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Abstract

Background

Insight in hospitalizations in long-term childhood cancer survivors (CCS) is useful to under-
stand the impact of long-term morbidity. We aimed to investigate hospitalization rates and
underlying types of diagnoses in CCS compared to matched controls, and to investigate the
determinants.

Methods

We linked 5,650 five-year CCS from the Dutch nationwide Dutch LATER cohort and
109,605 age- and sex-matched controls to the Dutch Hospital Discharge register, which
contained detailed information on inpatient hospitalizations from 1995-2016. Relative hospi-
talization rates (RHRs) were calculated using a Poisson regression model. Adjusting for
multiple hospitalizations per person via a Poisson model for generalized estimated equa-
tions, we investigated determinants for hospitalizations for all types of underlying diagnoses
among CCS.
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Results

CCS were twice as likely to be hospitalized as reference persons (hospitalization rate 178
and 78 per 1,000 person-years respectively; RHR 2.0, 95% confidence interval (Cl) 1.9—
2.2). Although CCS had more hospitalizations for 17 types of underlying diagnoses, they
were especially more likely to be hospitalized for endocrine conditions (RHR: 6.0, 95% Cl
4.6-7.7), subsequent neoplasms (RHR: 5.6, 95% CI 4.6—6.7) and symptoms without under-
lying diagnoses (RHR: 5.2, 95% CI 4.6-5.8). For those types of underlying diagnoses,
female sex and radiotherapy were determinants.

Conclusion

This study provides new insights in the high risk of hospitalizations for many types of under-
lying diagnoses in CCS and treatment related determinants. CCS are especially at high risk
for hospitalizations for endocrine conditions, subsequent neoplasms and symptoms without
an underlying diagnosis. This new knowledge is important for survivorship care and to iden-
tify possible preventable hospitalizations among CCS.

Introduction

Survival for childhood cancer has improved significantly over the past decades to about 80%
nowadays. [1] Hence, the vast majority of childhood cancer patients will achieve long term
survival and the number of long-term childhood cancer survivors will increase. Unfortunately,
childhood cancer survivors (CCS) are at risk of developing long-term morbidity, such as sub-
sequent malignancies, organ dysfunction, and endocrine disorders. [2-5] By the age of 50, a
childhood cancer survivor has experienced an average of 4.7 severe health conditions, which is
twice as many as in individuals that did not have cancer as a child. [5]

Insight in hospitalizations is useful to understand the impact of this long-term morbidity in
CCS, because hospitalizations indicate severe morbidity that influence the patient’s daily life as
well as healthcare costs. [6-9] Previous studies show that long-term CCS have a 1.5 to 3-fold
higher rate of hospital admissions as compared to the general population. [10-17] Although
several studies have established risk factors for specific long-term morbidity in CCS, it is
unknown whether the same risk factors apply to the risk of hospitalizations for these type of
conditions.

The aim of this study is to longitudinally evaluate the hospitalization rate and types of
underlying conditions in a Dutch nationwide cohort of CCS, as compared to a matched refer-
ence population, and to identify treatment related risk factors for all types of underlying diag-
noses among CCS.

Methods

Study population

We obtained our study population from the national Dutch Childhood Oncology Group—
Long term Effects after Childhood Cancer (Dutch LATER) nationwide cohort, a collaborative
effort of all Dutch pediatric oncology/hematology centers. This cohort includes 6,165 5-year
CCS diagnosed with a malignancy according to the third edition of the International Classifi-
cation of Childhood Cancer [18] before the age of 18 years, between 1/1/1963 and 12/31/2001,

PLOS ONE | https://doi.org/10.1371/journal.pone.0232708 May 19, 2020

2/18


https://doi.org/10.1371/journal.pone.0232708
http://www.cbs.nl/en-GB/menu/informatie/beleid/zelf-onderzoeken/default.htm
http://www.cbs.nl/en-GB/menu/informatie/beleid/zelf-onderzoeken/default.htm

PLOS ONE

Insight in the high hospitalization risks in childhood cancer survivors

who were living in the Netherlands at the time of childhood cancer diagnosis and who were
treated in one of the Dutch pediatric oncology/hematology centers. Details on cancer diagno-
sis and treatment schedules were retrospectively obtained from medical records using a stan-
dardized protocol. [19]

Dutch Hospital Discharge register

The Dutch Hospital Discharge Register (Dutch acronym: LBZ) is maintained by Dutch Hospi-
tal Data and comprises data on hospital admission(s) of the Dutch population, from 1995 to
2016. [20] The LBZ contains data on date of admission and discharge, discharge diagnosis clas-
sified according to the International Classification of Diseases version 9 (ICD-9) and version
10 (ICD-10), and type of medical specialists involved. [21] Access to the LBZ is provided by
Statistics Netherlands (Dutch acronym: CBS).

Until 2005, the coverage of the LBZ was > 96.7%. [22] After a slight decline in coverage,
from 2013 onwards nearly all hospitalizations were registered in the LBZ, meaning that data
on the total number of hospitalizations were nearly complete, but in in 5.5-21.4% of the cases,
some of the data in individual hospitalization records were incomplete. In those records, infor-
mation about one of the items for hospitalization was missing, for example discharge diagno-
sis, medical specialist at discharge or area where a person lived at time of hospitalization.

Linkage procedure

A deterministic linkage method was performed as displayed in S1 Fig, using a unique identifier
or a combination of sex, date of birth and postal code, if no identifier was available. CBS anon-
ymized these identifying variables for all CCS into an anonymous unique record identification
number (RIN) and removed all other identifying information. Because RIN was also the iden-
tifying variable in the LBZ, RIN was used to link LBZ data to clinical data. We removed CCS
that had deceased before start of the LBZ from the dataset.

Reference sample

A reference sample of the Dutch general population was obtained from the Municipal Personal
Records Database (Dutch acronym: GBA). For each CCS, a maximum of 20 unique reference
persons were selected with corresponding year of birth and sex. RINs were retrieved from all
reference persons from the GBA and were used to retrieve their data from the LBZ. To deter-
mine start of follow-up, reference persons were assigned the date of diagnosis of their corre-
sponding CCS.

Ethical statement

Dutch law allows the use of Electronic Health Records for research purposes under certain
conditions (Dutch Civil Law, Article 7: 458). According to this legislation, it is not necessary to
obtain informed consent from patients or any form of approval or waiver from a medical eth-
ics committee or institutional review board for this type of observational study that contains
no directly identifiable data. This study was also reviewed by the Institutional Review Board of
the Amsterdam UMC and was exempted from the need of ethical approval.

CBS provides access to the LBZ within a secured environment and ensures privacy protec-
tion by using RINs which prevents the possibility of exposing identity of specific individuals in
the registration. According to Dutch LATER privacy regulations, data from CCS could be used
after anonymizing, and data from CCS who explicitly refused the use of their data for linkage
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purposes were considered not eligible (n = 147). According to CBS confidentiality regulations,
we do not present frequencies of less than 10.

Definition of variables

Outcome of interest was the total number of hospitalizations per survivor from 1995 until
2016, defined as inpatient admissions of any duration. Hospitalizations for giving birth were
excluded, as were outpatient clinic visits. Primary discharge diagnoses were categorized into
organ systems according to the ICD-10 chapters. [23] If no discharge diagnosis was available
from the LBZ, the ICD-10 chapter of the discharge diagnosis was assigned according to the
type of medical specialist involved at discharge, or was categorized as missing when no infor-
mation on type of medical specialist was available.

Time at risk started at five years after the primary cancer diagnosis or January 1, 1995,
whichever came latest. Time at risk ended at date of death, date of emigration or December 31,
2015, whichever came first. Time during hospitalization was not counted as time at risk. CCS
who had a recurrence of their primary childhood cancer beyond their five-year survival date
were assumed to have an increased hospitalization rate due to treatment of their recurrence(s).
Therefore, those CCS and their corresponding reference persons were censored at the date of
recurrence of the childhood cancer, and were excluded if they were censored before start of
follow-up (n = 28 CCS and n = 560 corresponding reference persons). Furthermore, 3,395 ref-
erence persons were excluded because they died or emigrated before 1-1-1995 or before start
of follow-up and therefore did not contribute to time at risk.

Primary childhood cancer diagnosis was categorized into 9 subgroups of which a specifica-
tion is available in S1 Table).

Statistical analysis

Differences in characteristics between CCS and reference persons were assessed using Mann
Whitney U tests when continuous and Pearson Chi squared tests when categorical. Hospitali-
zation rates were calculated during the total time at risk for CCS and their matched reference
persons per 1,000 person years (PY), both overall and per ICD-10 category. The absolute
excess rate (AER) was calculated per 1,000 PY by subtracting the hospitalization rate from the
reference population from the hospitalization rate from CCS. Using a Poisson regression
model, Relative Hospitalization Rates (RHRs) were calculated adjusted for matched cases and
controls and for multiple hospitalizations in one person.

Within the cohort of CCS, a multivariable Poisson regression model was built adjusting for
multiple hospitalizations via Generalized Estimated Equations (GEE) to investigate determi-
nants for hospitalizations. Separate models were executed for all underlying types of diagnoses
except perinatal and congenital conditions, because we assumed that treatment of the primary
childhood cancer did not influence these hospitalizations. In each model we included sex, age at
diagnosis of primary cancer (categorical variable), follow-up time (continuous variable), 6
groups of chemotherapy, 9 locations of radiotherapy and surgery (specification in S1 Table).
Two-sided p-values were reported and those of less than 0.05 were considered statistically signif-
icant. Analyses were performed using R (version 3.1.1, R Foundation) and SPSS (version 24,
IBM SPSS Statistics).

Results

Study population

After excluding 208 CCS who died before 1-1-1995, and 28 CCS with a recurrence after five-
year survival date that did not contribute to the time at risk (S1 Fig), a total of 5,650 CCS
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contributed 90,752 years at risk and 109,605 reference persons contributed 1,576,910 years at
risk. The mean time from five year survival to end of follow-up was 17.9 years for CCS (inter-
quartile range (IQR) 12.1-21.0) and 15.7 years for reference persons (IQR 10.1-21.0, Table 1).

Hospitalization rates

A total of 16,141 hospitalizations were identified in CCS, resulting in an average rate of 177.9
hospitalizations per 1,000 PY (S2 Table). The average hospitalization rate in the reference pop-
ulation was 77.7 per 1,000 PY (S2 Table). CCS were hospitalized twice as often as the reference
population (RHR: 2.01, 95% confidence interval (CI) 1.89-2.15, p<0.001, Fig 1, S2 Table). The
AER was 100.18 per 1,000 PY in CCS, meaning that if 10 CCS were followed for one year,
there was one extra hospitalization compared to the reference population. All CCS cancer
diagnosis groups, and in particular bone tumors, central nervous system tumors and soft tissue
sarcoma, were associated with a significantly increased hospitalization rate as compared to the
reference population (Fig 2, S1 Table).

Other tumors comprise (frequency tables are displayed in S1 Table):

o Germ cell tumors, trophoblastic tumors, and neoplasms of gonads (Gonadal carcinomas,
Malignant gonadal germ cell tumors, Malignant extracranial and extragonadal germ cell
tumors, Intracranial and intraspinal germ cell tumors, Other and unspecified malignant
gonadal tumors)

o Other malignant epithelial neoplasms and malignant melanomas (Other and unspecified car-
cinomas, Skin carcinomas, Malignant melanomas, Nasopharyngeal carcinomas, Thyroid carci-
nomas, Adrenocortical carcinomas)

o Langerhans cell histiocytosis
o Hepatic tumors (Hepatic carcinomas, Hepatoblastoma)

Retinoblastoma

o Other and unspecified malignant neoplasms

Compared to the reference population, CCS had significantly higher hospitalization rates
for 17 out of 18 types of discharge diagnoses (Fig 1, S1 Table). Relative to the reference popula-
tion, CCS were most likely to be hospitalized for endocrine, nutritional and metabolic diseases
(RHR: 5.97, 95% CI 4.61-7.73; Fig 1, S2 Table), including metabolic disorders, disorders of the
adrenal gland, disorders of the thyroid gland, and other endocrine disorders (S3 Table). CCS
were second most likely to be hospitalized for subsequent neoplasms (RHR: 5.59, 95% CI
4.64-6.73; Fig 1, S2 Table), among which were subsequent malignant neoplasms, benign neo-
plasms, carcinoma in situ and neoplasms of uncertain behavior (S3 Table). Symptoms, signs
and abnormal clinical findings not elsewhere classified, i.e. symptoms without an underlying
diagnosis, led to over 5 times as many hospitalizations in CCS as in the reference population
(RHR: 5.15, 95% CI 4.57-5.82, Fig 1, S2 Table) and the AER was 24.45, meaning that if 40 CCS
are followed for one year, there was one extra hospitalization compared to the reference popu-
lation. Diseases of the skin and subcutaneous tissue and diseases of the circulatory system also
had high RHRs (RHR: 2.90, 95% CI 2.01-4.18 and RHR: 2.87, 95% CI 2.41-3.41 respectively,
Fig 1, S2 Table). The three most prevalent conditions of the circulatory system for which CCS
were hospitalized, according to S3 Table, were classified as other forms of heart disease
(including acute rheumatic fever, chronic rheumatic heart disease; n = 110), Other diseases of
veins and lymphatics, and other diseases of circulatory system (n = 79), Cerebrovascular dis-
ease (n = 67).
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Table 1. Patient, cancer and treatment characteristics of study population of five-year childhood cancer survivors and age and sex matched reference population.

CCS study population (n = 5,650)

Reference population (n = 109,605)

Patient characteristics
Sex'—n (%)
Male 3,152 55.8% 61,070 55.7%
Female 2,498 44.2% 48,535 44.3%
Year ofbirthl—n (%)
<1970 589 10.4% 11,752 10.7%
1970-1985 2,748 48.6% 54,128 49.4%
>1985 2,131 37.7% 43,725 39.9%
Tumor and treatment characteristics
Age at diagnosis (in years)z—n (%)
0-4 2,557 45.3% 49,145 44.8%
5-9 1,531 27.1% 29,743 27.1%
10-14 1,203 21.3% 23,489 21.4%
15-17 359 6.4% 7228 6.6%
Period of diagnosis®—n (%)
<1974 343 6.1% 6,843 6.2%
1975-1984 1,353 23.9% 26,878 24.5%
1985-1994 2,055 36.4% 40,172 36.7%
1995-2002 1,899 33.6% 35,712 32.6%
Primary childhood cancer’—n (%)
Leukemia 1,900 33.6% NA
Hodgkin lymphoma 383 6.8% NA
Non-Hodgkin lymphoma 543 9.6% NA
Central nervous system tumors 744 13.2% NA
Bone tumors 332 5.9% NA
Soft tissue sarcomas 406 7.2% NA
Renal tumors 567 10.0% NA
Neuroblastoma 303 5.4% NA
Other* 472 8.4% NA
Treatment modality3—n (%)
Surgery only 568 10.1% NA
Chemotherapy + surgery 2,839 50.2% NA
Radiotherapy + surgery 432 7.6% NA
Chemotherapy + Radiotherapy + surgery 1,765 31.2% NA
No therapy/therapy unknown 46 0.8% NA
Chemotherapy’—n(%)
Anthracyclines 2,605 46.1% NA
Alkylating agents 2,878 50.9% NA
Platinum agents 736 13.0% NA
Vinca alkaloids 4,074 72.1% NA
Antimetabolites 2,618 46.3% NA
Epipodophyllotoxins 1,180 20.9% NA
Radiotherapy—n (%)
Cranial radiotherapy® 1,193 21.1% NA
Radiotherapy to the neck* 218 3.9% NA
Radiotherapy to the spine* 355 6.3% NA
Radiotherapy to the thorax® 351 6.2% NA
(Continued)
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Table 1. (Continued)

CCS study population (n = 5,650) Reference population (n = 109,605)
Abdominopelvic radiotherapy® 420 7.4% NA
Radiotherapy to the upper extremities® 41 0.7% NA
Radiotherapy to the lower extremities® 73 1.3% NA
Total body irradiation® 200 3.5% NA
Other therapies—n (%)
Hematopoietic stem cell transplantation 213 3.8% NA
Follow-up
Attained age at end of follow-up, in years—n (%)
<20 752 13.3% 10,728 9.8%
20-30 1,899 33.6% 41,256 37.6%
30-40 1,777 31.5% 34,348 31.3%
40-50 990 17.5% 18,380 16.8%
> 50 232 4.1% 4,893 4.5%
Time since 5-year survival to end of follow-up, in years—n (%)
5-9 846 15.0% 26,885 24.5%
10-14 1,364 24.1% 25,107 22.9%
14-19 1,061 18.8% 18,506 16.9%
20-25 2,379 42.1% 39,107 35.7%
Years at risk (total number of years for each group) 90,752 1,576,910

Abbreviations: CCS: Childhood Cancer Survivors

! Variables used for matching of CCS to the reference population

% Age at diagnosis and treatment period were calculated for the reference population using the assigned date of diagnosis from their corresponding CCS
? Variable options are mutually exclusive

* Other tumors comprise (frequency tables are displayed in S1 Table):

« Germ cell tumors, trophoblastic tumors, and neoplasms of gonads (Gonadal carcinomas, Malignant gonadal germ cell tumors, Malignant extracranial and
extragonadal germ cell tumors, Intracranial and intraspinal germ cell tumors, Other and unspecified malignant gonadal tumors)

« Other malignant epithelial neoplasms and malignant melanomas (Other and unspecified carcinomas, Skin carcinomas, Malignant melanomas, Nasopharyngeal
carcinomas, Thyroid carcinomas, Adrenocortical carcinomas)

« Langerhans cell histiocytosis
o Hepatic tumors (Hepatic carcinomas, Hepatoblastoma)
« Retinoblastoma

o Other and unspecified malignant neoplasms

® For specification of chemotherapy variables, see S1 Table.* Missing in 11 CCS.
® Missing in 12 CCS.

¢ Missing in 19 CCS.

https://doi.org/10.1371/journal.pone.0232708.t001

Significantly more CCS than reference persons experienced at least one hospitalization
without an underlying diagnosis (n = 1,188, 21.0% and n = 5,895, 5.4% respectively, p = 0.001;
S5 Table) and 458 CCS (8.1%) experienced two or more. All hospitalizations for symptoms
without an underlying diagnosis were classified into respective organ systems, or were labeled
as “other or unknown” if the discharge diagnosis was unclear. The latter occurred significantly
more often for hospitalizations among CCS than among reference persons (n = 1,863/2,722
(68.4%) hospitalizations and n = 2,058/8,471 (24.3%) hospitalizations respectively, p<0.001, S6
Table).
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Relative Hospitalization Rate (RHR) &>

8

Overall hospitalization
IV - Endocrine, nutritional and metabolic diseases |
Il - Subsequent neoplasms ]
XVIII - Symptoms, signs and abnormal clinical and laboratory findings, not elsewhere classified ]
XIl - Diseases of the skin and subcutaneous tissue
IX - Diseases of the circulatory system ]
XIX - Injury, poisoning and certain other consequences of external causes

VII - Diseases of the eye and adnexa

1l - Diseases of the blood and blood forming organs and certain disorders involving the
immune mechanism |

VI - Diseases of the nervous system
XVII - Congenital malformations, deformations and chromosomal abnormalities |
1 - Certain infectious and parasitic disorders
VIII - Diseases of the ear and mastoid process
XXI - Factors influencing health status and contact with health services
XIV - Diseases of the genitourinary system
X -Diseases of the respiratory system |
Xl - Diseases of the digestive system |

V -Mental and behavioural disorders

X111 - Diseases of the musauloskeletal system and connective tissue

————

-
tnl

RHR: 2.01, 95% C1 1.89-2.15
RHR:5.97, 95% C1 4.61-7.73
RHR: 5.59, 95% C1 4.64-6.73
RHR: 5.15, 95% Cl 4.57-5.82
RHR: 2.90, 95% Cl 2.01-4.18
RHR: 2.87, 95% Cl 2.41-3.41
RHR: 2.83, 95% Cl 2.42-3.30
RHR: 2.75, 95% Cl 1.99-3.79
RHR: 2.70, 95% CI 1.39-5.26
RHR: 2.68, 95% Cl 1.85-3.89
RHR: 2.31, 95% Cl 1.81-2.96
RHR: 2.20, 95% C1 1.61-3.01
RHR: 2.04, 95% Cl 1.63-2.56
RHR: 1.95, 95% CI 1.05-3.65
RHR: 1.84, 95% Cl 1.55-2.17
RHR: 1.59, 95% Cl 1.33-1.90
RHR: 1.57, 95% Cl 1.29-1.92
RHR: 1.51, 95% C1 1.03-2.21

RHR: 1.08, 95% C1 0.95-1.23

Fig 1. Relative hospitalization rates for five-year childhood cancer survivors as compared to the reference population, overall and for each type of

hospitalization related health condition. Abbreviations: 95% CI: 95% confidence interval, RHR: relative hospitalization ratio.

https://doi.org/10.1371/journal.pone.0232708.9001

Determinants for higher hospitalization rates

Table 2 displays the outcomes of the multivariable model investigating determinants for hospi-
talizations for the five types of underlying diagnoses with the highest RHRs in CCS (Fig 1).
Determinants for endocrine, metabolic and nutritional disorders were female sex (RHR 1.50,
95% CI 1.03-2.17), cranial radiotherapy (RHR: 2.69, 95% CI 1.57-4.63) and abdominopelvic
radiotherapy (RHR: 2.51, 95% CI 1.53-4.13). For hospitalizations for subsequent neoplasms,
determinants were female sex (RHR: 1.80, 95% CI 1.30-2.50), cranial radiotherapy (RHR:
1.85,95% CI 1.76-2.94), abdominopelvic radiotherapy (RHR: 1.72, 95% CI 1.13-2.63), radio-
therapy to the lower extremities (RHR: 2.04, 95% CI 1.10-3.80) and treatment with epipodo-
phyllotoxins (RHR 1.73, 95% CI 1.06-2.84;Table 2). For hospitalizations for diseases of the
skin and subcutaneous tissue, no treatment related determinants were identified. Cranial
radiotherapy (RHR: 1.74, 95% 1.16-2.59), radiotherapy to the thorax (RHR: 2.94, 95% CI
1.80-4.82) and lower extremities (RHR: 3.79, 95% CI 1.85-7.79) were determinants for hospi-
talizations because of cardiovascular diseases (including ischemic heart disease, cardiovascular
disease, hypertension, and other circulatory disorders), as were treatment with anthracyclines
(RHR: 1.56, 95% CI 1.11-2.19) and alkylating agents (RHR: 1.51, 95% CI 1.05-2.16). Results of
multivariable models for all other types of underlying diagnoses are displayed in S3 Table.

For hospitalizations because of symptoms without an underlying diagnosis, treatment
related risk factors are displayed in Table 2. An additional Poisson regression model, also
including primary cancer diagnosis showed that the risk of hospitalizations for symptoms
without underlying diagnosis was significantly increased for central nervous system tumor
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Fig 2. Relative hospitalization rates for five-year childhood cancer survivors as compared to the reference population, for by childhood cancer
diagnosis.

https://doi.org/10.1371/journal.pone.0232708.9002

survivors (RHR: 2.95, 95% CI 2.10-4.13), survivors of soft tissue sarcoma (RHR: 1.69, 95% CI
1.11-3.45) and survivors of other tumors (RHR: 2.23, 95% CI 1.51-3.30; S8 Table).

Discussion

This large study, in which a Dutch nationwide cohort of 5,650 long-term CCS and 109,605
matched reference persons were linked to the Dutch Hospital Discharge register, provides
unique detailed insight in the increased risk and determinants of many types of hospitaliza-
tions. An important finding is the high risk of CCS for hospitalizations for symptoms without
an underlying diagnosis.

For this study, we were able to link 92.1% of the nationwide Dutch LATER cohort to an
administrative registry, creating an dataset without selection bias, containing detailed informa-
tion on CCS’s characteristics and their hospitalizations. This large dataset provided sufficient
statistical power for detailed investigation of determinants for 17 types of underlying diagnoses

PLOS ONE | https://doi.org/10.1371/journal.pone.0232708 May 19, 2020 11/18


https://doi.org/10.1371/journal.pone.0232708.g002
https://doi.org/10.1371/journal.pone.0232708

PLOS ONE

Insight in the high hospitalization risks in childhood cancer survivors

among CCS and for systematical assessment of hospitalizations for symptoms without an
underlying diagnosis. By selecting <20 matched reference persons per CCS, we were able to
relate CCS’s hospitalization rates to the general population. We adjusted for multiple hospitali-
zations within one person, using Generalized Estimated Equations (GEE).

We found that survivors experience significantly increased hospitalization rates, especially
for endocrine conditions, and subsequent neoplasms. These results confirm previous studies,
in which second neoplasms [13-16, 24-26], endocrine conditions [14, 15, 24, 26], conditions
of the blood and blood forming organs [13, 16, 24, 25] and cardiovascular conditions [14, 15,
26] were shown to lead to hospitalizations in CCS. We extended these previous hospitalization
investigations by showing that CCS experienced higher hospitalization rates for nearly all
underlying types of conditions, and by investigating the treatment related determinants for
each type of diagnosis leading to hospitalization in CCS in detail. For hospitalizations for
endocrine, nutritional and metabolic conditions, cranial and abdominopelvic radiotherapy
were treatment related determinants. We hypothesize this can be explained by the high preva-
lence of adrenal conditions, thyroid conditions and other endocrine deficiencies, which can
primary (caused by damage to specific organs) or central (caused by damage to the hypotha-
lamic/pituitary region). These results add important insight to previous literature, in which
only radiotherapy to the head/neck was found to be a determinant for hospitalizations for
endocrine conditions. [26] For hospitalizations because of subsequent neoplasms we identified
cranial, abdominopelvic, and lower extremity radiotherapy and treatment with epipodophyllo-
toxins (which include teniposide and etoposide) as determinants. Although epipodophyllotox-
ins have well-established leukemogenic properties [27, 28]; they were not associated with risk
of subsequent malignant neoplasms in previous analyses in our cohort. [19] We furthermore
found that CCS were nearly three times as likely as the reference population to be hospitalized
because of cardiovascular conditions in comparison to our previous study, we confirmed that
treatment with radiotherapy to the thorax was a determinant, but we identified radiotherapy
to the head as a new determinant. [26] Although radiotherapy to the head was not previously
identified as a risk factor for hospitalization for cardiovascular conditions, previous literature
showed that CCS treated with radiotherapy to the head have an increased risk of stroke. [29-
32] Also, it is suggested that radiotherapy to the head can result in a low growth hormone level
[33], which is likely to contribute to the development of metabolic syndrome [34] and, by
being a modulator of myocardial structure and function [35], is associated with a higher car-
diovascular risk for subgroups of CCS, for example ALL survivors treated with cranial radio-
therapy [36] Moreover, we found that radiotherapy to the lower extremities also was
associated with a higher risk of hospitalizations for cardiovascular conditions, which was not
shown before in literature. We hypothesize this is due to venous diseases, comprising the sec-
ond most prevalent circulatory condition among CCS. The new insights in determinants for
all causes of hospitalizations in CCS as described in this study provide important new leads for
in-depth investigation of determinants for hospitalizations for specific causes. Until now this
knowledge was lacking.

Another important finding in this study is the high risk of hospitalizations for symptoms
without an underlying diagnosis in CCS compared to the reference population, especially in
survivors of central nervous system tumors. We looked in detail into the types of symptoms
for these hospitalizations (S6 Table), and we found that hospitalizations were more often regis-
tered as for ‘other symptoms’ or ‘symptoms unknown’ in CCS than in the reference popula-
tion, implicating that in CCS the underlying cause for hospitalization is often unclear. CCS
might experience clinical symptoms that are unusual for their age range. This, in combination
with their medical history of cancer, might cause clinicians to be more likely to hospitalize
CCS for diagnostic evaluation when there are symptoms without a clear diagnosis. Hence,
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CCS’s medical background can introduce more precautious clinical decision-making. Further-
more, CCS might also have a lower threshold for consulting a physician than individuals who
did not experience cancer as a child. Further research should determine whether a part of
these hospitalizations might be preventable.

A limitation of using data from the LBZ, is that the longitudinal outcome data was available
from 1995 onwards, implicating that data on hospitalizations for the older individuals might
have been missing. This combined with the slight decline in coverage of the LBZ between 2005
and 2013, might have led to an underestimation of the hospitalization rates in both CCS and
reference persons. We have no data that suggests that decline in coverage is higher for certain
types of conditions leading tot hospitalizations. Moreover, there is no reason to assume that
this decline is different for CCS, relative to other groups in the population and therefore, risk
estimates are valid. Also, data on hospitalizations was available from 1995 onwards, which
implicates that for CCS diagnosed in the earlier decades and their corresponding reference
persons, data on hospitalizations in their early follow-up years might be missing. This could
have led to an underestimation of the hospitalization rate in those groups. Because we matched
reference persons for each CCS based on date of diagnosis and age of diagnosis, we expect the
RHR estimates to be valid. Furthermore, since we present the results of many tests of statistical
significance, we caution against over interpretation of our findings, especially those based on P
values exceeding 0.001.

The detailed new knowledge on hospitalizations, causes and determinants in CCS as pre-
sented in this study will support the development of strategies for prevention of excess hospi-
talizations among CCS. This study also provided unique new insights in hospitalizations for
symptoms without an underlying diagnosis and its determinants, thereby providing knowl-
edge on possible preventable hospitalizations among CCS.

Supporting information

S1 Fig. Flow diagram linking individuals in the Dutch LATER cohort and a selected
matched reference population to the Dutch Hospital Discharge register (LBZ). Abbrevia-
tions: CBS: Statistics Netherlands, CCS: Childhood Cancer Survivors, Dutch LATER: Dutch
Childhood Oncology Group—Long term Effects after Childhood Cancer, LBZ: Dutch Hospital
Discharge register, RIN: record identification number (assigned by CBS). ': Statistics Nether-
lands (CBS) pseudonimized all identifying variables for all CCS into an anonymous unique
record identification number (RIN) and hereafter removed all identifying information from
the dataset. Because the RIN was also the identifying variable in the Dutch Hospital Discharge
register (LBZ), the RIN was used to link LBZ data to clinical data.

(TIF)

S1 Table. Definition of variables.
(DOCX)

$2 Table. Hospitalizations in five year childhood cancer survivors and in the reference
population, relative hospitalization risks and absolute access risks for overall hospitaliza-
tions and for hospitalization associated health condition type. Abbreviations: 95% CI: 95%
confidence interval, AER: Absolute Access Risk, CCS: Childhood Cancer Survivors, POP: ref-
erence population, PY: Person-Year, RHR: relative Hospitalization Ratio. Relative Hospitaliza-
tion Ratios were adjusted for matched cases and controls, and for multiple hospitalizations.
(DOCX)

$3 Table. Specification of underlying types of health conditions.
(DOCX)
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$4 Table. Hospitalizations in five-year childhood cancer survivors and in the reference
population, relative hospitalization risks and absolute access risks, per childhood cancer
diagnosis. ': Hospitalization rate in reference population: 77.68/1,000 PY Abbreviations: 95%
CIL: 95% confidence interval, AER: Absolute Access Risk, CCS: Childhood Cancer Survivors,
POP: reference population, PY: Person-Year, RHR: relative Hospitalization Ratio. Relative
Hospitalization Ratios were adjusted for matched cases and controls, and for multiple hospital-
izations. *Other tumors comprise (for frequency table, see S1 Table):

 Germ cell tumors, trophoblastic tumors, and neoplasms of gonads (Gonadal carcinomas,
Malignant gonadal germ cell tumors, Malignant extra cranial and extra gonadal germ cell
tumors, Intracranial and intraspinal germ cell tumors, Other and unspecified malignant
gonadal tumors)

o Other malignant epithelial neoplasms and malignant melanomas (Other and unspecified
carcinomas, Skin carcinomas, Malignant melanomas, Nasopharyngeal carcinomas, Thyroid
carcinomas, Adrenocortical carcinomas)

« Langerhans cell histiocytosis
« Hepatic tumors (Hepatic carcinomas, Hepatoblastoma)
« Retinoblastoma

o Other and unspecified malignant neoplasms
(DOCX)

S5 Table. Frequency table of the total number of hospitalizations per person for hospitali-
zations because of symptoms without an underlying diagnosis among childhood cancer
survivors and among the reference population. Chi square: p<0.001 Abbreviations: CCS:
childhood cancer survivors, POP: reference population.

(DOCX)

$6 Table. Summary of types of discharge diagnosis for all hospital admissions because of
symptoms, signs and abnormal clinical findings among childhood cancer survivors and
among the reference population. Chi square: p<0.001 Abbreviations: CCS: childhood cancer
survivors. Frequencies of all hospitalizations for each specific ICD-10 code were listed, specific
ICD-10 codes were grouped into categories of health conditions and presented in this table.
This table sums the total number of hospitalizations and not the number of individual; one
individual can contribute multiple hospitalizations.

(DOCX)

S7 Table. Multivariable risk factor analyses for the effect of treatment related risk factors
on the number of hospitalizations among childhood cancer survivors. For each category of
hospitalization related health conditions, a separate Poisson regression model was performed
to evaluate treatment related risk factors (S3 Table). This table displays the outcomes of the
risk factor analyses for four of the types of hospitalization related health conditions with the
highest relative hospitalization rates in CCS as compared to the reference population. Risk fac-
tor analyses were conducted among CCS in which treatment details were known (n = 5,607).
Abbreviations: 95% CI: 95% confidence interval, CCS: Childhood Cancer Survivors, RHR: rel-
ative Hospitalization Ratio. ' Groups are mutually exclusive.

(DOCX)
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S8 Table. Multivariable risk factor analyses for the effect of primary cancer type on the
number of hospitalizations among childhood cancer survivors. * Other tumors comprise
(frequency tables are displayed in S1 Table):

 Germ cell tumors, trophoblastic tumors, and neoplasms of gonads (Gonadal carcinomas,
Malignant gonadal germ cell tumors, Malignant extracranial and extragonadal germ cell
tumors, Intracranial and intraspinal germ cell tumors, Other and unspecified malignant
gonadal tumors)

o Other malignant epithelial neoplasms and malignant melanomas (Other and unspecified
carcinomas, Skin carcinomas, Malignant melanomas, Nasopharyngeal carcinomas, Thyroid
carcinomas, Adrenocortical carcinomas)

« Langerhans cell histiocytosis
« Hepatic tumors (Hepatic carcinomas, Hepatoblastoma)
« Retinoblastoma

o Other and unspecified malignant neoplasms
(DOCX)

S9 Table. Clinical characteristics in childhood cancer survivors by attained age groups.
(DOCX)

S1 Checklist. The RECORD statement—Checklist of items, extended from the STROBE
statement, that should be reported in observational studies using routinely collected health
data.

(DOCX)

Acknowledgments

The Dutch LATER Study Group for burden of disease includes the listed coauthors and addi-
tional consortium members: Lilian C Batenburg, Anna Font-Gonzalez, M.A. Grootenhuis,
Jaap G den Hartogh, Marloes Louwerens, Sebastian JCMM Neggers and Hanneke M van
Santen.

We thank Nynke Hollema for her contribution at the Dutch LATER registry and coordinat-
ing office as well as all data managers in the seven participating centers and Aslihan Mantici
for obtaining the data for this study. Furthermore, we thank Hanneke de Ridder, Monique Jas-
pers, Lideke van der Steeg and Margreet Veening, Marleen van den Berg and Gea Huizinga for
their contribution to this study. We also thank the staff of Dutch Hospital Data and Statistics
Netherlands for providing record linkage data.

Author Contributions

Conceptualization: Nina Streefkerk, Wim J. E. Tissing, Joke C. Korevaar, Eline van Dulmen-
den Broeder, Dorine Bresters, Margriet van der Heiden-van der Loo, Marry M. van de Heu-
vel-Eibrink, Flora E. Van Leeuwen, Jacqueline Loonen, Helena H. J. van der Pal, Cecile M.
Ronckers, A. Brigitta Versluys, Andrica C. H. de Vries, Elizabeth A. M. Feijen, Leontine C.
M. Kremer.

Data curation: Nina Streefkerk, Wim J. E. Tissing, Eline van Dulmen-den Broeder, Dorine
Bresters, Margriet van der Heiden-van der Loo, Marry M. van de Heuvel-Eibrink, Flora E.

PLOS ONE | https://doi.org/10.1371/journal.pone.0232708 May 19, 2020 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0232708.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0232708.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0232708.s011
https://doi.org/10.1371/journal.pone.0232708

PLOS ONE

Insight in the high hospitalization risks in childhood cancer survivors

Van Leeuwen, Jacqueline Loonen, Helena H. J. van der Pal, Cecile M. Ronckers, A. Brigitta
Versluys, Andrica C. H. de Vries, Elizabeth A. M. Feijen, Leontine C. M. Kremer.

Formal analysis: Nina Streefkerk, Elizabeth A. M. Feijen.
Funding acquisition: Wim J. E. Tissing, Joke C. Korevaar, Leontine C. M. Kremer.
Investigation: Nina Streefkerk, Elizabeth A. M. Feijen.

Methodology: Nina Streefkerk, Wim J. E. Tissing, Joke C. Korevaar, Eline van Dulmen-den
Broeder, Dorine Bresters, Margriet van der Heiden-van der Loo, Marry M. van de Heuvel-
Eibrink, Flora E. Van Leeuwen, Jacqueline Loonen, Helena H. . van der Pal, Cecile M.
Ronckers, A. Brigitta Versluys, Andrica C. H. de Vries, Elizabeth A. M. Feijen, Leontine C.
M. Kremer.

Project administration: Nina Streefkerk, Elizabeth A. M. Feijen, Leontine C. M. Kremer.
Supervision: Wim J. E. Tissing, Joke C. Korevaar, Leontine C. M. Kremer.

Validation: Nina Streefkerk, Elizabeth A. M. Feijen.

Visualization: Nina Streefkerk, Elizabeth A. M. Feijen.

Writing - original draft: Nina Streefkerk, Wim J. E. Tissing, Joke C. Korevaar, Elizabeth A.
M. Feijen, Leontine C. M. Kremer.

Writing - review & editing: Nina Streefkerk, Wim J. E. Tissing, Joke C. Korevaar, Eline van
Dulmen-den Broeder, Dorine Bresters, Margriet van der Heiden-van der Loo, Marry M.
van de Heuvel-Eibrink, Flora E. Van Leeuwen, Jacqueline Loonen, Helena H. J. van der Pal,
Cecile M. Ronckers, A. Brigitta Versluys, Andrica C. H. de Vries, Elizabeth A. M. Feijen,
Leontine C. M. Kremer.

References

1. Gatta G, Botta L, Rossi S, Aareleid T, Bielska-Lasota M, Clavel J, et al. Childhood cancer survival in
Europe 1999-2007: results of EUROCARE-5—a population-based study. Lancet Oncol. 2014; 15
(1):35—47. https://doi.org/10.1016/S1470-2045(13)70548-5 PMID: 24314616

2. Oeffinger KC, Mertens AC, Sklar CA, Kawashima T, Hudson MM, Meadows AT, et al. Chronic health
conditions in adult survivors of childhood cancer. N Engl J Med. 2006; 355(15):1572—82. hitps://doi.org/
10.1056/NEJMsa060185 PMID: 17035650

3. Geenen MM, Cardous-Ubbink MC, Kremer LC, van den Bos C, van der Pal HJ, Heinen RC, et al. Medi-
cal assessment of adverse health outcomes in long-term survivors of childhood cancer. JAMA. 2007;
297(24):2705-15. https://doi.org/10.1001/jama.297.24.2705 PMID: 17595271

4. Hudson MM, Ness KK, Gurney JG, Mulrooney DA, Chemaitilly W, Krull KR, et al. Clinical ascertainment
of health outcomes among adults treated for childhood cancer. JAMA. 2013; 309(22):2371-81. https://
doi.org/10.1001/jama.2013.6296 PMID: 23757085

5. Bhakta N, Liu Q, Ness KK, Baassiri M, Eissa H, Yeo F, et al. The cumulative burden of surviving child-
hood cancer: an initial report from the St Jude Lifetime Cohort Study (SJLIFE). Lancet. 2017; 390
(10112):2569-82. https://doi.org/10.1016/S0140-6736(17)31610-0 PMID: 28890157

6. Kilian R, Matschinger H, Angermeyer MC. The impact of chronic iliness on subjective quality of life: a
comparison between general population and hospital inpatients with somatic and psychiatric diseases.
Clinical Psychology & Psychotherapy. 2001; 8(3):206—13.

7. Reynolds MR, Morais E, Zimetbaum P. Impact of hospitalization on health-related quality of life in atrial
fibrillation patients in Canada and the United States: results from an observational registry. Am Heart J.
2010; 160(4):752-8. https://doi.org/10.1016/j.ah}.2010.06.034 PMID: 20934571

8. StewartS, Jenkins A, Buchan S, McGuire A, Capewell S, McMurray JJ. The current cost of heart failure
to the National Health Service in the UK. Eur J Heart Fail. 2002; 4(3):361—71. https://doi.org/10.1016/
5$1388-9842(01)00198-2 PMID: 12034163

PLOS ONE | https://doi.org/10.1371/journal.pone.0232708 May 19, 2020 16/18


https://doi.org/10.1016/S1470-2045(13)70548-5
http://www.ncbi.nlm.nih.gov/pubmed/24314616
https://doi.org/10.1056/NEJMsa060185
https://doi.org/10.1056/NEJMsa060185
http://www.ncbi.nlm.nih.gov/pubmed/17035650
https://doi.org/10.1001/jama.297.24.2705
http://www.ncbi.nlm.nih.gov/pubmed/17595271
https://doi.org/10.1001/jama.2013.6296
https://doi.org/10.1001/jama.2013.6296
http://www.ncbi.nlm.nih.gov/pubmed/23757085
https://doi.org/10.1016/S0140-6736(17)31610-0
http://www.ncbi.nlm.nih.gov/pubmed/28890157
https://doi.org/10.1016/j.ahj.2010.06.034
http://www.ncbi.nlm.nih.gov/pubmed/20934571
https://doi.org/10.1016/s1388-9842(01)00198-2
https://doi.org/10.1016/s1388-9842(01)00198-2
http://www.ncbi.nlm.nih.gov/pubmed/12034163
https://doi.org/10.1371/journal.pone.0232708

PLOS ONE

Insight in the high hospitalization risks in childhood cancer survivors

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Cohen JW, Krauss NA. Spending And Service Use Among People With The Fifteen Most Costly Medi-
cal Conditions, 1997. Health Affairs. 2003; 22(2):129-38. https://doi.org/10.1377/hlthaff.22.2.129
PMID: 12674416

Bradley NM, Lorenzi MF, Abanto Z, Sheps S, Broemeling AM, Spinelli JJ, et al. Hospitalisations 1998—
2000 in a British Columbia population-based cohort of young cancer survivors: report of the Childhood/
Adolescent/Young Adult Cancer Survivors (CAYACS) Research Program. Eur J Cancer. 2010; 46
(13):2441-8. https://doi.org/10.1016/j.ejca.2010.05.001 PMID: 20732288

Rebholz CE, Reulen RC, Toogood AA, Frobisher C, Lancashire ER, Winter DL, et al. Health care use of
long-term survivors of childhood cancer: the British Childhood Cancer Survivor Study. J Clin Oncol.
2011;29(31):4181-8. https://doi.org/10.1200/JC0O.2011.36.5619 PMID: 21947833

Kurt BA, Nolan VG, Ness KK, Neglia JP, Tersak JM, Hudson MM, et al. Hospitalization rates among
survivors of childhood cancer in the Childhood Cancer Survivor Study cohort. Pediatr Blood Cancer.
2012; 59(1):126-32. https://doi.org/10.1002/pbc.24017 PMID: 22180128

Kirchhoff AC, Fluchel MN, Wright J, Ying J, Sweeney C, Bodson J, et al. Risk of hospitalization for survi-
vors of childhood and adolescent cancer. Cancer Epidemiol Biomarkers Prev. 2014; 23(7):1280-9.
https://doi.org/10.1158/1055-9965.EPI-13-1090 PMID: 24925676

Brewster DH, Clark D, Hopkins L, Bauer J, Wild SH, Edgar AB, et al. Subsequent hospitalisation experi-
ence of 5-year survivors of childhood, adolescent, and young adult cancer in Scotland: a population
based, retrospective cohort study. Br J Cancer. 2014; 110(5):1342-50. https://doi.org/10.1038/bjc.
2013.788 PMID: 24366296

Sieswerda E, Font-Gonzalez A, Reitsma JB, Dijkgraaf MG, Heinen RC, Jaspers MW, et al. High Hospi-
talization Rates in Survivors of Childhood Cancer: A Longitudinal Follow-Up Study Using Medical
Record Linkage. PLoS One. 2016; 11(7):e0159518. https://doi.org/10.1371/journal.pone.0159518
PMID: 27433937

de Fine Licht S, Rugbjerg K, Gudmundsdottir T, Bonnesen TG, Asdahl PH, Holmqvist AS, et al. Long-
term inpatient disease burden in the Adult Life after Childhood Cancer in Scandinavia (ALICCS) study:
A cohort study of 21,297 childhood cancer survivors. PLoS Med. 2017; 14(5):e1002296. https://doi.org/
10.1371/journal.pmed.1002296 PMID: 28486495

Mueller BA, Doody DR, Weiss NS, Chow EJ. Hospitalization and mortality among pediatric cancer sur-
vivors: a population-based study. Cancer Causes Control. 2018.

Steliarova-Foucher E, Stiller C, Lacour B, Kaatsch P. International Classification of Childhood Cancer,
third edition. Cancer. 2005; 103(7):1457-67. https://doi.org/10.1002/cncr.20910 PMID: 15712273

Teepen JC, van Leeuwen FE, Tissing WJ, van Dulmen-den Broeder E, van den Heuvel-Eibrink MM,
van der Pal HJ, et al. Long-Term Risk of Subsequent Malignant Neoplasms After Treatment of Child-
hood Cancer in the DCOG LATER Study Cohort: Role of Chemotherapy. J Clin Oncol. 2017; 35
(20):2288-98. https://doi.org/10.1200/JC0O.2016.71.6902 PMID: 28530852

Dutch Hospital Data. Landelijke Basisregistratie Ziekenhuiszorg (LBZ). [https://www.dhd.nl/producten-
diensten/LBZ/Paginas/Dataverzameling-LBZ.aspx.

Statstics Netherlands (Centraal Bureau voor de Statistiek). Documentatierapport Ziekenhuisopnamen
Landelijke Basisregistratie Ziekenhuiszorg (LBZBASISTAB) [https://www.cbs.nl/-/media/cbs%200p%
20maat/microdatabestanden/documents/2017/19/Ibzbasistab.pdf.

Statstics Netherlands (Centraal Bureau voor de Statistiek). Documentatierapport Landelijke Medische
Registratie (LMR) 2012 [https://www.cbs.nl/NR/rdonlyres/AA18B546-CABE-40C6-8B17-
1BB976F1C4E5/0/Imrmicrodata.pdf.

World Health Organization. International statistical classification of diseases and related health prob-
lems. 10th revision, edition 2010.

Lorenzi MF, Xie L, Rogers PC, Pritchard S, Goddard K, McBride ML. Hospital-related morbidity among
childhood cancer survivors in British Columbia, Canada: report of the childhood, adolescent, young
adult cancer survivors (CAYACS) program. Int J Cancer. 2011; 128(7):1624-31. https://doi.org/10.
1002/ijc.25751 PMID: 21280033

Rugbjerg K, Olsen JH. Long-term Risk of Hospitalization for Somatic Diseases in Survivors of Adoles-
cent or Young Adult Cancer. JAMA Oncol. 2016; 2(2):193—200. https://doi.org/10.1001/jamaoncol.
2015.4393 PMID: 26584448

Font-Gonzalez A, Feijen E, Geskus RB, Dijkgraaf MGW, van der Pal HJH, Heinen RC, et al. Risk and
associated risk factors of hospitalization for specific health problems over time in childhood cancer sur-
vivors: a medical record linkage study. Cancer Med. 2017; 6(5):1123-34. https://doi.org/10.1002/cam4.
1057 PMID: 28378525

Le Deley MC, Leblanc T, Shamsaldin A, Raquin MA, Lacour B, Sommelet D, et al. Risk of secondary
leukemia after a solid tumor in childhood according to the dose of epipodophyllotoxins and

PLOS ONE | https://doi.org/10.1371/journal.pone.0232708 May 19, 2020 17/18


https://doi.org/10.1377/hlthaff.22.2.129
http://www.ncbi.nlm.nih.gov/pubmed/12674416
https://doi.org/10.1016/j.ejca.2010.05.001
http://www.ncbi.nlm.nih.gov/pubmed/20732288
https://doi.org/10.1200/JCO.2011.36.5619
http://www.ncbi.nlm.nih.gov/pubmed/21947833
https://doi.org/10.1002/pbc.24017
http://www.ncbi.nlm.nih.gov/pubmed/22180128
https://doi.org/10.1158/1055-9965.EPI-13-1090
http://www.ncbi.nlm.nih.gov/pubmed/24925676
https://doi.org/10.1038/bjc.2013.788
https://doi.org/10.1038/bjc.2013.788
http://www.ncbi.nlm.nih.gov/pubmed/24366296
https://doi.org/10.1371/journal.pone.0159518
http://www.ncbi.nlm.nih.gov/pubmed/27433937
https://doi.org/10.1371/journal.pmed.1002296
https://doi.org/10.1371/journal.pmed.1002296
http://www.ncbi.nlm.nih.gov/pubmed/28486495
https://doi.org/10.1002/cncr.20910
http://www.ncbi.nlm.nih.gov/pubmed/15712273
https://doi.org/10.1200/JCO.2016.71.6902
http://www.ncbi.nlm.nih.gov/pubmed/28530852
https://www.dhd.nl/producten-diensten/LBZ/Paginas/Dataverzameling-LBZ.aspx
https://www.dhd.nl/producten-diensten/LBZ/Paginas/Dataverzameling-LBZ.aspx
https://www.cbs.nl/-/media/cbs%20op%20maat/microdatabestanden/documents/2017/19/lbzbasistab.pdf
https://www.cbs.nl/-/media/cbs%20op%20maat/microdatabestanden/documents/2017/19/lbzbasistab.pdf
https://www.cbs.nl/NR/rdonlyres/AA18B546-CA6E-40C6-8B17-1BB976F1C4E5/0/lmrmicrodata.pdf
https://www.cbs.nl/NR/rdonlyres/AA18B546-CA6E-40C6-8B17-1BB976F1C4E5/0/lmrmicrodata.pdf
https://doi.org/10.1002/ijc.25751
https://doi.org/10.1002/ijc.25751
http://www.ncbi.nlm.nih.gov/pubmed/21280033
https://doi.org/10.1001/jamaoncol.2015.4393
https://doi.org/10.1001/jamaoncol.2015.4393
http://www.ncbi.nlm.nih.gov/pubmed/26584448
https://doi.org/10.1002/cam4.1057
https://doi.org/10.1002/cam4.1057
http://www.ncbi.nlm.nih.gov/pubmed/28378525
https://doi.org/10.1371/journal.pone.0232708

PLOS ONE

Insight in the high hospitalization risks in childhood cancer survivors

28.
29.

30.

31.

32.

33.

34.

35.

36.

anthracyclines: a case-control study by the Societe Francaise d’Oncologie Pediatrique. J Clin Oncol.
2003; 21(6):1074-81. https://doi.org/10.1200/JC0O.2003.04.100 PMID: 12637473

Hawkins MM. Secondary leukaemia after epipodophyllotoxins. Lancet. 1991; 338(8779):1408.

van Dijk IW, van der Pal HJ, van Os RM, Roos YB, Sieswerda E, van Dalen EC, et al. Risk of Symptom-
atic Stroke After Radiation Therapy for Childhood Cancer: A Long-Term Follow-Up Cohort Analysis. Int
J Radiat Oncol Biol Phys. 2016; 96(3):597-605. https://doi.org/10.1016/}.ijrobp.2016.03.049 PMID:
27325477

Murphy ES, Xie H, Merchant TE, Yu JS, Chao ST, Suh JH. Review of cranial radiotherapy-induced vas-
culopathy. J Neurooncol. 2015; 122(3):421-9. https://doi.org/10.1007/s11060-015-1732-2 PMID:
25670390

Keene DL, Johnston DL, Grimard L, Michaud J, Vassilyadi M, Ventureyra E. Vascular complications of
cranial radiation. Childs Nerv Syst. 2006; 22(6):547-55. https://doi.org/10.1007/s00381-006-0097-4
PMID: 16607532

Mueller S, Fullerton HJ, Stratton K, Leisenring W, Weathers RE, Stovall M, et al. Radiation, atheroscle-
rotic risk factors, and stroke risk in survivors of pediatric cancer: a report from the Childhood Cancer
Survivor Study. Int J Radiat Oncol Biol Phys. 2013; 86(4):649-55. https://doi.org/10.1016/}.ijrobp.2013.
03.034 PMID: 23680033

Vatner RE, Niemierko A, Misra M, Weyman EA, Goebel CP, Ebb DH, et al. Endocrine Deficiency As a
Function of Radiation Dose to the Hypothalamus and Pituitary in Pediatric and Young Adult Patients
With Brain Tumors. J Clin Oncol. 2018; 36(28):2854—62. https://doi.org/10.1200/JC0O.2018.78.1492
PMID: 30118397

Talvensaari KK, Lanning M, Tapanainen P, Knip M. Long-term survivors of childhood cancer have an
increased risk of manifesting the metabolic syndrome. J Clin Endocrinol Metab. 1996; 81(8):3051-5.
https://doi.org/10.1210/jcem.81.8.8768873 PMID: 8768873

Colao A, Marzullo P, Di Somma C, Lombardi G. Growth hormone and the heart. Clin Endocrinol (Oxf).
2001; 54(2):137-54.

Link K, Moell C, Garwicz S, Cavallin-Stahl E, Bjork J, Thilen U, et al. Growth hormone deficiency pre-
dicts cardiovascular risk in young adults treated for acute lymphoblastic leukemia in childhood. J Clin
Endocrinol Metab. 2004; 89(10):5003—12. https://doi.org/10.1210/jc.2004-0126 PMID: 15472198

PLOS ONE | https://doi.org/10.1371/journal.pone.0232708 May 19, 2020 18/18


https://doi.org/10.1200/JCO.2003.04.100
http://www.ncbi.nlm.nih.gov/pubmed/12637473
https://doi.org/10.1016/j.ijrobp.2016.03.049
http://www.ncbi.nlm.nih.gov/pubmed/27325477
https://doi.org/10.1007/s11060-015-1732-2
http://www.ncbi.nlm.nih.gov/pubmed/25670390
https://doi.org/10.1007/s00381-006-0097-4
http://www.ncbi.nlm.nih.gov/pubmed/16607532
https://doi.org/10.1016/j.ijrobp.2013.03.034
https://doi.org/10.1016/j.ijrobp.2013.03.034
http://www.ncbi.nlm.nih.gov/pubmed/23680033
https://doi.org/10.1200/JCO.2018.78.1492
http://www.ncbi.nlm.nih.gov/pubmed/30118397
https://doi.org/10.1210/jcem.81.8.8768873
http://www.ncbi.nlm.nih.gov/pubmed/8768873
https://doi.org/10.1210/jc.2004-0126
http://www.ncbi.nlm.nih.gov/pubmed/15472198
https://doi.org/10.1371/journal.pone.0232708

