findings compare
favourably with investment frameworks developed for other diseases.23:24 The Global
Investment Framework for Women’s and Children’s Health found that, in 74 countries with
95% of the global maternal and child mortality burden, the return on investment of scaling
up an evidence-based package of reproductive, maternal, newborn, and child health
interventions was 8-7 times at a 3% discount rate.23 An analysis?4 of childhood
immunisation in 94 LMICs from 2011 to 2020 estimated a return on investment of 16 times
using the human capital approach and 44 times using the full income approach.
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Although great momentum exists within the global health community to scale up HPV
vaccination and move toward cervical cancer elimination, this study demonstrates the need
for a comprehensive approach to cervical cancer prevention and treatment. Incomplete
vaccine coverage, the long time lag for carcinogenesis, and a growing population led to a
cumulative 22-9% reduction in cervical cancer incidence by 2072. Based on GLOBOCAN
projections for 2015-35,1 nearly 9-4 million women globally will be diagnosed with
cervical cancer and will require radiotherapy to prevent death. Women of all ages and at all
stages of life are affected and, as outlined here, the individual, social, and economic
consequences are devastating. The direct economic growth generated from treating and
hopefully curing cervical cancer with radiotherapy is compounded by the unique
contributions that healthy and empowered women make to the prosperity of their families,
communities, and society. Appropriately valuing women’s time reconceptualises them as
both users and providers of health care and is key to making the case for investing in their
health, as well as to showing why a gender-neutral distribution of paid and unpaid work
should be a societal goal.12

The inclusion of gender equality and cancer in the Sustainable Development Goals is a clear
mandate to tackle the challenges facing women beyond childbirth, including access to
appropriate cervical cancer treatment. The resurgence of a false dichotomy between
prevention and treatment risks hindering progress and obscuring the mutually reinforcing
effect of a comprehensive approach to cervical cancer control.2> An important step forward
was the formation of the UN Joint Global Programme on Cervical Cancer Prevention and
Control,28 a collaboration established in 2016 among seven UN agencies to eliminate
cervical cancer as a global public health concern. This initiative, and the 2018 WHO Call to
Action, 2’ recognised the opportunity for multidisciplinary collaboration to improve cancer
care across the continuum of disease and across the life course of women.

This study should be considered in the context of its limitations. Optimal management of
cervical cancer requires an interdisciplinary team of surgeons, oncologists, pathologists,
medical imagers, nurses, and others, as well as a general supportive health system
infrastructure. As in the 2015 Lancet Oncology Commission on Radiotherapy report, we
were unable to consider all of these components in this analysis. A previous study3
estimated that the addition of concurrent chemotherapy provides an additional overall
survival benefit of 4—6% at 5 years, depending on the stage of disease, which is additive to
the radiotherapy benefit estimates used in this analysis. Furthermore, because cervical
cancer comprises up to 14% of all cancers, with variation by country,! investment in
radiotherapy for cervical cancer must occur alongside investment for other cancer types.

The scale-up scenario of full radiotherapy coverage by 2035 is ambitious and might not be
realised in some countries owing to context-specific factors, such as limitations of political
will or fiscal space for health. Although some countries are beginning to make progress,
with the first radiotherapy centres now opening in Cambodia and Mozambique, such
progress has not been uniform across LMICs.#28 Budget impact analyses are essential for
country-specific budgetary planning and represent important work that can follow this
analysis. However, the advanced stage distribution of cervical cancer at presentation and the
poor vital statistics in many countries, where many cases of cervical cancer are not recorded,
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suggest that our results might be conservative estimates. We also did not estimate
radiotherapy’s substantial quality-of-life benefits in controlling pain and bleeding, especially
in patients with incurable disease,® whose lack of access mirrors the inadequate palliative
care provided to most women with cancer in LMICs who die in pain.3>

Our analysis is further limited by the unavailability of long-term data and we were unable to
account for new treatment options or advances in technology over time or possible health
system changes in our background mortality rate, which might change life expectancy for
the population overall. However, previous validation efforts by the Global Task Force on
Radiotherapy for Cancer Control to gain consensus about model inputs through an
international Delphi process add to the generalisability of our findings.# As in other
published studies on vaccine cost-effectiveness, we were unable to reliably model the effects
of herd immunity,® which has been strongly linked to high population coverage of at least
50%. Therefore, we might have overestimated the radiotherapy needs following high
vaccination coverage.2? Similarly, we did not include potential effects of the vaccine against
HPV genotypes not targeted by the vaccine.3? Even so, our analysis is the first, to our
knowledge, to quantify an estimate of remaining radiotherapy needs in the presence of high-
coverage (75%) HPV vaccination. A systematic review of data published in 2006-14 on
HPV vaccination coverage found that only 6:1% of females worldwide aged 10-20 years
were estimated to have been vaccinated.3! In countries with organised vaccination
programmes, coverage was 40% in targeted women, increasing to 54-9% among primary
targets and organised catch-ups. However, most of the vaccinated women were from high-
income (68%) or upper-middle-income (28%) countries.3!

Cancer control plans have been developed by 158 countries, representing 82% of WHO
Member States, either in conjunction with broader non-communicable disease strategies or
as dedicated National Cancer Control Plans. A review32 of publicly available plans found
that 85% (133/157) identified scale-up of cervical cancer screening and 57% (90/157)
identified scale-up of HPV vaccination as priority areas. This study can be used to inform
the National Cancer Control Plan implementation process to ensure effective prioritisation
and collective action for tertiary care nationally and internationally. Comprehensive
strategies that combine prevention, early detection, and treatment within universal health
coverage schemes are needed to address the cervical cancer burden, prevent the premature
loss of life, and stimulate economic growth by improving the health and productivity of
women.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in context
Evidence before this study

We searched PubMed for studies published in English from Jan 1, 2008, to Dec 31, 2018,
with the following key words: “cervical cancer AND radiotherapy” and “vaccination OR
elimination”. No reported studies quantified the health and economic benefit of
radiotherapy for cervical cancer across low-income and middle-income countries or
estimated the effects of human papillomavirus (HPV) vaccination programmes on
demand for treatment over short-term and medium-term time horizons in these regions.
In May, 2018, the Director-General of WHO identified cervical cancer as one of the
greatest public health challenges, but the resources that are needed for cervical cancer
control and the ongoing benefit of investment in treatment capacity in the context of
cervical cancer elimination targets have not been understood.

Added value of this study

We modelled the demand and benefit of a 20-year scale-up strategy for external-beam
radiotherapy and brachytherapy fo the treatment of cervical cancer in low-income and
middle-income countries from 2015 to 2035, alongside the implementation of a
programme of bivalent HPV vaccination of 12-year-old girls. We found that by 2035,
radiotherapy scale-up saved 11-4 million life-years with a return on investment of 2.5,
using a human capital approach, to 6-5, using a full income approach, assuming a
nominal radiotherapy delivery model, and of 6:0 to 13:8, using an efficient delivery
model. By contrast, vaccination resulted in only a 3-9% reduction in incident cases of
cervical cancer during this period. By 2072, at which point the first cohort of vaccinated
girls would reach 70 years of age, HPV vaccination was estimated to decrease incident
cases of cervical cancer by 22.9%, leaving 41-7 million women still in need of external-
beam radiotherapy and 28-8 million in need of brachytherapy in the study period. To our
knowledge, this is the first report of the results of a coordinated cervical cancer strategy
that combines both prevention and treatment in low-income and middle-income countries
with a practical and actionable time horizon.

Implications of all the available evidence

The findings of this study show that investment in radiotherapy for cervical cancer is both
needed and feasible, generating millions of productive life-years for women who
contribute in large and often underrecognised and undervalued ways to the economy and
social wellbeing of their community. As the international community begins to work
collectively toward cervical cancer elimination, these data highlight the very long time
lag for vaccination strategies alone to contribute substantially to the elimination of
cervical cancer. To achieve effective cervical cancer control, a multidisciplinary approach
to policy planning is required, which addresses the need for life-saving radiotherapy
treatment in the coming decades.
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Model inputs

HPV vaccine CCORE

GTFRCC
radiotherapy

scale-up radiotherapy

model demand model costing model

CCORE
radiotherapy
suvival model

GTFRCCinvestment framework

v

Model outputs

Life-years Return on

saved investment

Figure 1: Analytical structure

The model inputs box displays the three models in dark blue that served as the core inputs
for the GTFRCC radiotherapy investment framework: demand, costing, and survival. The
demand and survival models were based on the work of the CCORE, and the costing model
was developed in collaboration with the International Atomic Energy Agency. The light blue
HPV vaccine scale-up model box identifies how the Papillomavirus Rapid Interface for
Modelling and Economics model best case parameters were integrated into the GTFRCC
model input structure by modulating the demand model. The dotted lines around the demand
and survival boxes represent the model inputs that were varied in our sensitivity analysis on
the population distribution of cervical cancer stage at diagnosis. The model outputs included
the life years saved and return on investment (human capital and full income net present

value). CCORE=Collaboration for Cancer Outcomes Research and Evaluation.
GTFRCC=Global Task Force on Radiotherapy for Cancer Control. HP\VV=human
papillomavirus.
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Figure 2: Net present value of radiotherapy scale-up (nominal and efficient scenarios) to
universal access for patients with cervical cancer in low-income and middle-income countries,

2015-35

Axes reflect the individual data ranges of each graph and are not uniform. All costs are

presented in 2015 US$.

Lancet Oncol. Author manuscript; available in PMC 2020 March 04.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Rodin et al.

Page 15

Cervical cancer incidence (millions)

Cervical cancer incidence (millions)

A Low-income countries

B Lower-middle-income countries

057 __ Novaccination 109
— With vaccination
0-4+ 0-84
03+ 0.6
0-2 04
0.1 0.2
00 T T T T T T 00 T T T T T T T T T T T

C  Upper-middle income countries
0549

0-4-

014

OIB_A
021

D Al low-income and middle-income countries
2:07

1.6
1.2
08+

0-4-

00
2015 20I20 20|25 2()'30 2(.':35 2()'40 20|45 20|50 2(2:55 ZOIGO 20I65 20.?0

Year

00 T T T T T T T T T T T
2015 2020 2025 2030 2035 2040 2045 2050 2055 2060 2065 2070

Year

Figure 3: Effect of universal human papillomavirus vaccination strategy on cervical cancer

incidence

Vaccination strategy reflects the implementation of bivalent vaccination of 12-year-old girls
beginning in 2014 with 75% coverage. Full assumptions are detailed in the Methods section
and in the appendix (pp 9-10). Axes reflect the individual data ranges of each graph and are

not uniform.
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Figure 4: Effect of universal human papillomavirus vaccination strategy on demand for external-
beam radiotherapy and brachytherapy in low-income and middle-income countries

The columns on each graph represent the total number of cervical cancer cases projected by
GLOBOCAN for the periods indicated (2015-35 and 2015-72). The blue portion of each
column represents the number of cases estimated to be prevented through implementation of
a bivalent vaccination strategy with 75% coverage of 12-year-old girls, beginning in 2014.
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Base case value (GTFRCC parameters)  Sensitivity analysis (advanced stage distribution)
Cervical cancer parameters
Demand for radiotherapy
External-beam radiotherapy 71% 86%
Brachytherapy 53% 68%
5-year population survival benefit 18% 35%
Stage distribution
IA1-1A2 23% 9%
IB1-11A1 20% 29%
1B2-11A2 9% 13%
11B 12% 21%
II-1IVA 24% 25%
IVB 12% 3%
HPV parameters
Cases attributable to HPV 16 and 18 (%) 75%
Vaccine efficacy (HPV 16 and 18) 100%
Vaccine coverage of 3-dose schedule 75%
Vaccinated cohort 12-year-old girls

HPV=human papillomavirus. GTFRCC=Global Task Force on Radiotherapy for Cancer Control.
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Model input cost parameters

Table 2:

Nominal model

Efficient model

Capital cost of scale-up

Operating cost

Capital cost of scale-up ~ Operating cost

External-beam radiotherapy

Low-income countries $277.81 $61 $133.86 $29.43
Lower-middle-income countries ~ $277-48 $67 $133-81 $33-29
Upper-middle-income countries ~ $29214 $90 $142-86 $49.90
Brachytherapy

Low-income countries $461-00 $132 $206-33 $84-33
Lower-middle-income countries ~ $459-67 $179 $233.00 $121.67
Upper-middle-income countries ~ $487.67 $367 $292-00 $271.67

All costs are presented in 2015 US$ per radiation fraction.
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