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Abstract

Background: Accurate survival estimates are important for cancer control planning. Although
observed survival estimates are lacking for many countries, where available, wide variations are
reported. Understanding the impact of specific treatment and imaging modalities can help
decision-makers effectively allocate resources to improve survival in their own context.

Methods: We developed a microsimulation model of stage-specific cancer survival in 200
countries/territories for 11 cancers comprising 60% of global diagnosed cancer cases. The model
accounts for country-specific availability of treatment (chemotherapy, surgery, radiotherapy,
targeted therapy) and imaging modalities (ultrasound, X-ray, computed tomography [CT],
magnetic resonance imaging [MRI], positron-emission tomography [PET], single-photon emission
computed tomography [SPECT]), as well as quality of care. We calibrated the model to reported
survival estimates from CONCORD-3. We estimated 5-year net survival for diagnosed cancers in
each country/territory and estimated potential survival gains from increasing the availability of
individual treatment and imaging modalities, and more comprehensive packages of scale-up.

Findings: Estimated global 5-year net survival for all 11 cancers combined is 42-:6% (95% Ul
40-3-44-3), with 10-times differences between low-income and high-income countries. Expanding
availability of surgery, radiotherapy, and improving quality of care would yield the largest survival
gains in low-income and lower-middle-income countries, while upper-middle and high-income
countries are more likely to benefit from improved availability of targeted therapy. Investing in
medical imaging will also be necessary to achieve substantial survival gains, with traditional
modalities estimated to provide the largest gains in low-income settings, while MRI and PET
would yield the largest gains in higher-income countries. Simultaneous expansion of treatment,
imaging, and quality of care could improve 5-year net survival more than 10-times in low-income
countries (3-8% to 45-2%), and more than double in lower-middle-income countries (20-1% to
47-1%).

Interpretation: Scaling up both treatment and imaging availability could yield synergistic
survival gains for cancer patients. Expanding traditional modalities in lower-income settings may
be a feasible pathway to improve survival before scaling up more advanced technologies.

Funding: Harvard T.H. Chan School of Public Health, National Cancer Institute P30 Cancer
Center Support Grant (P30 CA008748) to Memorial Sloan Kettering Cancer Center

Introduction

Globally, it is estimated that there were over 18 million new cases of cancer and 9:6 million
deaths from cancer in 2018.1 Although the burden of cancer is substantial for countries of all
income levels, the rates of many cancers in high-income countries are declining due to
decreasing risk factors (such as tobacco use), early detection, and improved treatment.?
Conversely, rates of cancer are rising in many low-income and middle-income countries due
to increases in risk factors such as smoking and excess body weight, all while these
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countries continue to bear a disproportionate burden of infection-related cancers, such as
stomach, liver, and uterine cervical cancers.?

The rising cancer burden in low-income and middle-income countries further stresses health
systems that tend to be weak and poses unique challenges, especially because generalization
of the experience of cancer control programs from high-income countries to other settings
may not always be appropriate.3 Cancer control programs that increase the likelihood of
timely cancer diagnosis, such as screening and surveillance, assume that identified cases will
benefit from adequate treatment. However, while cancer survival among diagnosed cases has
improved in recent years in high-income settings, wide disparities in survival persist
globally, often due to constraints related to diagnosis and the availability and affordability of
treatment.*

In addition to ensuring that cancer treatments are available, increasing the use of cancer
diagnostics such as imaging can help improve the quality of treatment. For example,
imaging may be used for cancer staging and treatment planning, to guide interventions, and
to assess response to therapy.

We developed a simulation model to estimate the current impact of different treatment and
imaging modalities on cancer survival in each country, and project the potential survival
gains from scaling up the availability and quality of these modalities. These estimates will be
used to inform the Lancet Oncology Commission on Imaging and Nuclear Medicine, and
can help decision-makers prioritize policies with the greatest potential to improve cancer
survival in their local context.

We developed a microsimulation (individual-level) model to simulate 5-year net survival for
11 cancers in 200 countries/territories. Specifically, we modelled the number of incident
(diagnosed) cancer cases in 2018 in each country/territory and simulated individual-level
survival for each cancer patient. Building on a conceptual framework developed for
childhood cancer,? the model simulates the clinical course of cancer for each modelled
patient from diagnosis to five years after diagnosis, accounting for country-specific estimates
of stage at diagnosis (TNM I-1V), availability of specific treatment and imaging modalities,
and quality of care. Due to limited data, especially on total (i.e. diagnosed and undiagnosed)
cancer incidence and stage distribution, we focus this analysis on the impact of treatment
and imaging modalities on five-year net survival conditional on diagnosis and stage, and do
not consider potential benefits of imaging on screening or early detection.

We modeled four treatment modalities (chemotherapy, radiotherapy, surgery, targeted
therapy) and six imaging modalities (ultrasound [not including intracavitary techniques], X-
ray [plain radiography only], computed tomography [CT], magnetic resonance imaging
[MRI], positron-emission tomography [PET], and single-photon emission computed
tomography [SPECT]).
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We calibrated the model so that our predicted survival estimates were consistent with
population-based survival estimates for each cancer and country from CONCORD.# Using
the calibrated model, we estimated current cancer survival for all countries and estimated the
potential survival gains from improving the availability of each treatment and imaging
modality, as well as more comprehensive packages of scale-up.

Data Sources

We modeled cancer survival in 200 countries/territories, derived from an exhaustive list of
areas in the UN Population Projections (see appendix pg 6 for details). Countries/territories
were classified into 22 UN geographical regions and four income groups based on the 2018
World Bank Income Groups [margin link URL: https://datahelpdesk.worldbank.org/
knowledgebase/articles/906519-world-bank-country-and-lending-groups]. Country-specific
model inputs were synthesized from multiple sources (see Table 1).

We modelled 11 cancer sites for which comparable ICD-O-3 topography codes were
available in both GLOBOCAN and CONCORD-3: Oesophagus (C15), Stomach (C16),
Colon (C18), Rectum (C19-20), Anus (C21), Liver (C22), Pancreas (C25), Lung (C33-34),
Breast (C50), Cervix uteri (C53), Prostate (C61). Estimated cancer incidence was obtained
from GLOBOCAN 2018° for each cancer site. These 11 diagnosis groups accounted for an
estimated 10-8 million cases out of 18-1 million cases, comprising a majority (60%) of
diagnosed global cancer cases. Estimated numbers of incident cancer cases were available
from GLOBOCAN for 166-178 countries, depending on cancer site. Estimates were not
available for countries with small populations, so we imputed incidence rates from similar
countries (i.e. similar region and income group) — see appendix pg 7-8 for details.

Due to the paucity of data on stage distribution at diagnosis, we undertook a literature
review. We screened 12,982 studies, of which 1,456 abstracts were obtained, yielding 485
final estimates of country- and cancer-specific stage distribution (see Appendix pg 9-10). We
used a Bayesian hierarchical modelling approach to regularize the stage distribution
estimates, and to make estimates for countries with no data (see Appendix pg 8, 11). We
used raking to estimate the joint probabilities of age and stage at diagnosis (see Appendix pg
11).

To account for the curability of different cancers, we estimated maximum achievable
survival probabilities using 2010-16 data from the Surveillance, Epidemiology, and End
Results (SEER) Program by cancer type and stage.” We inflated the SEER estimates to
account for the possibility of non-optimal service delivery in the USA (see Appendix pg 50).
This model parameter is used to estimate relative differences in survival by cancer site/stage,
and represents the highest possible survival given current knowledge and medical
technology. This approach also helps to guard against overestimating the survival benefit of
expanding the availability of treatment and imaging modalities by setting a ceiling on
achievable survival based on recent empirical data.

To set prior probability distributions for the impact of treatment and imaging modalities on
stage-specific cancer survival we used a two-stage survey to elicit expert opinion (see
Appendix pg 51-52). A sample of actively practicing physicians was selected from
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collaborating institutions based on demonstrable expertise in their field (imaging or
treatment of cancer patients), both in high-income and low-resource settings. Respondents
were asked to indicate the impact of each treatment/imaging modality on five-year net
survival for each cancer and stage using a four-point scale. We received between 17-35
responses for each modality (see Appendix pg 53-62). Based on the responses we estimated
priors for the probability that the modality was necessary to achieve 5-year survival, given
diagnosis and stage (see Appendix pg 63-73). To provide consensus results, responses with
at least 75% agreement were accepted as final responses, while responses with lower levels
of agreement were discussed by a panel of experts to forge final consensus (see Appendix pg
74-78 for results). However, when calibrating the model we sampled from the estimated
priors accounting for the uncertainty from all responses, even for modalities with over 75%
agreement. The survival impact (i.e. probability that the modality is needed for the patient to
survive) was modelled independently for each modality, with the interaction of multiple
modalities (i.e. joint probability) modelled as a relative effect modifier on individual-level
survival.

We also estimated the proportion of cancer cases expected to benefit from modern
modalities (targeted therapy, CT, MRI, PET, and SPECT). Because these modalities were
generally not available until the late 1970s-early 1980s, we analyzed trends in stage-specific
survival using SEER data’ between 1973-2014 to estimate the level of survival achievable
before the introduction of modern modalities (see Appendix pg 79-81).

To estimate the availability of traditional treatment modalities (chemotherapy, radiotherapy,
surgery) we relied on previously published estimates. We estimated priors of the availability
of chemotherapy based on data from a global survey of oncologists (see Appendix pg
82-85).8 While the survey was of pediatric oncologists, we assumed that the relative
availability of adult chemotherapy agents would be similar and used these estimates as a
proxy to inform the prior distributions. Estimates of radiotherapy coverage were based on
the Lancet Oncology Commission on Expanding Global Access to Radiotherapy (see
Appendix pg 86-89).° For surgery, we used estimates from a modelling study of the Lancet
Commission on Global Surgery (see Appendix pg 90-93).10

Data on the global availability of targeted therapy are scarce, but estimates that are available
suggest that patients in many countries have poor access to targeted therapy, usually because
of the high cost.}1 For example, patients in only 6 countries had access to at least half of 49
new oncology medicines launched between 2010-2014.12 Furthermore, such drugs are often
only accessible for a privileged minority of the population with private health insurance.13
We therefore set priors by income group for targeted therapy availability, and ensured that
the calibrated probabilities of targeted therapy availability were lower than for chemotherapy
in each country (see Appendix pg 94-95).

For each imaging modality we obtained coverage estimates (equipment per million
population) from the International Atomic Energy Agency (IAEA) IMAGINE database.14
Ultrasound and x-ray were classified as traditional imaging modalities in the model, with
CT, MRI, PET, and SPECT considered modern modalities. To estimate probabilities of
availability we set thresholds of minimum coverage density needed to ensure availability.
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Because there are no general guidelines regarding the ideal number of imaging units per
population, we set thresholds based on observed data in high-income countries with
relatively low coverage so as not to overestimate the thresholds needed to ensure availability
(see Appendix pg 96-103).

Lastly, we included a parameter for quality of care, defined as the “degree to which health
services for individuals and populations increase the likelihood of desired health outcomes
and are consistent with current professional knowledge”.15 This parameter captures health-
system and facility-level factors that account for residual differences in survival not
explained by cancer stage or treatment and imaging availability, and has been found to be an
important consideration in global cancer survival (see Appendix pg 104).5

For all treatment-related parameters we used Bayesian hierarchical models with 4 levels
(income group, geographic area [i.e., continent], geographic region, country) to synthesize
all available estimates and generate prior probability distributions (see Appendix pg 8,
82-104). This approach allowed us to regularize the reported estimates and estimate priors
for countries for which no data were available. We used these priors as initial sampling
distributions for model calibration and enforced non-decreasing income group intercepts
when sampling from the hierarchical models.

Model Calibration

Calibration involves comparing the model predictions with empirical data in order to
identify parameter sets that achieve a good fit (see Appendix pg 105 for more details).16 As
calibration targets, we obtained country-specific 5-year net survival estimates for the 11
cancers included in the model from CONCORD-3.# Rectum and anus cancers were
combined into one group in CONCORD-3, so estimates were available for 10 cancer groups.
Survival estimates were available for between 55-61 countries, yielding 583 estimates in
total (see Appendix pg 105-106). Most of the CONCORD-3 survival estimates obtained
(n=576) were for the period 2010-14, with a few estimates (n=7) for 2005-09 used for
countries/cancers lacking more recent estimates. To evaluate the predictive accuracy of our
model, we removed 50 estimates at random and reserved them as a validation test set. These
estimates were not used to calibrate the model, so we scored our parameter sets against 533
total targets during calibration.

We used the most recent data on global cancer incidence and survival to calibrate the model.
Although our estimates of cancer incidence from GLOBOCAN 2018 are more recent than
the CONCORD-3 estimates (mostly for 2010-2014), because cancer survival tends to
change slowly over time (see Appendix pg 79-81 for SEER estimates, for example), we
assume that the CONCORD-3 survival estimates used to calibrate the model are close to the
survival probabilities for patients diagnosed in 2018.

We calibrated the model using a Bayesian approach in which the observed data (i.e.
CONCORD survival estimates) are considered fixed, and the model parameters are random
variables. To fit the parameters, we used a simulated annealing search algorithm (a
stochastic optimization approach) to identify good-fitting parameter sets. A goodness-of-fit
score for each proposed parameter set was calculated as the sum of the squared distance
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between the predicted and reported 5-year net survival estimates. We weighted each survival
target inversely proportional to the width of its confidence interval to allow more precise
estimates to have larger influence in the calibration. We ran 2,000 independent search chains
of 1,000 iterations each, selecting the final 100 best-fitting parameter sets to account for
uncertainty around the model parameters (see Appendix pg 106-107). Using the top 100
parameter sets is less computationally intensive than running the model with all of the
parameter sets, and is consistent with the directed search algorithm which aims to return
samples from the mode of the posterior (i.e. maximum a posteriori, or MAP estimates).

As a posterior predictive check of the calibrated model, we compared our predicted 5-year
net survival to the CONCORD estimates used in our calibration training set. To evaluate the
predictive accuracy of our model we also compared our predictions to the test set of
CONCORD estimates not used in model calibration. We calculated how often our prediction
intervals (95% uncertainty intervals) overlapped the CONCORD 95% Cls, how often they
contained the reported point estimate (i.e. coverage probability), the correlation coefficient
of the predicted means vs reported estimates, the general R (i.e. one minus the fraction of
unexplained variance), and the mean absolute error.

Policy Scenarios

With our calibrated model, we then ran 1,000 simulations to estimate current levels of
survival, in each iteration sampling a parameter set from the best-fitting 100 calibrated sets
and sampling the number of cancer cases from the GLOBOCAN estimates. We simulated 5-
year net survival for each individual cancer patient in the model, allowing us to account for
both stochastic (first-order) and parameter (second-order) uncertainty to estimate the
posterior predictive distributions of our model outcomes. We estimated survival for all 11
cancers combined by pooling all simulated cancer cases in the model within each country,
thus accounting for the relative incidence and survival of each cancer site.

To estimate the impact of each treatment and imaging modality on survival, we simulated
counterfactual policy scenarios (1,000 simulations each) in which we increased the relevant
parameter for each country to the mean estimated parameter among high-income countries
(if higher than the baseline parameter value). We also simulated packages of policy
interventions in which we scaled up combinations of parameters to estimate the impact of
expanding treatment vs imaging, and traditional modalities vs all modalities. Policy
scenarios are described in the appendix (pg 139). For all model outcomes we report the
mean and 95% uncertainty intervals, calculated as the 2-5 and 975 percentiles of the
simulation results. The simulation model was developed in Java (version 1.8.0).

Role of the funding source

The funder of the study had no role in study design, data collection, data analysis, data
interpretation, or writing of the report. The corresponding author had full access to all of the
data and the final responsibility to submit for publication.
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We found that our simulated estimates have a high degree of accuracy. Comparing our model
results with the CONCORD-3 estimates (most of which are for 2010-2014), our posterior
predictive checks of our training set (used for calibration) found that our prediction intervals
(95% Uls) overlapped with the CONCORD 95% Cls 94-2% of the time, and contained the
reported point estimate 80-9% of the time. Summary indicators by continent are available in
the Appendix pg 108. Our mean survival estimates were highly correlated (r=0-971) with the
calibration targets, with an RZ of 0-942 and mean absolute error of 4-49 percentage points
(see Appendix pg 109-131).

Our validation checks of our test set (not used for calibration) found that 96-0% of our
prediction intervals overlapped the CONCORD 95% Cls, with a coverage probability of
82-0%. Our predictions were highly correlated (r=0-962) with the mean estimates in the test
set, with an RZ of 0-922 and mean absolute error of 5-36 percentage points (see Appendix pg
132-134). In general, we find that the model performs better in areas where more data are
available, as we would expect. While the coverage probabilities are generally lower in lower-
income settings, the correlation values suggest that the model does capture relative variation
in survival.

Posterior estimates of the model parameters are plotted in the appendix (pg 135-138), and
country-specific parameters and survival estimates by cancer site and stage are also available
in the appendix (pg 142-342), as well as a public data repository [NOTE: Please include a
margin link to the data repository: https://doi.org/10.7910/DVVN/C7WES5L which is hosted at
https://dataverse.harvard.edu/dataverse/zward. This DOI is currently unpublished but we will
activate it if the manuscript is accepted].

We estimate that, for all 11 cancers combined, global 5-year net survival for cases diagnosed
in 2018 was 42-6% (95% Ul 40-3-44-3), with large variation by country (see appendix pg
139) and diagnosis (see Figure 1).

We find that among the 11 modeled cancers diagnosed in 2018, there will be 6-2 (95% Ul
6-0-6-5) million deaths within 5 years, with lung cancer comprising nearly a third of these
deaths globally (see Figure 2). These estimates are similar to numbers from GLOBOCAN,
which estimates 6-4 million deaths from these cancers in 2018.% We estimate that 5-2%
[322,000/6,210,000] (95% Ul 4-8%-5-5%) of these global cancer deaths occur in low-
income countries, with 20-9% [1,299,000/6,210,000] (95% Ul 18:-4%-23:6%) in lower-
middle-income countries, 46:1% [2,864,000/6,210,000] (95% Ul 43-8%-47-8%) in upper-
middle-income countries, and 27-8% [1,725,000/6,210,000] (95% Ul 26-6%-28-8%) in high-
income countries. Estimated cancer deaths per 100,000 population by income group are
presented in the Appendix, pg 140.

We estimate that the majority (65-7% [95% Ul 55-6-76-4]) of cancer cases are diagnosed at
late stage (I11-1V) in low-income countries, compared to less than half (44-3% [95% Ul
40-5-48-7]) in high-income countries. Even after accounting for stage at diagnosis, we find
large differences in survival by income group, with 10-times differences in 5-year net
survival between low-income and high-income countries (see Table 2).
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Among single policy interventions to scale up treatment, we find that improving the quality
of care would yield the largest survival gains in low-income countries, while increasing the
availability of surgery would yield the largest gains in lower-middle-income countries, with
increasing targeted therapy yielding the largest gains for upper-middle-income and high-
income countries (see Table 3). In general, we find that expanding availability of surgery,
radiotherapy, and improving quality of care are the most important priorities for low-income
and lower-middle-income countries, while upper-middle-income and high-income countries
are more likely to benefit from improving availability of targeted therapy, as availability of
traditional treatment modalities is already relatively high.

Among imaging modalities, we find that expanding the availability of ultrasound would
yield the largest survival gains in low-income countries, especially in Africa. In contrast, we
find that expanding availability of MRI and PET would yield the largest survival gains in
middle-income and high-income countries, with expanded availability of CT estimated to
yield the largest benefits in Latin America. Overall, however, we find that small survival
gains are expected from increasing the availability of any single treatment or imaging
modality alone.

Among policy packages we find that expanding treatment availability yields greater survival
benefits for low-income and lower-middle-income countries, while expanding availability of
imaging yields higher benefits for upper-middle-income and high-income countries (see
Table 4). However, we find that expanding both treatment and imaging yields synergistic
gains in survival. For example, in low-income countries, expanding treatment availability
alone, while important, would yield roughly half the gains of expanding both treatment and
imaging. In addition, increasing the availability of treatment and imaging modalities but
neglecting to improve the quality of care will yield small gains, especially in low-income
countries.

For low-income and lower-middle-income countries, scaling up traditional treatment
(surgery, radiotherapy, chemotherapy) and imaging modalities (in addition to improving
quality of care) yields a large proportion of the survival gains that could be achieved by
comprehensive scale-up of all (traditional and more advanced) treatment and imaging
modalities (see Figure 3). However, even at comprehensive scale-up there still exists a gap in
survival compared to high-income countries due to worse cancer stage at diagnosis, and
poorer prognosis for types of cancer more common in lower-income countries (e.g. stomach,
liver).

Discussion

We developed a simulation model of cancer survival for 11 cancers in 200 countries/
territories, synthesizing data from multiple sources, which finds large variation in 5-year net
survival by country and cancer due to differences in the availability of treatment and

imaging modalities and quality of care. Even after considering stage at diagnosis, we find
that 5-year net survival varies 10-times between low-income and high-income countries. We
find that our model has a high degree of accuracy, and our validation checks of our test set of
CONCORD survival estimates help build confidence in our modeled estimates. We
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incorporated the uncertainty around model parameters when calibrating the model, so our
estimated 95% uncertainty intervals (reported for all model outcomes) indicate the
sensitivity of our results to different parameter values, and account for their joint
distribution.

While cancer survival is much lower in low-income countries, we find that reported cancer
deaths in low-income countries are a relatively small proportion of global cancer deaths. In
addition to having a smaller population (low-income countries comprise only about 10% of
the global population), higher competing mortality risks in these countries mean that less
adults survive to older ages where cancer incidence is highest, thus lowering the overall
incidence of cancer in these populations. Also, it is important to note that this analysis only
considers reported (diagnosed) cases of cancer, and thus likely underestimates total cancer
cases and deaths in the population that are not diagnosed due to health system weaknesses.

In addition to ensuring availability of treatment and imaging modalities, we find that
improving the quality of care will also be needed to substantially improve cancer survival.
Indeed, we find that in low-income countries, improving quality of care may be the single
most effective policy to improve survival, and may need to be established first before
implementing treatment protocols from high-income settings to reduce the potential for
harm from toxic deaths.

However, and importantly, although improving quality and ensuring availability of treatment
or imaging modalities separately is projected to yield improvements in survival, we find that
simultaneous scale-up of both treatment and imaging modalities has a synergistic effect,
leading to larger gains. In general, we find that ensuring availability of traditional treatment
and imaging modalities would yield the largest survival gains in low-income countries, with
priorities in higher-income countries shifting to expanding availability of more advanced
technologies such as targeted therapy, MRI, and PET. These findings have good face validity
for these different contexts and help to provide new evidence and quantitative justifications
for priority-setting for investments in resource-constrained settings. In all settings,
investments in workforce training (eg, radiologists, technicians, oncologists, etc) will also be
needed to ensure that appropriate protocols are followed, and imaging equipment is well-
maintained. In addition to this analysis of comparative effectiveness, we plan to perform
more comprehensive economic analyses in follow-up work to estimate the required
investments and resulting benefits of different scale-up strategies.

We find that for low-income countries, scaling up traditional treatment (chemotherapy,
radiation, surgery) and imaging modalities (ultrasound, X-ray), while improving quality of
care yields substantial survival gains and is likely more achievable in the short-term. Scaling
up CT also yields gains, and given its importance for radiotherapy planning, CT is
considered essential for any dedicated cancer center.1’ However, countries without adequate
financial and human resources may have to use alternative modalities until CT capabilities
become available, as was done in high-income countries before the development of CT (see
Appendix pg 79). Resource-stratified clinical practice guidelines, such as those developed by
the American Society of Clinical Oncology® and the National Comprehensive Cancer
NetworkZ® can help to provide specific guidance for cancer care in resource-poor settings.
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While substantial survival gains in low-income and lower-middle-income countries can be
achieved by a comprehensive approach that achieves parity with high-income countries in
treatment, imaging, and quality of care, we still find a gap in survival due to worse stage at
diagnosis and types of incident cancers. We find that two-thirds of diagnosed cancers in low-
income countries are detected at an advanced stage, compared to less than half in high-
income countries. In addition to improving treatment and accurate diagnosis, upstream
health system, behavioral, and environmental factors that result in worse stage at diagnosis
must also be addressed. Cancer prevention and early detection efforts will therefore also be
needed for global cancer survival to achieve parity with high-income countries.

In order to substantially improve cancer survival, we find that investments in medical
imaging will be necessary in addition to expanding treatment availability. Indeed, our
estimates of the impact of imaging modalities are likely conservative, since we focus only on
the impact of imaging on 5-year net survival, conditional on diagnosis and stage. This does
not take into account other potential benefits of imaging, such as improved cancer screening
and staging, as well as identifying complications of cancer treatment, all of which may
impact costs and quality of life in addition to survival. As more data become available in the
future our model can be extended to include these other factors.

We are not aware of other modelling studies that have estimated the impact of imaging
modalities on global cancer survival, but our results regarding treatment availability are
broadly similar to other modelled estimates. For example, we find that expanding treatment
availability in Eastern Africa would increase breast cancer survival by about 13 percentage
points (data not shown), which is similar to the 10 percentage point survival increase
estimated by Birnbaum et al.20 from expanding the availability of chemotherapy and
endocrine therapy for currently detected ER+ cases in the region. Although these estimates
are not directly comparable due to differences in modelled outcomes, this type of broad
model benchmarking can help to build confidence in the general results.

While we find that our model has a high degree of accuracy, we had limited data with which
to fit the model, especially for low-income countries. Similarly, due to limited comparability
between GLOBOCAN and CONCORD cancer groupings, we could only model 11 cancers,
which do not include brain tumours or haematological malignancies. Nevertheless, these
cancers represent a majority (60%) of total cancers worldwide, and may therefore provide
insight into overall cancer survival and priority-setting.

Although we synthesized data from multiple sources, data limitations required us to make
assumptions when developing the model. For example, because estimates of cancer
incidence were missing for some countries we used matching to impute incidence rates from
similar countries. However, as the countries with missing incidence estimates all have small
populations we would not expect the matching to affect our results. To maximize the amount
of survival data available for model calibration, we used all estimates available from
CONCORD-3, including estimates that were flagged due to concerns around data quality.
Survival estimates were flagged due to insufficient sample size to allow for age-
standardisation, or because the estimates were derived from data with other quality issues.*
We present these estimates in the appendix (pgs 109-134) as posterior predictive checks to
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evaluate the fit of our calibrated model, but care should be taken when interpreting these
plots.

Due to lack of data on adult chemotherapy availability we used data on paediatric
chemotherapy agents to inform the prior probability distributions for model calibration,
assuming that the factors which impact chemotherapy availability (e.g. cost, clinical
expertise, etc) would be similar for adult and paediatric treatments. Also, we estimated
minimum coverage thresholds for each imaging modality based on country-level data, which
does not take into account how imaging equipment and human resources may be distributed
within countries, or potential differences in the availability of imaging for diagnostics vs
treatment planning. Estimates of ultrasound coverage were also only available for a small
number of countries, and were very general given the low-cost and decentralized use of
ultrasound. Empirical estimates of targeted therapy availability and quality of care indicators
would also be useful for informing our model estimates, since these parameters are currently
fit solely via model calibration. Data on the distribution of cancer biological subtypes —
currently modelled implicitly via the treatment impact parameters of targeted therapy —
would also help to refine our estimates of targeted therapy survival impact. Lastly, in this
analysis we estimate survival for diagnosed cases only, which likely underestimates the
actual cancer burden in lower-income countries due to underdiagnosis.?!

Further research to provide country-level and sub-national estimates of cancer incidence,
survival, stage at diagnosis, treatment and imaging availability, and quality of care indicators
would improve the data used for our modelling, and provide important information for
global oncology in general. The collection and reporting of stage data in population-based
cancer registries (across and within countries) would be especially useful, as some of our
estimates are based on hospital data, which may be less representative. While simulation
models can help to synthesize data from disparate sources and provide useful information
for policy-makers (especially regarding counterfactual scenarios), modelling ultimately
relies on — and cannot replace — real world cancer data.

Using a model-based approach, we provide estimates of cancer survival for 11 cancers in
200 countries/territories, and estimate the impact of specific treatment and imaging
modalities on 5-year net survival, as well as quality of care. We find that cancer survival
varies widely by country, largely due to differences in the availability and quality of
treatment and imaging modalities, but also due to worse stage of cancer at diagnosis in
lower-income countries. We find that scaling up both treatment and imaging availability
could yield synergistic survival gains, and that focusing on traditional modalities in lower-
income settings may be a viable pathway to feasibly achieving substantial survival gains
before scaling up more advanced imaging technologies and targeted therapy.

Supplementary Material

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

Recent data on 5-year net cancer survival for 18 cancers from 322 population-based
cancer registries in 71 countries are provided by the CONCORD-3 study. In addition,
GLOBOCAN 2018, produced by the International Agency for Research on Cancer,
provides modeled mortality estimates for 36 cancers in 185 countries. We searched
PubMed for studies on the impact of imaging on global cancer survival using the search
terms “cancer”, “survival”, “global”, and “imaging” on Apr 28, 2020, without language
or publication date restrictions. Although resource-stratified guidelines provide guidance
for cancer care and imaging in different settings, we found no estimates of how imaging
impacts global cancer survival. While few observed data are available from low-income
and lower-middle-income countries, reported survival varies substantially by region.

Added value of this study

This study provides estimates of stage distribution at diagnosis based on a global
literature review, as well as survival estimates for 11 cancers in 200 countries and
territories. We provide global, regional, and country-level estimates of 5-year net survival
and estimate the potential impact of various policy scenarios that scale up specific
treatment and imaging modalities. These results can help guide priority-setting efforts in
different contexts aimed at improving cancer survival.

Implications of all the available evidence

Stage distribution at diagnosis varies substantially by income group, with two-thirds of
cancer cases diagnosed at advanced stages in low-income countries, compared to less
than half in high-income countries. Even after controlling for stage, we find that cancer
survival varies 10-times between low-income and high-income countries. We find that in
addition to expanding the availability of treatment (chemotherapy, surgery, radiotherapy
and targeted therapy), investing in imaging (ultrasound, X-ray, computed tomography
[CT], magnetic resonance imaging [MRI], positron-emission tomography [PET], and
single-photon emission computed tomography [SPECT]) and improving quality of care
will be necessary to achieve considerable survival gains in lower-income countries. While
higher-income countries may benefit most from investments in advanced imaging
modalities such as MRI and PET, and advanced treatments such as targeted therapy,
investing in traditional imaging modalities along with chemotherapy, radiotherapy, and
surgery can yield substantial survival gains in lower-income settings and may be a
feasible pathway to improving cancer outcomes before scaling up more advanced
imaging technologies and targeted therapy.
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Figure 1: 5-Year Net Survival by Cancer and Country Income Group
Shaded regions indicate 95% uncertainty intervals
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Model Parameter

Data Source

# of model countries
reported

Reference

Cancer Cases

Diagnosed cancer cases

Estimated annual diagnosed cases by
cancer type and age group

Cancer-specific:
166-178

GLOBOCAN 20186 (see Appendix pg
7-8)

Stage distribution

Literature review of stage distribution at
diagnosis

Cancer-specific
(mean: 32, range:
3-84)

Literature review (see Appendix pg
9-49)

Cancer Survival

Maximum achievable SEER 2010-2016 5-year relative survival 1 (USA) SEER 2010-20167 (see Appendix pg
survival by cancer and stage | used as initial proxy 50)
Survival impact of Prior probabilities based on survey of NA; 1 (USA) Expert opinion; SEER 1973-20147 (see
treatment/imaging expert opinions; Prior probability of Appendix pg 51-81)
modalities needing modern modalities based on
SEER 1973-2014
Cancer Treatment
Chemotherapy availability Reported availability of chemotherapy 94 Cohen P et al. 20198 (see Appendix pg
agents 82-85)
Radiotherapy availability Radiotherapy coverage 173 Atun R et al, 2015° (see Appendix pg
86-89)
Surgery availability Availability of general surgery 184 Alkire BC et al, 20150 (see Appendix
pg 90-93)
Targeted therapy availability | Prior probabilities set by income group NA (see Appendix pg 94-95)
Availability of imaging Availability of: IAEA IMAGINE database* (see
modalities - Ultrasound -29 Appendix pg 96-103)
- X-ray - 65
-CT -174
- MRI -172
-PET - 186
- SPECT - 185
Quality of care Prior probabilities set by income group NA (see Appendix pg 104)
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Overall stage distribution and 5-year net survival for all 11 cancers combined (global and by country income
group), Mean (95% Ul)

Stage | Stage 11 Stage 111 Stage IV
% of cases 5-year net % of cases 5-year net % of cases 5-year net % of cases 5-year net
survival survival survival survival
GLOBAL 196 769 26:6 59-4 285 34.8 254 71
(15:4-24-1) (70-2-82.7) (21.5-32:5) (53:1-65-4) (24.5-33.1) (30:2-40-6) (21.4-29-4) (5-9-8:5)
Low 11.8 84 226 4.6 374 2.8 (04-7:6) 283 2:5
Income (4-6-23'5) (0-6-23-5) (13:5-33-3) (0-6-13-3) (27-9-47-6) (20-4-36-4) (0-3-6:0)
kﬂ"l‘(’j"g{e 105 368 280 29.0 375 178 24.4 64
Income (5:0-17-7) (11.9-66:7) (21.1-37-4) (7-6-54-0) (29:8-46-8) (6-1-29-6) (17-2-30-8) (3:7-9:3)
kﬁ’?ﬁﬁ{e 151 726 264 59.1 318 37.0 267 64
Income (9:5-21.1) (62:3-80-0) (18:3-35-2) (50-4-67-4) (25:2-41-2) (31.2-44.1) (19:-8-33:8) (4-9-8:0)
High 293 872 264 766 203 481 24.0 89
Income (22:8-354) (85:0-89:9) (18:6-31.9) (70-1-81.9) (16:9-24-5) (39:8-57-3) (20:7-26-6) (7-2-11.4)
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Table 4:

Page 23

Estimated 5-year net survival, 11 cancers combined: Policy package interventions — Mean (95% Ul)

Estimated 5-year Net Survival, 11 Cancers Combined

No Quality Improvements

Plus Quality Improvements

Treatment Imaging Treatment Imaging

Baseline Only Only Comprehensive Only Only Comprehensive
Global (@343 @aTasy  (roary 9166251 oiluo T 507(692520)
Lowincome 38 (05-92) (2-%?33-5) 57(07-146) 231 (35-455) (19%7_517.0) (3.3_12'3.3) 45.2 (40.2-52.1)
Lo te (7-3?3'1.7) (23.39{290‘9) (8?51532) 422 (212-48:3) (30-37?3-4) (9-623-748-4) 471 (42:8-508)
e e (37-37?}?2-2) (391)1—.464-6) (4oi2-}175-4) 448 (42:3-474) (39411-2175-2) (4012-2?5.6) 44-9 (42:4-47:6)
High income (577537-.588-3) (57-57%19-0) (57??9-3) 591 (58:4-509) (57%8-‘559-1) (57%%569-4) 592 (58:5-59-9)
Africa 0206 (raarg (05264 FO@IELY 0T Fhg 495652539
Bastern 59(09-149) (o100 80(13236) 2667539  Tu.  siars  489(423559)
Middle Africa 61 (0-3-18-4) (1.1_942.2) 83(0:3-275) 293 (2:3-538) (17%1_;117.9) (3.3_23';2) 483 (39-6-57.5)
preriel (12%6:57-5) (30-455-'5?2-9) (13-329.':'?3-8) 53:3 (358-60-2) (40?—553-3) (13.322-'5?5.4) 554 (50-3-606)
Ao (o-%?é;s) (2-%-%-0) (1-3-32;-6) 376 (3:7-53:8) (19-37{494-6) (5-1%8-8) 495 (44.0-548)
Pl (14%9'&?2-6) (18?,27-;?7‘9) (15313:2?6-7) 434 (195-52:4) (31-??0-3) (19%7-;118~5) 480 (41:5-53.9)
Asia (32?&?9-5) (37%%14-1) (34-37%.4?2-8) 439 (39-6-46:6) (38-£12]:f4-5) (35-32?2154-1) 451 (42.7-47-2)
Central Asia (g % " (19?’3%;?2_6) (6-%-14?)-3) 404 (21:1-48:3) (28%?54.0) (5.5.34%. 40 (407-487)
Bastem Asia (38%1-2?3-7) (38%1-2?5-1) (40%2-2?5-4) 439 (41-3-46:6) (38-%1—;?5-4) (40.[22?5-5) 44:0 (41-5-46°7)
Ay (11-223-515-5) (19-3232-2?0-8) (12%%412-5) 411 (21:9-47:7) (24-3252)1-4) (14-21?2153-0) 441 (40-2-48+4)
Southern Asia (5.3_13'%6) @ 4?’27_;115_2) (5.532_2) 44-4 (15-2-51.7) (30.4[59;?6.7) (5.3%.1) 49-1 (42:7-53-1)
WestemASa (4,000 @soes0)  (assor  SLOU6BSSD TS0 U0, 528(499559)
Europe (50%2-513-2) (52?13?5-3) (52-%3:?5-8) 556 (537-57-1) (52?7‘{'515-9) (52%?5-9) 562 (54-9-57:6)
Eﬁsr:)eprg (37%92173-4) (38-45%427-5) (40-1)[{.478-9) 481 (412-51:2) (421)%9-3) (4225-2?9-7) 495 (471-517)
E'Sﬁéﬁim (56-597—.5?9-3) (5752%70-5) (57519-231-1) 598 (58-2-61-2) (57-525%30-6) (57-54%11-1) 599 (58:5-61-3)
Eﬁ?éﬁim (51-5541.546-2) (53-525-598-6) (53%5-58-1) 57:0 (55:3-59-0) (53%63;518-6) (53515-568-1) 572 (556-591)
‘évueféﬁén (57??0-4) (57§7?§1-6) (57-599-.651-6) 60-1 (58-6-61-8) (57-579-681-7) (58%%(?1-8) 602 (58-6-62:0)
Ponorica and (47591-%?4-3) (50563-%?6-8) (51%5-59-7) 58:2 (55:5-60-9) (51%%507-5) (51515-230-1) 587 (56:1-61-2)
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Estimated 5-year Net Survival, 11 Cancers Combined
No Quality Improvements Plus Quality Improvements
Treatment Imaging Treatment Imaging
Baseline Only Only Comprehensive Only Only Comprehensive
the
Caribbean
) 483 513 515 53.0 522
Caribbean @41523)  (459575) (470561 00099600 gheggy (472568 580 (542:611)
Central 523 57.0 54.0 576 545
America (37.9594)  (51.8-61.6) (387-607)  291(553625) (5179 61.9) (387-610) 98(556-:628)
South 51.4 530 561 532 563
America (488-544)  (48.9-57.7) (514-605) ~ 83(548613) g9 5a1) (524-60.7) 285 (85:3-61:4)
Northern 610 611 612 611 613
America (598-619)  (59-8-62:3) (60-3-626) 014 (604626) 595654 (60-3-627) 014 (604-627)
. 59.2 614 605 624 613
Oceania (56.0-626)  (580-646)  (57-1-648)  032(95661)  (5aq655)  (57.1.650) 045 (625-668)
Australia/Ne 631 642 641 645 644
w Zealand (603-662)  (610-67.3)  (614-672) 0>3(630676) (510675  (p14-67.3)  056(635-680)
. 137 288 182 382 250
Melanesia (19500) A 23k #5380 Tho (Gabl5  SL5(59573)
o 255 402 309 480 369
Micronesia (49506)  (100-590)  (69594)  S0L(2SEAN) 057604y  (132611) 9993767
. 251 382 31.7 424 353
Polynesia (38-47:3) (6:9-512) @a564)  ABTE@L99) 51555  (e1570) 937 (473-603)

Lancet Oncol. Author manuscript; available in PMC 2021 August 01.



	Abstract
	Introduction
	Methods
	Overview
	Data Sources
	Model Calibration
	Policy Scenarios
	Role of the funding source

	Results
	Discussion
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Table 1:
	Table 2:
	Table 3:
	Table 4:

