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Estimating the total incidence of global childhood cancer:
a simulation-based analysis
Zachary | Ward, Jennifer M Yeh*, Nickhill Bhakta, A Lindsay Frazier, Rifat Atun*

Summary

Background Accurate estimates of childhood cancer incidence are important for policy makers to inform priority
setting and planning decisions. However, many countries do not have cancer registries that quantify the incidence of
childhood cancer. Moreover, even when registries do exist, they might substantially underestimate the true incidence,
since children with cancer might not be diagnosed. We therefore aimed to provide estimates of total childhood cancer
incidence accounting for underdiagnosis.

Methods We developed a microsimulation model to simulate childhood cancer incidence for 200 countries and
territories worldwide, taking into account trends in population growth and urbanicity, geographical variation in
cancer incidence, and health system barriers to access and referral that contribute to underdiagnosis. To ensure
model results were consistent with epidemiological data, we calibrated the model to publicly available cancer registry
data using a Bayesian approach in which the observed data are fixed and the model parameters (cancer incidence and
probabilities of health system access and referral) are random variables. We estimated the total incidence of childhood
cancer (diagnosed and undiagnosed) in each country in 2015 and projected the number of cases from 2015 to 2030.

Findings Our model estimated that there were 397000 (95% uncertainty interval [UI] 377 000-426 000) incident cases
of childhood cancer worldwide in 2015, of which only 224000 (95% UI 216 000-237 000) were diagnosed. This finding
suggests that 43% (172000 of 397 000) of childhood cancer cases were undiagnosed globally, with substantial variation
by region, ranging from 3% in western Europe (120 of 4300) and North America (300 of 10900) to 57% (43000 of
76000) in western Africa. In south Asia (including southeastern Asia and south-central Asia), the overall proportion
of undiagnosed cases was estimated to be 49% (67000 of 137000). Taking into account population projections,
we estimated that there will be 6 -7 million (95% UI 6-3-7 - 2) cases of childhood cancer worldwide from 2015 to 2030.
At current levels of health system performance, we estimated that 2-9 million (95% UI 2-7-3-3) cases of childhood
cancer will be missed between 2015 and 2030.

Interpretation Childhood cancer is substantially underdiagnosed, especially in south Asia and sub-Saharan Africa
(including western, eastern, and southern Africa). In addition to improving treatment for childhood cancer, health
systems must be strengthened to accurately diagnose and effectively care for all children with cancer. As countries
expand universal health coverage, these estimates of total incidence will hopefully help guide efforts to appropriately
increase health system capacity to ensure access to effective childhood cancer care.
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Introduction

Childhood cancer—defined here as cancer in children
aged 0-14 years—is a major cause of death in children
worldwide.’? More than 80% of diagnosed cases of
childhood cancer occur in low-income and middle-
income countries,* where access to diagnostics and
treatment are often inadequate.’ Accurate estimates of
incidence are important for cancer control strategies,
especially for countries with substantial population
growth and those expanding universal health coverage,
an important target for the Sustainable Development
Goal (SDG) 3.° However, current estimates of cancer
incidence, * based on reported data from population-
based cancer registries, have severe data limitations
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related to both access and quality, especially in low-
income and middle-income countries. Worldwide, about
60% of countries do not have quality population-based
cancer registries, and those that do often cover only a
small fraction of the population.'! Indeed, only an
estimated 11-4% of the world population aged 0-14 years
was covered by cancer registries in 2000-10. Where
registries do exist, weak health systems in low-income
and middle-income countries mean that many patients
with cancer are not diagnosed and therefore not
registered.” This underdiagnosis might be due to poor
access to primary care (leading to an eventual death from
the disease at home) or misdiagnosis due to inadequate
diagnostics (eg, lymphoma misdiagnosed as tuberculosis).
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Research in context

Evidence before this study

Until now, estimates of childhood cancer incidence have been
based on unadjusted aggregated data from population-based
cancer registries worldwide. The Global Burden of Disease Study
2016 provided detailed estimates of the number of incident
childhood cancer cases for the year 2016, and the International
Agency for Research on Cancer GLOBOCAN 2018 study provided
estimates for the year 2018. We searched PubMed for studies on
the incidence of global childhood cancer using the search terms
“childhood cancer”, “incidence”, and “global” on Nov 12, 2018,
without language or publication date restrictions. We found no
other estimates of global childhood cancer incidence. Current
estimates of global childhood cancer incidence are about
200000 cases per year. However, these estimates do not adjust
for underdiagnosis due to weaknesses in health systems.

Added value of this study
Health system barriers result in substantial underdiagnosis of
childhood cancer cases in many countries. The true incidence

Although previous studies’ acknowledge that under-
diagnosis might contribute to low incidence rates of
registry-reported childhood cancer in low-income and
middle-income countries and beyond, no study has yet
attempted to quantify its extent. We therefore aimed to
use a simulation model to estimate country-specific
childhood cancer incidence. By considering health
system barriers that contribute to underdiagnosis in
registry data, we aimed to provide new estimates of the
total incidence of childhood cancer to inform health
system policies for effective diagnosis and treatment of
all children with cancer.

Methods

Study design and data sources

In this study, we developed the Global Childhood Cancer
(GCC) microsimulation model (ie, an individual-level
simulation model) to estimate childhood cancer
incidence for 200 countries and territories worldwide,
taking into account trends in population growth and
urbanisation, geographical variation in cancer incidence,
and health system barriers that contribute to under-
diagnosis of childhood cancer. We used the model to
estimate the total incidence of childhood cancer (both
diagnosed and undiagnosed) and to estimate the total
number of cases from 2015 to 2030 (the time period of
the SDGs).

Procedures

We developed a conceptual cancer diagnosis cascade
(figure 1). Using this framework, we simulated children
with cancer from incidence to diagnosis and registration.
By modelling the process by which patients with cancer
are identified and diagnosed, we leveraged available
demographic, cancer incidence, and health systems data

of global childhood cancer is likely to be substantially higher
than currently reported. We developed a novel simulation
model of total childhood cancer incidence for 200 countries
and territories worldwide that takes into account the effects
of health system barriers on cancer diagnosis. We provided
estimates of underdiagnosis by country and territory, and we
estimated the total global incidence of childhood cancer.

Implications of all the available evidence

We estimated total global childhood cancer incidence to be
close to 400 000 cases per year, suggesting that nearly
one-in-two children with cancer are never diagnosed.
These new estimates could help to guide the expansion of
access to childhood cancer care in health systems that are
expanding universal health coverage.

to estimate the effects of health system barriers on
underdiagnosis of childhood cancer cases by calibrating
our predicted rates of diagnosed cases to the reported
incidence rates in country-specific cancer registries.

There are few known environmental risk factors for
childhood cancer, and an underlying genetic pre-
disposition is estimated to account for less than 10% of all
childhood cancers (although no global population-based
estimates of allele frequency variation exist).™” We
therefore assumed that populations with similar genetic
composition (which, similar to GLOBOCAN;* we assume
is based on geographical proximity) have similar rates
of childhood cancer incidence, enabling us to use data
from nearby countries with cancer registries to estimate
incidence in countries without registry data. Nearby
countries are also likely to share environmental exposures
that might affect the incidence of some cancers.

Furthermore, by considering countries with similar
genetic make-up and environmental exposures, we were
able to exploit variability in health system performance to
estimate the extent of underdiagnosis. For each country,
we modelled the key health system barriers of access to
primary care and appropriate referral to specialty care
(appendix pp 37-41).

We synthesised country-specific data for demographics,
cancer incidence, and health system variables from
multiple sources to create a virtual population repre-
sentative of global childhood cancer (table). We grouped
countries into four income categories as defined by the
World Bank (appendix p 2),” and 21 geographical regions
as defined by the UN. We excluded areas not classified by
the World Bank (appendix pp 2, 3). Our final model
included 200 countries and territories.

We modelled population growth in each country
using the UN probabilistic projections,* with annual
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projections” used to incorporate the distribution of
individual ages and interpolate the 5-year probabilistic
projections using linear interpolation (appendix p 3). We
imputed projections based on regional trends for
countries without UN projections. Specifically, we
imputed projections of percentage change in population
size based on the regional average. We also imputed
uncertainty around these projections. By sampling
population trajectories from the uncertainty intervals for
each country, we accounted for the uncertainty of these
projections, helping to guard against the potential error
associated with any single projection of trends. We also
modelled the urban or rural location of individuals based
on the UN 2014 Urbanization Prospects."

We obtained information about registry-reported
cancer cases from the International Incidence of
Childhood Cancer, volume III (IICC-3).” Registries from
77 countries were included in the model (appendix
pp 4-7). We separately modelled each of the 48 cancer
subcategories defined by the International Classification
of Childhood Cancer.” For each diagnosis and age group
(<1, 1-4, 5-9, and 10-14 years), we estimated hierarchical
models of cancer incidence with four levels (global,
continent, region, and country) weighted by the person-
years of each registry (appendix pp 8-36). This approach
allowed us to use all available registry data while
maintaining geographical differences in reported cancer
incidence. In particular, our hierarchical approach
allowed us to cluster trends in cancer incidence at
different geographical levels, with a flexible country-level
term allowing us to model substantial heterogeneity
within regions where appropriate, thus incorporating
uncertainty around our guiding assumption that nearby
countries have similar incidence rates.

We modelled access to primary care as the first step in
the cancer diagnosis cascade. Given access to primary
care, we assumed that patients must then be appropriately
referred to specialty care (and successfully complete that
referral) to receive an accurate cancer diagnosis. We
assumed that all diagnosed patients were recorded in a
cancer registry if one exists. To estimate the probabilities
of access and referral, we leveraged information from
proxy indicators. The indicators we chose are also included
in the service coverage index” of universal health coverage
and the WHO reference list of core health indicators,”
suggesting good face validity. To model access, we selected
indicators for access to primary prevention and care
interventions: antenatal care coverage, vaccination cover-
age, and the WHO composite coverage indicator
consisting of eight reproductive, maternal, newborn, and
child health interventions (appendix pp 37, 38).

To model referral, the next step in the cascade, we
selected indicators for receiving appropriate treatment for
a given illness: suspected pneumonia referral and
diarrhoeal treatment with oral rehydration salts or therapy
(appendix pp 39, 40). Although diarrhoea can be treated at
home, children must still receive appropriate health
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Figure 1: Conceptual cancer diagnosis cascade

DHS=Demographic Health Survey. ICC-3=International Incidence of Childhood Cancer, volume lIl. MICS=Multiple

Indicator Cluster Survey.

services to initiate treatment. Thus, these indicators can
provide insight into the extent of health service
engagement at each step of the cancer diagnosis cascade.
We obtained the most recent data for each proxy indi-
cator from the WHO Global Health Observatory data
repository.® These country-specific indicators are based
on Demographic Health Survey (DHS) or Multiple
Indicator Cluster Survey (MICS) data, stratified by urban
or rural location. Since most cancer registries are located
in urban areas and therefore might not be nationally
representative,” we modelled health system variables
by urban or rural location to capture within-country
variation in underdiagnosis of childhood cancers.
To estimate prior probability distributions for access
and referral based on these indicators, we developed
a Bayesian hierarchical framework” with three levels
(income, region, and country), allowing us to synthe-
sise multiple indicators and estimate parameters for
countries with no DHS or MICS data (appendix p 41).

Outcomes

For each country or territory, we modelled the effect of
health system barriers on childhood cancer diagnosis
and estimated the total incidence (ie, diagnosed and
undiagnosed) of each International Classification of
Childhood Cancer diagnosis by age group. We also
projected the number of childhood cancer -cases
from 2015 to 2030, taking into account trends in
population growth and urbanicity. We report the
estimated mean and 95% uncertainty interval
(UL calculated as the 2-5 and 97-5 percentiles) of our
simulation results.

Statistical analysis
For each age group in each country and territory, we
simulated the cancer diagnosis cascade for each of the
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Data source Number of model Reference
countries reported
Demographics
Income group World Bank 2016 income categories 200 World Bank 2016
Population projections Probabilistic Population Projections used for 186 UN World Population Prospects: the 2015
population estimates; Medium Fertility Scenario revision**
used for age structure
Urban percentage Proportion of population living in urban areas 200 UN 2014 Urbanization Prospects'®
Cancer incidence
Reported cancer cases Global, continental, and regional estimates used 77 International Incidence of Childhood Cancer-3
as prior probability distributions; country-specific registries”
estimates used as calibration targets
Health system variables
Access (urban and rural) Antenatal care coverage, at least four visits 86 DHS and MICS data, obtained from the WHO Global
Health Observatory'®
Access (urban and rural) Composite coverage index 86 DHS and MICS data, obtained from the WHO Global
Health Observatory™®
Access (urban and rural) Coverage of DTP3 vaccination 95 DHS and MICS data, obtained from the WHO Global
Health Observatory'®
Referral (urban and rural) Children aged <5 years with pneumonia 90 DHS and MICS data, obtained from the WHO Global
symptoms taken to a health facility Health Observatory™®
Referral (urban and rural) Children aged <5 years with diarrhoea receiving 99 DHS and MICS data, obtained from the WHO Global
oral rehydration salts Health Observatory'®
Referral (urban and rural) Children aged <5 years with diarrhoea receiving 99 DHS and MICS data, obtained from the WHO Global
oral rehydration therapy and continued feeding Health Observatory™®
DHS=Demographic and Health Survey. DTP3=diphtheria, tetanus, and pertussis. MICS=Multiple Indicator Cluster Survey.
Table: Model data sources overview

48 International Classification of Childhood Cancer
diagnoses to estimate the incidence rates of total and
diagnosed cancers. We modelled the annual number
of cases using our estimates of total incidence
(appendix p 42). For each cancer case, we then simulated
the probability of access to primary care, and the
probability of appropriate referral and diagnosis,
specified by the following equation:

Diagnosed incidence = total incidence x probability
of access x probability of
referral and accurate diagnosis

Calibration involves comparing model predictions with
empirical data, allowing us to identify sets of parameter
values that achieve a good fit.? We fit the model
parameters using a Bayesian framework in which we
assumed that the observed (diagnosed) incidence as
reported in the registries is fixed, and that the model
parameters that give rise to the registry data (ie, total
incidence and health system barriers) are random
variables. We then used model calibration to fit these
parameters, identifying parameter sets (ie, combinations
of parameters) that yielded model predictions of
diagnosed incidence consistent with the observed data.
We briefly describe this process here; the appendix (p 42)
contains full details on the model calibration.

We calibrated the model to all reported country,
age, and diagnosis-specific incidence rates, totalling
10078 registry targets (ie, observed datapoints against

which parameter sets were scored). We scored the model
predictions based on the squared distance between the
predicted and reported incidence, with each registry
target weighted inversely proportional to the width of its
confidence interval. For computational efficiency, we
used a hybrid approach combining stochastic (simulated
annealing)* and deterministic (gradient descent)®
optimisation techniques to identify good-fitting para-
meter sets. We ran 10000 independent searches and
selected the 100 best-fitting parameter sets to account for
uncertainty around the model parameters.

As a posterior predictive check? of our calibrated
model, we compared our predictions of diagnosed
incidence to registry-reported incidence. We calculated
how often our prediction intervals (95% UI) contained
the reported point estimate (ie, the coverage probability),
and how often our mean predicted incidence fell within
the 95% ClIs of the registry data.

Using the best-fitting 100 parameter sets from the
calibrated model to more fully portray uncertainty, we
estimated the underlying total incidence rates for each
diagnosis and age group. We used the WHO World
Standard Population to age-standardise our reported
estimates.” We then ran 1000 simulations to project total
incident cancer cases from 2015 to 2030, taking into
account trends in population growth and urbanisation.
We assumed that the incidence rates and health system
variables remained constant. In each simulation, we
sampled a parameter set (from the top 100 parameter sets
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identified during calibration) and country-specific
population projections. This approach allowed us to take
into account both stochastic (first-order) and parameter
(second-order) uncertainty to estimate the posterior
predictive distributions of our model outcomes. In each
iteration, we sampled a parameter set to account for
parameter uncertainty, and within each iteration we
simulated individual children with cancer to capture
stochastic uncertainty. We ran 1000 simulations as a
compromise between the computational demands of the
model and the need to estimate stable means and explore
parameter uncertainty. We used this Bayesian framework
to estimate the number of diagnosed cases and the
number of total underlying cancer cases from 2015 to
2030.

The GCC microsimulation model was coded in Java
(version 1.8.0), and the statistical analyses were done in R
(version 3.3.1).

Role of the funding source

The funders of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report. All authors had full access to all the data used
in the study. The corresponding author had final
responsibility for the decision to submit for publication.

Results
Using our GCC model, we estimated that globally in
2015 there were 397000 (95% UL 377000-426 000) total

incident cases of childhood cancer, whereas only 224000
(95% UT 216000-237000) cases were diagnosed. Our
estimates of annual diagnosed global childhood cancer
cases are similar to estimates from the International
Agency for Research on Cancer (IARC),* which
estimated 200000 cases in 2018, and the Global Burden
of Disease Study 2016 (GBD 2016;” appendix p 144),
which estimated 195000 (95% UI 175 000-206 000) cases
in 2016. Furthermore, our predictions of total annual
childhood cancer cases are similar to recently reported
totals from a convenience sample of several high-
income countries where national data are available
(appendix p 145). Our predictions aligned well with
these estimates, with our prediction intervals containing
the reported estimate for each country, building
confidence in the GCC model predictions. Our posterior
predictive checks (ie, comparing our predictions to all
available IICC-3 registry data) revealed that nearly all
(99-3%) of our prediction intervals overlapped with the
95% Cls of the registry data, and our prediction intervals
contained the registry point estimate 87-7% of the time.
Our mean predicted incidence fell within the registry
95% CIs 84-8% of the time over all diagnoses
(appendix pp 45-143). Our highest mean squared error
was for neuroblastoma (appendix p 43), where we often
predict lower incidence than reported in the registries—
our mean predicted incidence fell within the registry
95% CIs 79-9% of the time for this diagnosis (appendix
pp 79-80).
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Figure 2: Total number of incident and diagnosed cases of childhood cancer by region in 2015
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Diagnosed incidence

Total incidence

Figure 3: Age-standardised incidence (per million) of diagnosed and total childhood cancer cases by country in 2015

The estimated proportion of cancer cases that
are underdiagnosed varies substantially by country
(appendix pp 191-391). We estimated that in 2015, 43%
(172000 of 397000) of global childhood cancer cases were
not diagnosed, ranging from 3% in western Europe
(120 of 4300) and North America (300 of 10900), to 57%
(43000 of 76000) in western Africa (figure 2). In
south Asia (including southeastern Asia and south-
central Asia), the overall proportion of undiagnosed
cases was estimated to be 49% (67000 of 137000).

We estimated the total number of incident and
diagnosed cases by region in 2015 (figure 2), and present
the age-standardised incidence rates (per million) of
diagnosed and total cases by country (figure 3). Figure 4
provides estimates of total incident cancer cases by
diagnosis and region for the top 15 specified diagnoses

(ie, excluding unspecified or other)—the estimated
incidences for all diagnoses are presented in the
appendix (pp 146—49). Estimated regional incidence rates
are reported in the appendix (pp 150-61). The appendix
also contains the maps of age-standardised incidence by
diagnosis group (pp 162-74), and maps of estimated
access and referral probabilities (p 175). We estimate that
92% (366000 of 397000) of total incident cases occur in
low-income and middle-income countries (appendix
pp 191-391).

We found that acute lymphoblastic leukaemia is the
most common cancer in most regions of the world,
with the notable exception of sub-Saharan Africa
(including eastern, western, and southern Africa),
where acute lymphoblastic leukaemia incidence is
substantially lower than in other global regions
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Figure 4: Estimated total incident cancer cases and age-standardised incidence in 2015 by the top 15 specified* diagnoses and region
Data are mean (95% uncertainty interval). Shaded cells indicate age-standardised incidence rates per million. Differences between global values and summed regional values are due to rounding.

*Top 15 diagnoses by global cases after removing other or unspecified diagnoses.

(figure 4; appendix p 150). However, we found that
increased incidence of other diagnoses leads to higher
overall cancer incidence in much of Africa, especially in
western Africa, where we estimated the age-
standardised total incidence rate to be 430 (95% UI
344-546) per million person-years compared with an
average of 157 (95% UI 151-161) per million person-years
in Europe and North America (figure 3, appendix
pp 150-61). We found that 75% of this difference in
total incidence is due to a higher incidence of lym-
phomas, retinoblastoma, and renal tumours in western
Africa, with Burkitt lymphoma alone comprising
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25% of the difference. We also found that “other” and
“unspecified” cancers comprise 11% (8500 of 76 000)
of cases in west Africa compared with less than 1%
(200 of 29000) in Europe and North America (figure 4,
appendix pp 150-61).

Taking into account population projections, we esti-
mated that there will be 6-7 million (95% UI 6-3-7-2)
cases of childhood cancer worldwide from 2015 to 2030.
At current levels of health system performance (access
and referral), we estimated that 2-9 million cases
(95% UI 2-7-3-3) or 44% of all childhood cancers will
not be diagnosed during this period (figure 5).
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Figure 5: Modelled projections of incident global childhood cancer cases between 2015 and 2030
Shaded areas are 95% uncertainty intervals.
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We also found that because of demographic trends, the
number of childhood cancer cases is declining or stable
in most regions of the world (figure 6). Africa is, however,
anotable exception, which is projected to have substantial
population growth, with the number of children aged
0-14 years increasing from 485 million in 2015 to
625 million in 2030.* We found that population growth
in Africa will drive an increase in the number of global
lymphoma cases (appendix p 176). The appendix presents
projections for each country (pp 191-391).

Discussion

Using a simulation model of childhood cancer incidence
in 200 countries and territories, we found that the
annual global incidence of childhood cancer is about
400000 cases after adjusting for underdiagnosis,
compared with about 200000 cases currently reported.
We estimated that more than 90% of childhood cancers
occur in low-income and middle-income countries—a
higher proportion than previously thought. Health
system barriers to access and referral result in substantial
underdiagnosis of childhood cancer in many countries,
with nearly one-in-two cases of global childhood cancer
not diagnosed and treated.

Although our model-based estimates should be
interpreted in light of data limitations and modelling
assumptions, we found that our model has a high level of
accuracy compared with available data; our predictions of
diagnosed incidence rates are consistent with country-
specific registry data and reflect geographical variation in
cancer incidence and heterogeneity in health systems
across and within countries, and our estimates of global
diagnosed cases are similar to estimates by IARC
and GBD 2016.*” Furthermore, our model accurately
predicted the total number of childhood cancer cases
compared with national data reported for several high-
income countries, and is consistent with recent findings,”
suggesting that the increase in childhood cancer
incidence observed in a subset of European cancer
registries might partly reflect improvements in the
diagnosis and registration of paediatric cancers over time.

In some cases, ascertainment bias in the registry data
might have caused our prediction intervals to not contain
the registry-reported point estimate. For example, our
highest prediction error is for infant neuroblastoma
incidence; we typically predict lower incidence than
reported in the registries. However, because neuro-
blastoma has a high rate of spontaneous regression in
infants,” countries with advanced imaging and diagnostic
capabilities are able to identify a higher proportion of
asymptomatic or mild symptomatic patients in this age
group, suggesting that our model has good face validity
in estimating clinically actionable cases of neuroblastoma.

Our findings suggest the magnitude of undiagnosed
childhood cancer represents a large proportion of the
total incidence, especially in south Asia and sub-Saharan
Africa. Although these regions have similar proportions
of undiagnosed cases, east and west Africa have registry-
reported overall incidence rates as high as Europe and
North America, suggesting that the underlying incidence
of childhood cancer is even higher in these regions when
we take into account the effect of health system barriers
on diagnosis. We found that this higher overall incidence
is largely due to different patterns of cancer incidence by
diagnosis, with lymphomas in particular driving higher
incidence in these regions.

Although the focus for global childhood cancer is
typically on improving oncology care through efforts
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such as twinning low-income and middle-income
countries with centres in high-income countries,®
improving treatment at a small number of individual
facilities, we found that interventions aimed at health
system strengthening (at every step of the care cascade)
will also be needed to reduce the number of undiagnosed
children with cancer. Developing reliable cancer
registries and health information systems will be key to
monitoring progress towards the goal of identifying all
cases in a population. The large magnitude of un-
diagnosed cancer cases presents a challenge to many
countries as they increase access to childhood cancer
treatment as part of universal health coverage expansion,
prompted by SDG target 3.8, to “achieve universal health
coverage, including financial risk protection, access to
quality essential health-care services and access to safe,
effective, quality and affordable essential medicines and
vaccines for all”.¢

Our model-based estimates of the total incidence of
childhood cancer will hopefully be able to help guide
health system planning and inform new policies to
improve management of childhood cancers. For example,
although improving access to primary and specialty care
can contribute to further reductions in child mortality
(for all children, both with and without cancer), adequate
cancer treatment capacity should also be planned to
address the larger number of identified cancer cases. In
a follow-up work, we plan to estimate the effect of
improving probabilities of health system access and
referral for childhood cancer, among other strategies. In
this current analysis, we therefore kept these probabilities
constant when projecting cancer cases between 2015 and
2030 as a baseline analysis, and to highlight the need for
continued investment in health system strengthening.

Indeed, examining the underdiagnosis of childhood
cancer can help shed light on health system performance.
Because it is reasonable to consider the incidence of
childhood cancer as a random event, the gap between
total and diagnosed cases (as indicated by the coverage of
paediatric cancer registry data) can in turn serve as a
tracer or indicator of access and referral within a given
health system. Our approach also highlights the potential
importance of using structural models to estimate the
effect of health system barriers on cancer diagnosis. By
explicitly taking into account the population structure
(age structure and urban or rural location) of children in
all countries, as well as differential barriers to diagnosis
(by urban or rural location within countries), we were
able to fit our model to data from countries where cancer
registration is more well established and then make
predictions for countries without registries where the
population structure and health system barriers might be
different. This approach could be extended to other
disease areas if data are available; the collection of IICC-3
cancer registry data over long periods of time served as
the foundation for our modelling approach and highlights
the importance of data collection for other diseases.
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Although our modelling approach allows us to
synthesise data from multiple sources in a way that is
consistent with empirical data for health system barriers
and reported cancer incidence, we recognise that there
are limitations in the assumptions needed to develop the
model. We used hierarchical models to more flexibly
incorporate many assumptions, and we accounted for
parameter uncertainty in all steps of developing the
model. As a result, sensitivity analyses are already
included in our uncertainty intervals. For example, the
effect of uncertainty around future trends in population
growth can be seen in the widening of our uncertainty
intervals around incident cases at later timepoints.
Although our results therefore incorporated various
sources of uncertainty, some limitations remain.

First, although our proxy indicators for access and
referral have good face validity for general health system
functioning, these indicators might not be representative
of childhood cancer specifically. For example, we used
diarrhoeal treatment as one of our proxies for referral,
which might depend on how serious an issue diarrhoea
is in a given country. This variability is one reason why
we selected multiple indicators as proxies for each
health system barrier. Moreover, rather than directly
using these estimates in the model, these proxy
indicators are used to provide some sense of health
system engagement by informing prior probability
distributions that were sometimes substantially revised
during calibration in which we aligned our model
predictions with childhood cancer-specific registry data.
In the interest of parsimony, we also used the same
probabilities of access and referral (stratified by urban vs
rural location) for all cancer diagnoses within a country,
which might mask variation in the salience of various
diagnoses that can affect these probabilities. Second, we
assumed that all diagnosed cases are accurately recorded
in cancer registries. In practice, however, some cases
might be diagnosed but not recorded, or might be
incorrectly classified because of deficient pathology
services, which require expertise and access to immuno-
histochemistry. Third, although we used hierarchical
models to incorporate all available data, our results
might be affected by small sample sizes in some
regions. For example, there were only two countries in
west Africa (Mali and Cameroon) with available registry
data, so our predictions for this region might be
influenced by the extent to which these countries are
representative of the region as a whole. Although our
estimates of the proportion of undiagnosed cancer cases
in Africa are similar to those in other regions,
our resulting estimates of underlying incidence rates
for some diagnoses in Africa might be insuffi-
ciently regularised given the small number of available
registries, and thus could be overestimates. Registry
data from additional countries would help to better
account for potential heterogeneity and control for
outliers in cancer incidence within regions. Although in
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general our hierarchical approach helps to guard against
overfitting to outliers by regularising estimates from
individual countries, this bias-variance trade-off results
in posterior shrinkage in which our predictions have
smaller between-country variance than the reported
estimates. However, as new country-specific data
become available, our model can be refined to provide
updated estimates. Fourth, the registry data we used to
calibrate the model pooled incidence rates over all
reported years. For example, in the USA, we fit to
incidence rates estimated for the period 1998-2012.
Although pooling helps provide more stable estimates,
it could mask trends in incidence rates within the
reported period, such as those due to changing
demographic composition of racial or ethnic subgroups
with different cancer risks. Lastly, we did not account
for competing causes of death in this analysis, which
would reduce the number of prevalent undiagnosed
cancer cases. However, competing mortality should not
affect the number of undiagnosed incident cases (at
least relative to diagnosed cases), which is the focus of
this analysis. Estimating the prevalence of childhood
cancer would require simulating incidence and
mortality (from all causes) for a specified time period,
which is the focus of a follow-up analysis.

Notwithstanding these limitations, using a model-based
approach, we provide, to our knowledge, the first global
estimate of the extent of underdiagnosis of childhood
cancer and estimate the total underlying incidence of each
International Classification of Childhood Cancer diag-
nosis. We found that health system barriers result in
substantial underdiagnosis of childhood cancer cases in
many countries. The true incidence of global childhood
cancer is likely to be about 400000 cases per year—
substantially higher than the number currently reported—
indicating that nearly one-in-two cases of childhood
cancers is not diagnosed and treated.

In conclusion, our findings highlight the need for
continued investment in health systems to address the
underdiagnosis and large hidden incidence of child-
hood cancer, and the importance of expanding cancer
registration to track progress towards the goal of
universal access and treatment. As health systems
expand access to childhood cancer care as part of
universal health coverage, these estimates could help to
guide the development of policies to ensure effective
access to care for all children with cancer.
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