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Summary
Background The EUROCARE-5 study revealed disparities in childhood cancer survival among European countries, 
giving rise to important initiatives across Europe to reduce the gap. Extending its representativeness through 
increased coverage of eastern European countries, the EUROCARE-6 study aimed to update survival progress across 
countries and years of diagnosis and provide new analytical perspectives on estimates of long-term survival and the 
cured fraction of patients with childhood cancer.

Methods In this population-based study, we analysed 135 847 children (aged 0–14 years) diagnosed during 2000–13 
and followed up to the end of 2014, recruited from 80 population-based cancer registries in 31 European countries. 
We calculated age-adjusted 5-year survival differences by country and over time using period analysis, for all cancers 
combined and for major cancer types. We applied a variant of standard mixture cure models for survival data to 
estimate the cure fraction of patients by childhood cancer and to estimate projected 15-year survival.

Findings 5-year survival for all childhood cancer combined in Europe in 2010–14 was 81% (95% CI 81–82), showing 
an increase of three percentage points compared with 2004–06. Significant progress over time was observed for 
almost all cancers. Survival remained stable for osteosarcomas, Ewing sarcoma, Burkitt lymphoma, non-Hodgkin 
lymphomas, and rhabdomyoscarcomas. For all cancers combined, inequalities still persisted among European 
countries (with age-adjusted 5-year survival ranging from 71% [95% CI 60–79] to 87% [77–93]). The 15-year survival 
projection for all patients with childhood cancer diagnosed in 2010–13 was 78%. We estimated the yearly long-term 
mortality rate due to causes other than the diagnosed cancer to be around 2 per 1000 patients for all childhood cancer 
combined, but to approach zero for retinoblastoma. The cure fraction for patients with childhood cancer increased 
over time from 74% (95% CI 73–75) in 1998–2001 to 80% (79–81) in 2010–13. In the latter cohort, the cure fraction 
rate ranged from 99% (95% CI 74–100) for retinoblastoma to 60% (58–63) for CNS tumours and reached 
90% (95% CI 87–93) for lymphoid leukaemia and 70% (67–73) for acute myeloid leukaemia.

Interpretation Childhood cancer survival is increasing over time in Europe but there are still some differences 
among countries. Regular monitoring of childhood cancer survival and estimation of the cure fraction through 
population-based registry data are crucial for evaluating advances in paediatric cancer care.

Funding European Commission.

Copyright © 2022 Elsevier Ltd. All rights reserved.

Introduction
5-year observed survival of childhood cancer in Europe 
improved from 76·1% during 1999–2001 to 79·1% during 
2005–07. Despite major progress in eastern European 
countries, disparities among states persisted,1 and 
survival varied widely by cancer type. 5-year survival from 
sarcomas, neuroblastoma, and CNS tumours rarely 
exceeded 70%, remaining stable over time. Survival after 
childhood cancer in the 2000s was generally good and 
the estimated prevalence of adults who had had childhood 
cancer (childhood cancer survivors) was approximately 
70 and 80 per 100 000 population in Italy and the USA, 
respectively.2,3

Improved survival and the growing population of 
childhood cancer survivors have drawn increasing 

attention to long-term cancer sequelae. For several 
paediatric cancers, an excess risk of death is well 
documented to persist for many years after diagnosis 
due to treatment effects, second malignancies, or host 
features.4–6 However, population-based cancer registries 
have rarely been the source of data on long-term 
survival, mortality rate, and cure fraction for childhood 
cancer because of the need for large sample sizes and 
long follow-up periods, which are seldom available.7,8 
The EUROCARE project has estimated cancer survival 
since the diagnostic year of 1978, with increasing 
coverage of the European population. The EUROCARE-6 
database contains about 220 000 records of childhood 
cancer diagnosed from 1978 to 2013. The magnitude of 
this European cohort and the long period covered make 
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it possible to assess long-term survival and temporal 
patterns and to estimate the proportion of children who 
were cured of cancer.

Through the EUROCARE-6 study, covering 85% of 
the European paediatric population, we present new data, 
showing progress in survival for childhood cancer cases 
diagnosed during the period 2000–13 and geographical 
differences for the most recent period of diagnosis. In 
addition, we assess long-term survival (up to 15 years) 
and, to our knowledge, for the first time, the cure fraction 
(the proportion of patients no longer at risk of dying from 
progression or relapse of the diagnosed cancer) for all the 
major groups of paediatric cancers.

Methods
Study design and data collection
EUROCARE-6 is a population-based study. Data on 
137 421 cancers in European children (aged 0–14 years) 
diagnosed from Jan 1, 2000, to Dec 31, 2013, and followed 
up for vital status to Dec 31, 2014, were provided by 

80 cancer registries from 31 European countries, covering 
on average 85% of the European paediatric population 
(69 161 377 of 81 171 700 children in the year 2010). All 
cancer registries collected individual data according to 
a standardised protocol9 and, after pseudonymisation, 
sent them for central ised analysis. After applying quality 
check procedures, 135 847 childhood cancer cases were 
considered valid for survival analysis. In addition, each 
cancer registry provided life tables showing the back-
ground mortality in the general population of the 
administrative territory covered by the registry.

The participating countries were Austria, Belgium, 
Bulgaria, Croatia, Cyprus, Czechia, Denmark, England, 
Estonia, Finland, France, Germany, Greece, Hungary, 
Iceland, Ireland, Italy, Latvia, Lithuania, Malta, 
the Netherlands, Northern Ireland, Norway, Poland, 
Portugal, Scotland, Slovakia, Slovenia, Spain, Switzerland, 
and Wales. All but three countries had national 
population-based cancer registration. Italy and Spain had 
partial registration covering 54% and 60%, respectively, of 

Research in context

Evidence before this study
Cure (ie, the complete eradication of the cancer) is the primary 
goal of childhood cancer care. Estimating the proportion of 
children effectively cured of their cancer has, however, been 
hindered by the persistence of long-term mortality due to the 
adverse effects of treatments. Nevertheless, in the past 15 years, 
many studies have provided solid estimates of long-term, 
non-cancer mortality among patients with childhood cancer. 
These data facilitate estimation of the proportion of cured 
children by disentangling mortality due to cancer progression 
from that attributable primarily to the adverse effects of 
treatments. We searched PubMed from inception to 
Aug 3, 2022, for English-language research articles using a 
combination of the following keywords: “childhood cancer” 
AND (“proportion cured” OR “cure fraction” OR “cure model”). 
We found only one study reporting cure fraction for acute 
lymphoblastic leukaemia. In the past 20 years, most European 
countries have increased registration from partial to national, 
with coverage now accounting for up to 85% of the childhood 
population (about 70 million children), making it possible to 
more accurately describe the burden of childhood cancer 
in Europe. Moreover, the long period of observation of 
EUROCARE has allowed long-term survival and the proportion 
of cured children to be more accurately estimated to better 
inform on the progress of childhood cancer care.

Added value of this study
This study provides updated population-based estimates of 
childhood cancer survival variability over time and within 
31 European countries, with much wider representativeness, 
compared with the past, of eastern European countries. 5-year 
survival for all childhood cancer combined increased by three 
percentage points in 7 years, and increases varied among 
individual childhood cancer entities. Survival disparities among 

countries persisted and were larger for some cancer types that 
have a poor prognosis and require complex treatments. To our 
knowledge this study presents, for the first time, cure fraction 
estimates for patients with childhood cancer, which increased 
over time. A new survival model estimated a long-term 
mortality rate attributable to causes other than the diagnosed 
cancer of about two per 1000 patients per year, ranging from 
about zero for retinoblastoma to about ten for CNS malignant 
cancers. Model-based estimates of 15-year survival and their 
increase over time were provided. These new indicators are 
aimed at improving understanding of progress in Europe and at 
stimulating future research from new observational and 
population-based studies.

Implications of all the available evidence
The continuing but not huge survival increases in the study 
period, and the persisting large disparities in prognosis across 
European countries, indicate that much can be gained by 
contrasting inequalities in access to the best currently available 
diagnostic procedures and treatments. The proportion of cured 
patients should become a further indicator of progress in 
cancer care. Collaboration between the clinical and 
epidemiological world must be intensified to be more effective 
with actions at the European and country level. Stage, 
treatments, and their long-term side-effects are important 
grounds for such a collaboration. The International 
Benchmarking of Childhood Cancer Survival by Stage Project 
(BENCHISTA) might show a successful way to achieve such a 
collaboration. BENCHISTA will promote the widespread 
adoption among cancer registries of the Toronto guideline to 
code stage at diagnosis in childhood cancer. The project is 
designed to understand the reasons for variation in childhood 
cancer survival among countries and to highlight any areas that 
require improvement in childhood cancer care.
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the entire childhood population. Portugal, on the other 
hand, thanks to the aggregation of three registries, had 
total registration covering the entire paediatric population, 
excluding the Azores. Data from nine specialised 
childhood cancer registries were included: the childhood 
cancer registries of Germany, Hungary, France (solid 
cancers and haematological cancers), Greece (leu-
kaemia, lymphoma, and CNS tumours diagnosed since 
2010), Switzerland, and Piedmont (Italy); the Spanish 
Registry of Childhood Tumours (RETI-SEHOP) covering 
Madrid and Barcelona; and the Comunitat Valenciana 
Childhood Cancer Registry covering Alicante, Castellon, 
and Valencia.

We grouped cancers using the major categories defined 
by the International Classification of Childhood Cancers 
(ICCC), third edition,10 and also analysed all cancers 
combined. We provide the main analyses for malignant 
cases only. Tumours of uncertain and benign behaviour 
of the CNS and intracranial neoplasms are described 
in the appendix (p 6) only, because not all countries 
collected these data or sent them to the EUROCARE-6 
project. We excluded pilocytic astrocytomas coded as 
malignant from the malignant tumour analyses because 
they are defined by the third edition of the International 
Classification of Diseases for Oncology (ICD-O-3) as 
borderline behaviour tumours.

To assess differences in 5-year observed survival by 
country for each childhood cancer, we analysed survival 
in the period of follow-up 2010–14 because 5 years of 
follow-up data were not available for patients diagnosed 
in 2010–13. These estimates include the survival of 4-year 
cohorts of patients diagnosed from 2006–09 to 2010–13 
and followed up to 2014 (period analysis;11 appendix p 2), 
based on data from 80 cancer registries covering at least 
the whole period 2007–10.

To evaluate time trends, we estimated 5-year observed 
survival in 2004–14, during three time periods: patients 
in follow-up in 2004–06, 2007–09, and 2010–14, based on 
cases diagnosed in 2000–06, 2003–09, and 2006–13, 
respectively (trend analysis; appendix p 2). We divided 
time into three intervals of different follow-up length to 
include more cases in the most recent period. We 
estimated proportions of cured patients and modelled 
and projected 15-year survival from observed survival 
data of four diagnosis cohorts (1998–2001, 2002–05, 
2006–09, and 2010–13; long-term analysis). Time trends 
and long-term survival analyses were based on 62 cancer 
registries covering at least the whole period 2001–10.

Statistical analysis
We calculated observed survival by European countries 
and for the pool of all participating cancer registries 
without adjusting for country-specific all-cause mortality 
because background mortality for children in Europe 
is very low and does not substantially differ among 
countries. Since sufficient follow-up was not available 
for recently diagnosed patients, we computed survival 

estimates using the actuarial method and adopted the 
period approach11 to provide more up-to-date and reliable 
predictions of 5-year cohort survival.

The age distribution of patients with cancer can vary 
between countries and over time. Therefore, to improve 
comparability, we calculated age-standardised survival 
estimates for all ages combined using the direct method. 
For the trend and by-country analyses, we derived weights 
from the cancer-specific age distribution of each ICCC 
category of all children diagnosed during 2000–13 and 
2006–13, respectively (appendix pp 9–10). Moreover, 
since casemix differences can affect comparisons among 
countries and over time for all cancers combined, we 
calculated 5-year observed survival adjusting for casemix 
using 11 diagnostic categories (acute lymphoid leukaemias, 
acute myeloid leukaemias, Hodgkin lymphomas, non-
Hodgkin lymphomas, CNS tumours, neuroblastoma, 
nephroblastoma, retinoblastomas, bone tumours, soft 
tissue sarcomas, and all remaining cancers in the ICCC 
list).1 We were unable to estimate age and casemix-
adjusted survival for 15 countries due to the small number 
of cases in some age and cancer-specific strata, so they are 
not presented as results. We calculated the I² statistic to 
provide a synthetic metric to describe heterogeneity 
among countries for different cancers. I² is the most 
common measure for heterogeneity that describes the 
percentage of total variation across countries due to 
heterogeneity rather than chance.12 We performed the 
Z test to evaluate differences between the first and last 
period analysed in the time-trend analysis.

We used a Cox proportional hazards model for each 
diagnostic group to obtain the hazard ratio of death for 
each period adjusted for country, sex, and age group. 
The proportional-hazards assumption was tested with 
Schoenfeld residuals; we do not present the results 
for six diagnostic groups that fail to comply with this 
assumption. The interactions between periods and age 
classes for the cancer selected were not included because 
they were not statistically significant (data not shown). 
The significance threshold for p values was set at 0·05.

To estimate the cure fraction and projected 15-year 
survival for the most recent cohorts, we applied a variant 
of a standard mixture cure model to observed survival 
data from four diagnosis cohorts including up to 15 years 
of follow-up, where available. Standard mixture cure 
models assume that patients are divided into cured 
patients—ie, those who do not die of cancer—and 
patients who were expected to die of cancer, with a related 
estimable risk of death distributed according to a pre-
specified parametric distribution.13 Such models assume 
that cumulative relative survival will plateau at a particular 
time after diagnosis (ie, on achieving cure), and patients 
surviving to this time are expected to have the same life 
expectancy as their cancer-free contemporaries. Since 
relative survival for children practically coincides with 
observed survival, we applied the mixture cure model to 
observed survival data. For several childhood cancers, 
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however, no such point of cure was evident from our data 
due to the risk of non-cancer mortality in the long term. 
Conventional cure models were therefore not applicable 
or fitted the data poorly, because the definition of cure 
and the assumption underlying the conventional model 
did not fit the childhood cancer. We therefore also fitted a 
different model for all childhood cancer entities by adding 
an extra parameter to account for long-term constant 
risk of non-cancer death, assumed to be common across 
countries, periods, ages, and sexes. Accordingly, we 
assumed both patients who were or were not cured of 
cancer to have a constant mortality rate attributable to 
long-term risk of non-cancer death. Hence, in this model, 
the cure fraction represents exactly the fraction of patients 
who did not die because of cancer. The cumulative 
survival derived from the model is given by the expression:

where Sk(t) is the observed survival at time t of the 
k-th cohort of diagnosis, πk is the cohort-specific cure 
fraction, μ is the long-term risk of death affecting both 
cured and uncured patients, and Su(t) is the cumulative 
survival function of uncured patients due to cancer 

mortality. We used both Weibull and log-normal distri-
butions to model the failure time of fatal cases. By 
definition, μ potentially affects all patients at diagnosis 
but was most evident in patients who had been cured, 
since the direct effect of cancer mortality in uncured 
patients was predominant. The model assumes that 
only the proportion πk varies across the cohorts of 
diagnosis, whereas the survival function Su(t) and the 
long-term risk are constant over the cohorts of diagnosis. 
We estimated model parameters by the maximum 
likelihood method, using grouped data assuming a 
binomial error structure. Results are shown from 
either the Weibull or log-normal survival function Su(t), 
depending on which fit best in terms of higher 
likelihood. We removed parameter μ, collapsing to the 
standard cure model, when its contribution to likelihood 
was not significant. We performed the Z test to evaluate 
differences between cure fraction estimated in the first 
and last period.

For statistical analyses, we used SEER*Stat software 
(version 8.3.9) and STATA version 17.

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.

Results
For the survival analysis, we included 135 847 childhood 
cancer cases, after excluding major errors (missing, 
invalid, or inconsistent information: 258 [0·2%] of 
137 421 child hood cancer cases), cases registered only from 
a death certificate (290 [0·2%] of 137 421) or diagnosed 
incidentally at autopsy (127 [0·1%] of 137 421), and patients 
alive with unknown survival time (899 [0·7%] of 137 421; 
table 1). The proportion of microscopically verified 
cases was 127 527 (93·9%) of 135 847 childhood cancer 
cases overall and was above 90% in all countries except 
Northern Ireland, Iceland, and Wales. The proportion of 
non-malignant CNS tumours ranged from zero, in 
four countries, to over 50% in each of the four Nordic 
countries (Norway, Iceland, Finland, and Denmark). 
1098 (3·4%) of 32 239 children diagnosed from Jan 1, 2005, 
to Dec 31, 2008, had been censored before 5 years. For 
most cancer registries, this proportion was less than 1%, 
exceeding 5% for only three registries (Germany, Hungary, 
and Spain). Overall, 5350 (3·9%) of 135 847 childhood 
cancer cases had an unspecified ICCC category, with this 
proportion being more than 10% in five countries (Croatia, 
Denmark, Latvia, Poland, and Northern Ireland) (table 1).

Figure 1 shows 5-year age-standardised survival trends, 
by diagnostic group and for all cancers combined, in the 
period 2004–14. For all cancers combined, 5-year survival 
linearly and significantly improved over time from 78% 
(95% CI 78–79) in 2004–06 to 81% (81–82) in 2010–14. 
The increases over time were statistically significant 
for seven of 12 cancer types assessed. Acute myeloid 

Figure 1: Age-adjusted 5-year observed survival for all childhood cancers combined and major ICCC entities 
for the follow-up periods 2004–06, 2007–09, and 2010–14
Errors bars show 95% CIs. ICCC=International Classification of Childhood Cancer. *Significant differences between 
the first and the last period defined using p<0·05. 
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For SEER*Stat see https://seer.
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https://seer.cancer.gov/seerstat/
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leukaemia showed the greatest improvement in survival 
over time (from 61% [95% CI 58–63] to 70% [68–73], 
p<0·0001). Survival improvement for CNS tumours was 
entirely due to ependymoma, particularly for children 
aged 1–4 years (data not shown). Progress was concentrated 
in the high-risk ages for neuroblastoma (1–14 years; data 
not shown). For osteosarcoma there were no significant 
changes over time. The increases were instead small and 
not significant for Ewing sarcoma, Burkitt lymphoma, 
non-Hodgkin lymphomas, and rhabdo myo sarcomas. 
Similar results were found in multivariate analysis when 
accounting for age, sex, and country (appendix p 11). From 
the same analysis, we found that sex was not a significant 
prognostic factor for the cancers for which the proportional 
hazard assumptions were verified (Hodgkin lymphomas,  
non-Hodgkin lymphomas, Burkitt lymphoma, osteo-
sarcomas, Ewing sarcoma, and rhabdomyosarcomas). By 
2010–14, 5-year survival for all cancers combined was 
similar for boys and girls, and slightly higher for children 
aged 1–4 years at diagnosis (83% [95% CI 82–84]) than for 
infants or older children (both 80%; appendix pp 12–13). 
Excluding retinoblastoma, survival varied by age across 
childhood cancer. Among infants (aged <1 year), 
survival was lowest for lymphoid and myeloid leukaemia, 
CNS tumours, and Ewing sarcoma, and highest for neuro-
blastoma. Patients with lymphoid leukaemia or rhabdo-
myosarcoma aged 10–14 years had lower 5-year survival 
than younger patients with the same disease, excluding 
infants with lymphoid leukaemia (appendix p 13).

Crude 5-year survival estimates by country and cancer 
type, and a bar chart plotting the country-specific 5-year 
age-adjusted estimates for all childhood cancer, are 
shown in the appendix (pp 3–8, 14); for all cancer 
combined, age-adjusted 5-year survival ranged from 71% 
(95% CI 60–79) in Estonia to 87% (77–93) in Cyprus. 
Figure 2 shows the distribution of the age-standardised 
5-year survival during 2010–14 for childhood cancer with 
heterogeneity (I²) among countries. The I² statistic was 

69% for all cancers combined, indicating a high 
percentage of total variation across countries due to 
heterogeneity rather than random variation. Among the 
haematological tumours, hetero geneity was high for 
lymphoid leukaemia (I²=67%), but low for non-Hodgkin 
lymphoma (I²=22%), acute myeloid leukaemia (I²=14%), 
and Hodgkin lymphoma (I²=0%; figure 2). Differ-
ences were more pronounced for solid tumours, with 
high hetero geneity (I²>50%) for osteo sarcomas, CNS 
tumours, neuroblastoma, and nephroblastoma. Retino-
blastoma and Ewing sarcoma were the solid tumours 
with the lowest percentage variation due to between-
country heterogeneity (I²=0). The box plot shows a 
very small variation for retinoblastoma, while we can 
conclude that the dispersion observed for Ewing sarcoma 
is attributable to chance and not to real heterogeneity 
(I²=0%; figure 2). Adjustment of survival by age and 
casemix was also done. Such adjustment reduced 
geographical differences because 15 countries (Croatia, 
Cyprus, Czechia, Estonia, Finland, Greece Iceland, 

Figure 2: 5-year age-adjusted survival, period analysis 2010–14, by all cancers combined and major ICCC entities
The boxes indicate the IQR and the centre lines represent the medians of the distributions. The whiskers indicate variability outside the upper and lower quartiles and 
are calculated by multiplying the IQR by 1·5. The circles denote outliers. Heterogeneity among countries is indicated with the I² statistic. 

All cancers Lymphoid
leukaemia

Acute
myeloid

leukaemia

Hodgkin
lymphoma

Non-
Hodgkin

lymphomas
(except Burkitt

lymphoma) 

CNS
tumours

Neuro-
blastoma

Retino-
blastoma

Nephro-
blastoma 

Osteo-
sarcoma

Ewing
sarcoma

Rhabdomyo-
sarcoma

69%I2 67% 14% 0% 22% 55% 53% 0% 51% 72% 0% 30%

0

40

50

60

70

80

90

100

5-
ye

ar
 a

ge
-a

dj
us

te
d 

su
rv

iv
al

 (%
)

Figure 3: Observed and modelled survival for all cancers combined in the EUROCARE-6 pool, by period of 
diagnosis
Solid dots denote observed survival, solid lines denote modelled survival, and dotted lines represent survival 
projections to 15 years.
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Ireland, Lithuania, Latvia, Malta, Slovakia, Slovenia, 
Northern Ireland, and Wales) were excluded due to the 
small number of cases in some age and cancer-specific 
strata; therefore, these data are not shown.

Figure 3 and table 2 show the results of the long-term 
survival analysis. 15-year survival for children with cancer 
diagnosed during 1998–2001 was 72% (95% CI 72–73) and 
was estimated to improve to 78% for those diagnosed in 
the period 2010–13 (table 2). The survival curve for all 
cancers combined in figure 3 continues to decrease for 
each of the four periods slightly at a nearly constant rate 
even after 10 years. The cure fraction of patients could 
be esti mated when accounting for constant long-term 
risk (µ); for all cancers combined it rose significantly 
over time from 74% (95% CI 73–75) in 1998–2001 to 
80% (79–81) in 2010–13.

For the diagnosis period 2010–13, the estimated 
cure fraction was high for retinoblastoma (99%; 95% CI 
74–100), Hodgkin lymphoma (98%; 83–100), nephro-
blastoma (92%; 87–97), Burkitt lymphoma (91%; 84–98), 
lymphoid leukaemia (90%; 87–93), and non-Hodgkin 
lymphoma (89%; 84–94). It was the lowest for CNS 
tumours (60%; 58–63). The increase in the cure fraction 
during 1998–2013 was statistically significant for 
neuroblastoma and for haematological malignancies, 
apart from Hodgkin lymphoma and Burkitt lymphoma. 
The differ ence between the cure fraction and 15-year 
survival, attributable to long-term mortality from other 
causes, was only 2% for all cancer types, but the gap was 
much wider for CNS tumours (9%) and Ewing sarcoma (7%) 
in the latest period estimates.

We estimated the yearly long-term non-cancer mortal ity 
rate for all children diagnosed with cancer to be 1·9 per 
1000 survivors (95% CI 1·4–2·4), becoming the pre-
dominant risk of death after 10 years from diag nosis. By 
comparison, the expected mortality in a comparable 
sample of the general population, calculated from life 
tables of all-cause mortality rates, was around 0·2 per 1000 
on average. Patients’ long-term non-cancer mortality 
rate was signifi cantly different from zero for almost 
all the considered entities. We found high long-term 
mortality risks for CNS tumours (10·7; 95% CI 8·7–12·7), 
Ewing sarcoma (7·0; 2·2–11·7), rhabdomyosarcoma (4·4; 
2·5–6·2), non-Hodgkin lymphoma (3·1; 2·0–4·2), and 
neuroblastoma (2·9; 1·7–4·2). We observed low values for 
retinoblastoma (0·8; 0·0–1·5), nephroblastoma (1·5; 
0·8–2·1), and acute myeloid leukaemia (1·5; 0·0–3·1; 
table 2). The model that better fits the observed data was 
detected using the likelihood ratio test and is reported in 
table 2. The results came from the standard cure model, 
without the inclusion of the parameter µ, in the analysis 
of Burkitt lymphoma because the full model did not 
converge, and of osteo sarcoma because we found an 
implausible µ estimate with a large standard error. Overall 
observed survival rates from both cancers remained 
constant after 11 years from diagnosis (data not shown), 
and were therefore well fitted by the standard cure model.

Discussion
We analysed survival trends and long-term survival of 
European children with cancers diagnosed during 
1998–2013. Survival significantly increased by 2% or more 
over time for all cancers combined and for lymphoid leu-
kaemias, neuroblastoma, retinoblastoma, CNS tumours, 
nephroblastoma, and acute myeloid leukaemia. During 
the study years, treatment refine ments (eg, risk-
adapted therapies for leukaemias and radio therapy for 
ependymoma in children younger than 3 years,14 and 
reductions in toxicity and protocol intensi fication for 
high-risk groups) became more prevalent; systemic and 
centralised treatment were better organised; and adequate 
supportive care services became better implemented, 
thus reducing infection and malnutrition, and promoting 
psychosocial support. These improvements might have 
contributed to the progress in cancer survival reported.

Large geographical disparities in population-based 
childhood cancer survival have been shown in the past.1,15 
Unfortunately, significant differences across countries still 
persisted during the study period assessed in this study. 
Using a synthetic indicator to express the heterogeneity 
is important as we can conclude, for example, that the 
dispersion observed for Ewing sarcoma is attributable to 
chance and not to real heterogeneity (I²=0%; figure 2). 

The extent to which survival differences result from 
different distributions of stage at diagnosis or unequal 
access to effective treatments is still uncertain, because 
stage information in the contributing cancer registries 
was not sufficiently complete to be assessed in this study.

Our two-component mixture model was designed to 
capture the long-term risk of death in children diagnosed 
with cancer, due to side-effects of cancer treatments, 
second cancers, risk factors associated with the first 
cancer carrying an extra risk of death for patients, and the 
small background mortality (mainly from external or 
infective causes, about 0·2 per 1000 patients per year) to 
which individuals in the considered ages of the general 
population are also subjected. To our knowledge, this is 
the first application of such a model to childhood cancer 
survival analysis. Due to the limited follow-up for more 
recently diagnosed cohorts, we assumed the long-term 
risk component and parameters defining times to cancer 
death to be constant within the 15-year study period. Only 
the cure fraction was allowed to vary across diagnosis 
cohorts. The model was in good agreement with observed 
data, while the standard cure model—based on a zero 
mortality rate at some time after diagnosis—fitted poorly 
for most of the considered cancer entities.

About two out of 1000 cancer survivors for all childhood 
cancer combined are estimated to die annually from other 
causes. This rate was an order of magnitude higher than 
the expected mortality in a comparable sample of 
the general population (about 0·2 per 1000 on average). 
Several studies have investigated the long-term mortality 
risk of patients with childhood cancer in terms of 
underlying causes of death, using death certificates and 
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clinical records. The US Childhood Cancer Survivor 
Study16 estimated an excess rate of 2·5 per 1000 of dying 
from causes other than the first occurring cancer, 
for cohorts diagnosed during 1982–86 and followed 
up to 2002. This estimate is similar to the rate of 
2·4 per 1000 reported by the pan-European PANCARE 
study,6 including all children and adolescents diagnosed 
with cancer mostly during 1960–2008. However, published 
data do not allow the estimates to be dis entangled by 
subperiods of diagnosis. Lower estimates of long-term 
mortality rate were reported by a Swiss population-based 
study17 of children diagnosed during 2000–07 (1·4 per 1000), 
an Italian cohort of cancer survivors diagnosed during 
1960–1999 (1·4 per 1000),18 and a UK study19 reporting a 
rate of 1·2 per 1000 for the treatment period 1990–2006. 
Other population-based studies20,21 confirmed the persist-
ence of long-term excess mortality attributable to second 
independent cancers or other causes, but the reported 
figures could not be compared with those of the present 
study. According to specific diagnosed cancer, we found 
the highest level of long-term mortality rates for 
CNS tumours, consistent with studies done in the UK19 
and in Scotland.22 For other childhood cancers, the 
wide confidence intervals or a different classification 
precluded proper comparisons with all the other cited 
studies. However, most studies reported higher long-term 
mortality after diagnosis with Hodgkin lymphoma 
compared with our estimate (2·0 per 1000).

We interpreted the subgroup of children exposed only 
to long-term mortality risk as cancer-free patients 
(ie, those cured of cancer). Persistent excess mortality 
does not allow identification, for many childhood cancers, 
of a subgroup of patients defined as cured according to 
the usual criterion of having the same life expectancy as 
the general population. Here, we considered an alternative 
definition of cure23 as those patients who were not expected 
to die from progression or relapse of the diagnosed cancer, 
despite a higher risk of dying from independent cancers 
or other non-cancer causes, compared with the general 
population. For these patients, prevention or early 
diagnosis of possible late effects of treatment and, less 
likely, secondary cancers, was estimated to be the most 
effective way to prevent the extra risk of deaths. Patients 
who were cured accounted for 80% among all patients 
diagnosed with childhood cancer.

The main strengths of this study are that it uses 
population-based data, it is more representative than 
previous rounds of EUROCARE (because more European 
registries met the European Network of Cancer Registries 
standard quality criteria), and it is the most comprehensive 
assessment of its kind, including the most recently available 
data from 85% of the overall European paediatric 
population (EU 27 plus the UK, Norway, Iceland, and 
Switzerland). The national registries of Cyprus and Greece 
were included the study. Completeness of coverage was 
reached by Belgium, Poland, and Czechia, but not by 
Italy and Spain. Coverage of eastern Europe has risen, but 

there is still room for improvement. Data from Sweden 
were not included because of stringent interpretation of the 
General Data Protection Regulation; however, childhood 
cancer survival is very high in Sweden, with similar 
rates to Finland and Norway.1,24 Data from Luxembourg, 
Liechtenstein, and Romania were also missing. We do not 
expect the overall results to be affected because the absence 
of Sweden and Romania might compensate for each other, 
but we would expect the heterogeneity of survival in Europe 
to potentially increase by including these two countries.

The study has several limitations. The analysis does not 
include adolescents because the cancer distribution among 
adolescents differs to that of children25 and because not 
all childhood population-based cancer registries collect 
data on patients diagnosed at the ages of 15–19 years. 
Morphologically poorly defined diagnoses (ie, cancers 
classed as not otherwise specified) were reported for 
5350 (3·9%) of 135 847 childhood cancer cases. Percentages 
in five coun tries (Latvia, Denmark, Croatia, Poland, and 
Northern Ireland) were between 10% and 16%, but only 
Latvia had 5-year survival of 58% for the not-otherwise-
specified cancers, which is lower than the EUROCARE-6 
pool average. The proportion of not-otherwise-specified 
cancers did not affect the crude 5-year survival variability 
among countries, which ranged from 71% to 91% on 
inclusion of these cancers, and from 72% to 91% on their 
exclusion, while maintaining the same heterogeneity 
indicator I² (data not shown).

Childhood cancers are mostly classified in terms of 
morphology, as coded from the ICD-O-3 classification. 
Even if the same classification is used by all population-
based registries, the lack of a centralised diagnostic 
service in many countries might affect comparability of 
data between and within countries. However, more than 
30 years of European and worldwide analysis indicates 
a high level of standardisation, due to the collaboration 
among paediatric oncologists within national and inter-
national networks, the wide participation to multi centric 
clinical trials, and the common data checking criteria and 
tools adopted by population-based cancer registries.

The main comparability issue, also addressed in 
previous EUROCARE studies,26 is the variability between 
countries in CNS tumour malignancy coding. For 17 of 31 
countries, the proportion of borderline and benign CNS 
cases exceeded 30% of the CNS cases collected overall. 
Large gaps between countries in terms of survival of 
patients with CNS tumours, including or excluding 
borderline and benign CNS cases, were observed; 
however, the variability between countries does not seem 
to be affected by this exclusion.

Another limitation of this study is the absence of proper 
staging information at diagnosis, reported for most 
common cancers in the adult population. An ongoing pan-
European project27 is aiming to address this major question 
by promoting widespread adoption among cancer regis-
tries of the Toronto guidelines to code stage at diagnosis in 
childhood cancer. We are confident that routine collection 
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of childhood cancer stage will enable cancer registries to 
better monitor progress in future analyses.

In addition, the absence of treatment information 
hampers evaluation of how changes in therapy during this 
timeframe contribute to increased survival and makes it 
difficult to correctly interpret the long-term risk of death 
in children, since treatment exposure can determine late 
effects and related late mortality. The details of each 
treatment regimen are crucial for this purpose and even 
where they are not collected by population-based cancer 
registries, a systematic linkage between national clinical 
registries and population-based cancer registries might be 
the solution. Both long-term survival rates and cure 
fractions are derived from model estimates from 15-year 
follow-up survival data, without considering causes of 
death; they are also subject to all of the model’s assumptions. 
Information on cause of death was not available for a 
fifth of all childhood cancer cases diagnosed during 
1998–2013. Moreover, clinical recon sideration of the cause 
of death has shown that coding rules tend to overestimate 
the number of deaths attributed to cancer.28 We expect that 
the long-term mortality rates and cure fractions yielded by 
the study can be confirmed or amended in the future, 
by use of longer follow-up and more complete, reliable 
information on cause of death from population-based 
cancer registries.

Finally, these results come 10 years after the end of the 
study period, with the risk that any recent advances in 
childhood cancer control might have been missed. Several 
factors contributed to delays in study conduct. First, 
the physiological lag in cancer registration in Europe, 
depending on country-specific operational conditions 
(resources, organisation of basic health-care flows, 
and computer isation of processes) resulted in different 
collection times among countries and in a delay to ensure 
maximum geographical representative ness (a major 
strength of the study). Further delays resulted from data 
quality controls, which involved multiple revisions and 
submissions but ensured maximum result comparability. 
In some countries, additional administrative steps were 
needed to ensure compliance with privacy regulations. 
Lastly, the limited dedicated resources available for such a 
comprehensive study also played a role.

Childhood cancer is an emotive topic. As treatment and 
outcomes improve, there is greater understanding of the 
long-term impact of childhood cancer diagnoses on child 
and adult populations. Timely, comprehensive surveillance 
of childhood cancer survival within Europe and worldwide 
is essential to bringing new insights into childhood cancer 
management, encouraging organisa tional changes within 
the health-care domain to bridge differences, and evalu-
ating the response to these changes. With the exception 
of acute myeloid leu kaemia, only small improve ments 
in childhood cancer survival were seen during 2004–14. 
The reasons might include few breakthrough advances 
in treat ments, unequal access to best treatments, and 
dispersion of patient referrals. Reducing geographical 

disparities and bringing childhood cancer survival in all 
countries closer to the best-performing countries will 
greatly impact the health of patients worldwide. For some 
small countries, many actions are ongoing29,30 or envisaged, 
such as collabor ation in international treatment protocols; 
commit ments by local governments to approve new 
drugs; or reducing bureaucracy associated with accessing 
high-level treat ments unavailable at home, such as proton 
radiotherapy or haematopoietic stem-cell trans plantation. 
A study conducted with six national cancer registries 
showed that high dispersion of patients among hospitals 
(calculated using hospital volumes) increases the risk 
of death, particularly for CNS tumours.31 Following the 
results of that study, Bulgaria is pursuing centralisation 
of treatment in two centres. The Slovenian Cancer 
Control Plan for 2022–26 envisions maintaining the high 
treatment centralisation already in place and aims to 
introduce comprehensive rehabilitation for patients with 
childhood cancer. Investment has been made in Poland to 
improve key dedicated hospital outcomes32 and in the 
Netherlands, where centralisation has been implemented, 
with seven childhood cancer centres joining forces to 
create a single comprehensive childhood cancer centre.33

Centralisation also implies access to second opinion, 
which takes the form of a review of the histological diag-
nosis by an expert institution. This procedure is available in 
many—but not all—European countries, and for some—
but not all—types of childhood cancer. We hope that access 
to second opinion in all the European countries can be 
facilitated thanks to the European Reference Networks or 
national or regional societies of paediatric oncology.

Furthermore, improvement is needed of the ICCC10 
and WHO classification of tumours, particularly CNS 
tumours,34 to ensure better codification of cancers by 
the registries.

In conclusion, regular monitoring of childhood cancer 
survival and estimation of the cure fraction through 
population-based registry data is crucial in evaluating 
advances in cancer care for children. Cross-border care, 
twinning programmes, and implementation of efficient 
national and pan-European cancer control plans could 
help to narrow the survival gaps within Europe.
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