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Introduction: Infections may play a role in the etiology of childhood cancer and

immunizations may be protective because vaccinations stimulate the immune system.

Observational studies reported inconsistent associations between vaccination and risk of

childhood cancer. Since a synthesis of the evidence is lacking, we conducted a meta-

analysis stratified by histological and site-specific cancer.

Methods: We performed a systematic review (CRD42020148579) following PRISMA

guidelines and searched for literature in MEDLINE, Embase, and the Science Citation

Index databases. We identified in three literature databases 7,594 different articles of

which 35 met the inclusion criteria allowing for 27 analyses of 11 cancer outcomes after

exposure to nine different types of vaccinations. We calculated summary odds ratios

(ORs) and 95% confidence intervals (CIs) using random effects models.

Results:We observed four inverse associations between childhood leukemia and certain

vaccines as well as the number of vaccinations: OR 0.49 (95% CI = 0.32 to 0.74) for

leukemia death after bacillus Calmette–Guérin vaccination; OR 0.76 (95% CI = 0.65 to

0.90) for acute lymphoblastic leukemia after Haemophilus influenzae type b vaccination;

OR 0.57 (95% CI = 0.36 to 0.88) for leukemia; and OR 0.62 (95% CI = 0.46 to 0.85) for

acute lymphoblastic leukemia after three or more vaccinations of any type. All other

conducted analyses did not show any associations.

Discussion: The results are consistent with the hypothesis that vaccinations reduce the

risk of childhood leukemia. However, the robustness and validity of these results is limited

due to the small number, substantial heterogeneity, and methodological limitations of

available studies.
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INTRODUCTION

Childhood cancers include a broad spectrum of histological and

site-specific cancers occurring before 18 years of age (1–3). An
estimated 10% of childhood cancers can be traced back to

specific rare genetic syndromes with a high cancer risk (4, 5)

or a common genetic susceptibility with a small increased risk for

childhood cancer (6–11). The only established environmental

risk factors are high doses of ionizing radiation (3) and certain

chemicals such as benzene for leukemia (12) and for acute
myeloid leukemia (AML) cytostatic drugs (5). However, the

evidence to date does not suggest that environmental risk

factors alone can explain the majority of childhood cancers.

Indeed gene-environment interactions of several pre- and

postnatal factors are assumed to be involved in their etiology

(3, 13).

The peaks in the incidence of acute leukemia in children aged
2 to 5 years that parallel the peaks in infection rates supports the

hypothesis that immunological risk factors are involved in the

etiology of leukemia (14–16). However, no single infectious agent

has been identified as a risk factor for the development of

leukemia to date (2, 17). Instead, Kinlen (18–20) proposed the

“population mixing” hypothesis with an increased risk for
leukemia and non-Hodgkin lymphoma in isolated areas due to

lower herd immunity to infections. In addition, Greaves (21)

suggested the “delayed infection” hypothesis with a higher risk of

acute lymphoblastic leukemia (ALL) in children who did not

experience any strengthening of the immune system by an

acquired infection in their first year of life. This theory

corresponds to the current state of science according to which
the immune system plays an important role in the development

of cancer (22). For acute leukemia, the possible protective role of

immunization is based on the assumption that vaccines also

stimulate a better performance of the immune system by

formation of antibodies (23). Moreover, it has been suggested

that vaccination regulates the risk of childhood cancer in general
by non-specific stimulation of certain macrophages and natural

killer cells that target tumors (24). This non-specific effects of

vaccines may be related to cross-reactivity of the adaptive

immune system with unrelated pathogens and to training of

the innate immune system through epigenetic reprogramming

(25). However, the beneficial effect may be limited to specific
vaccines e.g. live vaccines, may be reversed with other vaccines

and thus may depend on the sequence of different vaccinations

(25). In line with these theories, epidemiological studies

investigated the relationship between various factors (26–31)

that could stimulate the immune system such as vaccinations and

the occurrence of leukemia (32) and other childhood cancers

(3, 33).

To summarize evidence on the association between

vaccination and childhood cancer, only two meta-analyses
have been conducted so far. One focusing on poliomyelitis

vaccines, simian virus 40 and human cancer was published in

2004 (34) and another one focusing on early vaccination and

childhood leukemia was published in 2017 (32). However, to our

knowledge, there is no meta-analysis on different types of

vaccinations and the risk of childhood cancer in general or on
histological and site-specific subtypes other than leukemia. We

aimed to fill this gap and conducted a systematic literature search

and meta-analysis of the association between different types of

vaccination and the risk of childhood cancer including

stratification by cancer sites.

MATERIALS AND METHODS

Following the meta-analysis of observational studies in

epidemiology (MOOSE) guidelines (35) and the preferred

reporting items for systematic reviews and meta-analyses

(PRISMA) (36), we conducted a comprehensive review of the

literature to identify all available risk estimates on the association

between vaccination and childhood cancer (PROSPERO
registration: CRD42020148579).

Search Strategy
To identify studies on the association between vaccination and

childhood cancer, we systematically searched the literature

databases MEDLINE, Embase, and the Science Citation Index

for relevant articles published before November 2020. We used
subject headings and keywords in English depending on the

search structure of the literature database to combine the references

related to the population, the exposure, and the disease. The

search was not restricted by language filters and no date limits or

other filters were used. A detailed description of the search

strategy is provided in Figure 1. Included articles were also

manually searched for potentially relevant citations not detected
by the electronic search.

Study Selection
Duplicates found by the three literature searches were deleted

using EndNote. Two independent researchers performed the

screening of titles and abstracts for relevant publications and

conducted the full-text review of selected articles. Studies were
considered for inclusion in the review if they met the following

three criteria: They were 1) an original epidemiological study

that examined the influence of vaccination on the risk of

childhood cancer or cancer death; 2) a proper reference group

without cancer or without the same cancer as the investigated

outcome; and 3) the recommended first application of the
studied vaccine should be before age 10 (e.g. exclusion of

human papillomaviruses vaccination). Detailed exclusion

Abbreviations: Adj, adjustment; AL, acute leukemia; ALL, acute lymphoblastic

leukemia; AML, acute myeloid leukemia; BCG, bacillus Calmette–Guérin (vole

bacillus; tuberculosis); BCP, B-cell precursor; cALL, common acute lymphoblastic

leukemia; Chi, chicken pox (varicella zoster); Cho, cholera; CI, confidence interval;

CNS, central nervous system; D, diphtheria; DT, diphtheria-tetanus; DTP,

diphtheria-tetanus-pertussis/whooping cough; DTPolio, diphtheria-tetanus-

poliomyelitis; Exc, exclusion for meta-analysis; Hep, hepatitis; Hib, Haemophilus

influenzae type b; Inf, influenza; IPV, inactivated poliomyelitis vaccine; HL,

Hodgkin lymphoma; m, months; Mat, matching; Mea, measles; Men,

meningococcus; MMR, measles-mumps-rubella; MRC, Medical Research

Council; Mum, mumps; NHL, non-Hodgkin lymphoma; OR, odds ratio; P,

points; Pne, pneumococcus; Polio, poliomyelitis; SE, standard error; Sma,

smallpox; Typ, typhoid; y, years; Yel, yellow fever.
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criteria are shown in Figure 1. For inclusion in the meta-analysis,
studies had to report quantitative risk estimates [odds ratio (OR),

relative risk (RR), or hazard ratio (HR)], and their variability

[variance, standard error (SE), standard deviation (SD), or

confidence interval (CI)], or provide the numbers of cases and

controls so that crude risk estimates with CI could be calculated.
When multiple articles reported on the same population, the

most recent article or the most informative publication was

included. Since most studies used non-vaccinated children as a

reference, we excluded four studies that compared vaccinated

FIGURE 1 | Selection of studies included in the systematic review and meta-analysis on vaccination and risk of childhood cancer. * Studies could not be pooled in

the meta-analysis due to an insufficient number of estimates (only one or two) on the same association. ALL, acute lymphoblastic leukemia; BCG, Bacillus Calmette-

Guérin; DTP/DTPolio, diphtheria-tetanus-pertussis/-poliomyelitis; MMR, mumps-measles-rubella; Polio, poliomyelitis.
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children in one time period with vaccinated children in another

time period (33, 37–39). Disagreements between the two

reviewers were resolved by discussion with a third reviewer.

Data Extraction
Two reviewers extracted a predetermined set of data for each risk

estimate on vaccinations and childhood cancer independently
from each publication (Supplementary Tables 1 and 2A–C).

The extracted data included the following information: name of

the first author, year of publication, study location, study period,

study design, number of cases (cancers or cancer deaths),

number, and type of subjects in the reference group (e.g.

population-based or hospital-based), assessment of the
outcome, cancer site, age range at diagnosis or death, exposure

assessment, vaccine, age at vaccination, matching factors,

adjustment variables, reason for exclusion from meta-analysis

(no or incomplete risk estimates, i.e. a RR without the 95% CI,

without the P value for measures of association and without the

number of cases and controls, overlap with other study, less than

three studies on an outcome or an exposure), statistical model,
risk estimate [OR, RR, HR, standard incidence ratio (SIR) along

with SE, SD, 95% CI, P value for measures of association], and

number of subjects per group. A third reviewer adjudicated

inconsistencies between the two original reviewers.

Quality Assessment
The quality of each study was assessed by applying the
Newcastle-Ottawa Scale (NOS) (40), which has been widely

used as recommended by the Cochrane Collaboration (41).

The NOS comprises nine items categorized into three sections.

Depending on the study design, NOS items differ. For case-

control studies, the quality was assessed by case definition and

representativeness, selection and definition of controls,

comparability between cases and controls, ascertainment of
exposure, same method of ascertainment for cases and controls,

and response proportion. The cohort studies were evaluated for

representativeness of the exposure cohort, selection of the non-

exposed cohort, ascertainment of exposure, demonstration that

outcome of interest was not present at start of study, comparability

of cohorts on the basis of the design or analysis, validity of the
outcome assessment, duration of follow-up long enough for

outcomes to occur, and adequacy of the follow-up cohort

(complete follow-up or follow-up >50%). Since the NOS is very

general (42) and no other tool for quality assessment is established

for observational studies (43), we applied a self-developed scoring

system in addition. This score (maximum 45 points) was

composed of the following eight criteria, each of which consists
of 4 to 15 items: study design (up to six points), study size (up to

six points), outcome assessment (up to six points), exposure

assessment (up to six points), controlling for confounders (up to

six points), statistical methods (up to six points), other methods

(up to six points), and reported important characteristics of the

study population (up to three points). At the end of the
evaluation, there was the possibility to decrease the score by up

to six points for selection problems, confounding, bias, and other

limitations not described in the eight items before. Quality

criteria are detailed in Supplementary Tables 3A, B. Two

reviewers extracted the quality items of the included studies

independently, discussed the results, and solved disagreements

with a third investigator.

Data Analysis
Pooled ORs with 95% CI were calculated using random effects

models if three or more studies on a specific research question

were available (44). To assess the association of cancer with

increasing number of vaccinations (dose-response), trend

analyses were conducted based on the method of Greenland

and Longnecker (45) where possible. To conduct the trend

analyses required for these analyses, at least two estimates with
different numbers of vaccination and the same cancer outcome

had to be available. The I² statistic was calculated to quantify

between-study heterogeneity. We considered values of 50% or

less, more than 50 to 75%, and more than 75% to indicate low,

moderate, and substantial heterogeneity, respectively (46).

Statistical significance of I2 was analyzed with the Q statistic [P
value for heterogeneity (P)]. We explored whether heterogeneity

could be reduced by omitting each study in turn from the meta-

analysis (47). Potential sources of heterogeneity were

investigated by conducting subgroup analyses by time period

before and after contamination of the poliomyelitis vaccine by

carcinogenic simian virus 40 (<1964; 1964+), study design (case-

control or ecological study; cohort or case-cohort study), quality
of exposure assessment (low: self-report or vaccination card;

high: trial, registry, or medical documentation), quality of

confounder control (low: basic or no adjustment/matching;

high: adjustment or matching for other vaccines or

immunological factors), consideration of a latency period (no;

yes), Newcastle-Ottawa Scale below and above the fourth quintile
(low: quality scale <6; high: quality scale 6+), quality score below

and above the fourth quintile (low: detailed quality score <24.7;

high: detailed quality score 24.7+), and assessment of outcome

via registries (yes: via registries; no: other sources). For analyses

with five or more included studies, publication bias was

evaluated using funnel plots and the tests described by Egger
et al. (48). All P values are two-sided. All calculations were

performed using STATA version 14 (StataCorp LP, College

Station, TX, USA) (49) or Excel version 2013 (Microsoft

Cooperation, Redmond, WA, USA).

RESULTS

Literature Search
Of the 9,590 identified articles, 1,996 were duplicate search

results from the three literature databases and 7,349 articles

were excluded on the basis of title and abstract screening, leaving

245 articles for full-text evaluation (Figure 1). We identified

additional 25 potentially relevant articles by evaluating cross-
references. Finally, 210 full-text articles were discarded according

to the exclusion criteria, leaving 60 studies (50–109) in the

systematic review (Supplementary Table 1). These studies
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reported 709 risk estimates for different childhood cancers after

diverse types of vaccination (Supplementary Tables 2A–C).

Overall, 85 effect estimates showed a decreased risk of different

childhood cancers, 48 showed an increased risk, and 576 revealed

no significant association. For the analyses, 25 of the 60 studies were

excluded because (a) they reported no or incomplete risk estimates
[number of studies (N) = 14], (b) the study sample overlapped with

another included study (N = 3), or (c) the outcome (N = 5) or

specific type of vaccination (N = 3) was reported by less than three

studies. This left 35 remaining studies for inclusion in 27 specific

analyses on 11 different childhood cancer outcomes after exposure

to nine different types of vaccination (Figure 1).

Study Characteristics and Quality
Characteristics of the 35 studies included in the meta-analysis
are provided in Tables 1–4. Studies were published between

1968 and 2019 and covered a study period of 65 years (1943 to

2008). They were conducted in Europe (57%), North America

(26%), South America (8%), Australia or New Zealand (6%),

and Asia (3%) with sample sizes ranging from 148 to 1,224,914

participants. Most studies examined only children under 18

years of age, with some exceptions (60, 63, 64, 66, 73, 74, 77, 79,
98, 99, 104). The distribution of selected quality-related factors

is summarized in Supplementary Tables 3A, B. The minority

of the studies included in the meta-analysis were retrospective

cohort or case cohort studies (31%), the majority were case-

control studies (69%), of which 18 included population-based

(63, 65, 70, 74, 76, 81, 82, 92–95, 97–101, 103, 109) and four
hospital-based controls (53, 83, 86, 91). There was only one

study with an ecological design that used aggregated data (105).

Most studies used laboratory, trial, accounting, registry, or

medical documentation to assess the outcome (86%). Only

three studies (62, 66, 76) used death certificates, and two

studies (77, 94) did not report on this issue. To assess the

type and date of vaccination, 40% of the studies used trial,
accounting, registry, or medical data, and 40% used parental

reports (74, 76, 81–83, 86, 91, 92, 94, 95, 97–99, 109). Further

17% used vaccination cards (63, 93, 100, 101, 103, 104) and 3%

used aggregated, external data (105). The majority of studies

controlled only for basic confounders (57%), mainly age and

sex, while 20% did not take any confounding into account. Ten
studies (29%) accounted for a latency period of at least 1 month

between the vaccination and the onset of the childhood cancer

and verified by this the correct temporal sequence of exposure

and outcome. None of the studies reported on the inclusion of

secondary cancers and 15 studies (43%) limited their cancers to

incidence cases (Supplementary Table 3B). Overall, the

methodological quality assessments of the 35 studies included
in the meta-analysis yielded an average score of 4.7 out of 9.0

for the NOS and 22.0 out of 45.0 for our own detailed quality

score (Supplementary Tables 3A, B). The quality of the 25

studies that were excluded from the meta-analysis was low

(mean: 3.8 out of 9.0 points for the NOS and 13.5 out of 45.0

points for the detailed quality score, Supplementary Tables 3A,

B). Their characteristics and main results are briefly described

in Supplementary Table 1.

Results of the Meta-Analysis
Among 27 specific analyses on 11 different childhood cancer

outcomes after exposure to nine different types of vaccinations
(Figures 2–4), we observed four inverse associations between

childhood leukemia and certain vaccines as well as after three or

more vaccinations of any type.

The summary OR of leukemia death was 0.49 (95% CI 0.32 to

0.74; I2 = 36%; N = 4; P value = 0.20) for bacillus Calmette–

Guérin (BCG) vaccination compared to children without this

vaccination (Figure 3). The four included studies were
conducted between 1970 and 1982 and none of the studies

accounted for a latency period. Three of the four studies (two

cohort and one case-control study) reported a risk estimate

below 1.0. Two obvious outlier studies were detected by

omitting each study in turn from the meta-analysis (Table 5B).

The observed risk reduction of the summary OR disappeared
after the exclusion of Davignon et al. (54) or of Crispen et al.

(66), which are two large and old cohort studies with valid

exposure assessment via registry and medical documentation.

Only the study of Neumann et al. (76) matched by age and sex,

whereas the other three studies did not control for any

confounders (54, 66, 79). Stratification by study period, study

design, exposure assessment, and outcome assessment did not
reveal any heterogeneity (I2 = 0%; Supplementary Figures

1A–D).

The association between ALL and Haemophilus influenzae

type b (Hib) vaccination was assessed based on five studies, the

OR was 0.76 (0.65 to 0.90; I² = 20%; N = 5, P = 0.29; Figure 4).

Four of the five studies (one cohort, two case-control, one
ecological study) reported a risk estimate below 1.0 (Figure 4).

Omitting each study in turn from the meta-analysis did not

reveal an obvious outlier among the five studies and all summary

ORs still showed a risk reduction after any one study was

excluded (Table 5C). The included studies were conducted

between 1999 and 2017. All studies had a good assessment of
the outcome and controlled for other vaccinations or other

exposures in the immunological pathway e.g. infections. The

stratification by study design, exposure assessment, inclusion of a

latency period, and study quality did not show any heterogeneity

(I2 = 0%; Supplementary Figures 1B, C, E, F).

Of two analyses focusing on the number of vaccine injections,

one showed a risk reduction for leukemia (OR = 0.57; 0.36 to
0.88; N = 4; I2 = 74%; P value = 0.01) and one for ALL (OR =

0.62; 0.46 to 0.85; N = 5; I2 = 55%; P value = 0.06) after three or

more vaccinations of any type. For both associations, all studies

reported a risk estimate smaller than 1.0. Omitting each study in

turn from the two analyses revealed obvious outlier studies for

both associations. The heterogeneity across studies disappeared
after exclusion of the German studies (92, 95) or the French

study (101) and the summary OR was no longer significant after

exclusion of the US study (100) (Tables 5B, C). The included

studies covered together a study period of 29 years (1980 to 2008)

for ALL and of 15 years (1990 to 2004) for leukemia. Most

investigations were case-control studies (92, 93, 95, 100, 101,

109) and only one cohort study (108) was included in the meta-
analysis for ALL. This Danish study was also the only study with
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Frontiers in Oncology | www.frontiersin.org January 2021 | Volume 10 | Article 6108435



TABLE 1 | Characteristics of studies included in meta-analysis of the associations between vaccination and childhood cancer, 1963–1978.

First Author,

Year (Ref

No.)

Location Study

Years

No. of

Cases

No. of

Controls

Age

Range

Cancer Sites Vaccines

[Early Age]

Results Outcome Exposure Study

Design

Comment Study

Qualityd

Innis, 1968

(53)a
Australia

(Sydney,

Brisbane)

1958–

1967

816 816 children Cancer D, T, P,

Polio, Sma,

BCG, Typ,

Cho [<1 y]

↑ risk after Polio

vaccination

>1year; others: no

association

Hospital Record Case-control [Mat: age, sex]; hospital- based

without cancer; update of Innis

1965

15.8; 3

Davignon,

1970 (54)a
Canada

(Quebec)

1960–

1963

96 191 <15 Leukemia BCG ↓ leukemia

mortality rates in

vaccinated group

Registry Registry Retrospective

cohort

Mortality rate; irrelevant errors in table 1

corrected by Davignon 1971

23.9; 4

MRC, 1972

(60)a
England 1950–

1952

65 54,174 15–30 Cancer, leukemia,

lymphoma

BCG No association Follow-

Up

Trial Retrospective

cohort

Mortality rate; outcome incidence

and cancer deaths; trial-based;

original study of Sutherland 1982

21.4; 5

Heinonen,

1973 (62)a
USA 1959–

1965

24 50,873 0–4 Cancer, neural

tumors, leukemia

Polio, Inf

[prenatal]

↑ risk after

prenatal killed

polio; others: no

association

Record Self-report Cohort [Adj: race]; prenatal vaccination 19.6; 7

Mathé,

1974 (63)a
France 1965 130 130 <20 Leukemia BCG No association Hospital Vaccination

card

Case-control [Mat: age]; population-based

without cancer; socioeconomical

status not considered

11.2; 3

Comstock,

1975 (64)a
Puerto Rico 1949–

1951

135 77,877 1–18 Cancer, leukemia,

lymphoma, HL,

brain, bone, skin,

kidney, ...b

BCG No association Registry Trial Retrospective

cohort

Trial based, trial arm according to

birth year; original study of Snider

1978

25.1; 5

Salonen,

1975 (65)

Finland 1959–

1968

972 972 <15 Cancer, leukemia,

brain, eye, kidney,

bone, other

Polio, BCG No association Registry Record Case-control Mat: age, area, birth season;

population-based without cancer;

original study of Salonen 1976

25.8; 6

Crispen,

1976 (66)

USA

(Chicago)

1957–

1969

319 619,907 <20 Cancer, leukemia BCG

[newborns]

↓ risk for cancer

death in

vaccinated group

Death

certificate

Record Retrospective

cohort

Mortality rate; update of Rosenthal

1972

21.5; 5

Salonen,

1976 (67)a
Finland 1959–

1968

972 972 <15 Cancer, leukemia,

brain, eye, kidney,

bone, other tumors

Any, BCG No association Registry Record Case-control [Mat: age, area, birth season];

population-based without cancer;

update of Salonen 1975

22.4; 5

Andersen,

1978 (70)a
Denmark

(Copenhagen)

1943–

1970

63 182 school

children

HL BCG No association Registry Record Case-control [Mat: age, sex, socioeconomical

status]; 1:3; population-based

without cancer; Fisher´s exact test

19.3; 3

Snider,

1978 (73)a
Puerto Rico 1949–

1973

227 77,745 1–18 Cancer, leukemia,

lymphoma, HL,

brain, bone, skin,

kidney, ... c

BCG No association Registry Trial Retrospective

cohort

Trial based, trial arm according to

birth year; update von Comstock,

1975

24.5; 4

Adj, Adjustment; BCG,BacillusCalmette–Guérin (vole bacillus; tuberculosis); Cho, Cholera; D, Diphtheria; Inf, Influenza; HL, Hodgkin lymphoma;Mat,Matching;MRC,Medical ResearchCouncil; Ref No., Reference number; Sma, Smallpox; Typ, Typhoid; y, years.
aCalculation of crude ORs.
bCancer, leukemia, lymphoma, HL, nervous system, bone, kidney, ovary, male genitalia, skin, bladder, salivary glands, mouth, esophagus, stomach, colon, liver, larynx, lungs, breast, cervix, uterus, other endocrine organs, connective tissue.
cCancer, leukemia, multiple myeloma, lymphatic tissue, HL, brain, other nervous system, bone, kidney, bladder, other urinary organs, ovary, prostate, other female/male genital organs, eye, skin, other skin, breast, bronchus and lung, cervix,

connective tissue, esophagus, large intestine, larynx, liver, mouth, nose, other digestive organs, other endocrine glands, pancreas, peritoneum, rectum, salivary gland, stomach, thyroid, tonsils, uterus.
dStudy quality with detailed quality score (−6 to 45 points) and Newcastle-Ottawa Scale (0 to 9 points).
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TABLE 2 | Characteristics of studies included in meta-analysis of the associations between vaccination and childhood cancer, 1979–1997.

First

Author,

Year (Ref

No.)

Location Study

Years

No. of

Cases

No. of

Controls

Age

Range

Cancer Sites Vaccines

[Early

Age]

Results Outcome Exposure Study

Design

Comment Study

Qualitye

Farwell,

1979 (74)a
USA

(Connecticut)

1956–

1962

120 240 ≤19 Central nervous

system, glioma,

medulloblastoma

Polio

[prenatal]

↑ risk for medullablastoma; others: no

association

Registry Self-

report

Case-control [Mat: age, sex,

area of

residence];

original study of

Farwell 1984

15.8; 3

Neumann,

1980 (76)a
Germany 1972–

1976

74 74 ≤14 Cancer,

leukemia

D, T,

Polio,

BCG, Pox

No association Death

certificate

Self-

report

Case-control Cancer death;

[Mat: age, sex];

population-

based; article in

German

13.8; 3

Kendrick,

1981 (77)a
USA

(Georgia,

Alabama)

1950–

1977

852 33,915 >5–

<20cancer;

>5 sub-

sites

Cancer,

leukemia,

multiple

myeloma,

lymphoma, HL,

bone, brain,

skin, kidney, ...d

BCG No association – Trial Retrospective

cohort

Trial-based;

update of

Comstock 1971

21.2; 3

Sutherland,

1982 (79)a
England 1950–

1979

28 54,211 15–30 Leukemia BCG No association Registry Trial Retrospective

cohort

Mortality rate;

trial-based;

update/external

validation of trial

follow-up using

registry data of

MRC 1972

23.8; 5

Van

Steensel-

Moll, 1985

(81)

Netherlands 1973–

1982

625 615 <15 Leukemia Any

[prenatal]

No association Registry Self-

report

Case-control Mat: age, sex,

area; Adj: age,

sex; population-

based

21.8; 5

Kneale,

1986 (82)b
England

(Oxford)

1953–

1977

12,281 12,281 0–15 Cancer,

leukemia,

lymphoma,

cerebral tumor,

neuroblastoma,

osteosarcoma,

Wilms tumor,

other solid

tumors

Any [0–1

y], Sma,

DT, P,

Mea, Rub,

Polio,

BCG

↓ death risk for leukemia, Wilms tumor,

neuroblastoma, cerebral tumor and other

solid tumors; ↓ death risk for cancer onset

age 0–1 after vaccination age 0–1, onset

age 2–4 after vaccination age 0–1 and 2–

4, onset age 10–15 after vaccination age

10–15 and all ages; others no association

Hospital Self-

report

Case-control Cancer death;

Mat: sex, area,

birth date (birth

year, season);%

risk; population-

based child alive;

Update of

Stewart 1965

19.6; 4

McKinney,

1987 (83)

England

(West

Midlands,

North West,

Yorkshire)

1980–

1983

234 468 1–15 Leukemia, ML,

lymphoma

Any (T, D,

P, Polio,

Mea,

triple,

Sma)

↓ risk for leukemia in general; no

association for myeloid leukemia,

leukemia/lymphoma, lymphoma

Registry Self-

report

Case-control Mat: age, sex;

hospital-based

without cancer;

original study of

Hartley 1988

22.6; 4

(Continued)
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exposure assessment based on a medical registry. The

stratification by study design, exposure assessment, and

consideration of a latency period did not show any

heterogeneity (I2 = 0%; Supplementary Figures 1B, C, E).

After stratification by study quality and adjustment,

substantial heterogeneity was observed with a stronger risk
reduction of ALL and leukemia for basic adjustment (ALL:

OR = 0.48; 0.36 to 0.64; N = 2; leukemia: OR = 0.41; 0.27 to 0.61;

N = 2) as compared to advanced adjustment (ALL: OR = 0.80;

0.65 to 0.99; N = 3; leukemia: OR = 0.73; 0.50 to 1.06; N = 2;

Supplementary Figure 1G) and a significant risk reduction of

ALL and leukemia for low quality below 24.7 points (ALL: OR =
0.50; 0.39 to 0.65; N = 3; leukemia: OR = 0.45; 0.33 to 0.91; N =

3) compared to a non-significant risk reduction for high quality

equal or above 24.7 points (ALL: OR = 0.88; 0.66 to 1.04; N = 2;

leukemia: OR = 0.83, 0.66 to 1.05; N = 1; Supplementary

Figures 1F, H). In addition, a dose-response analysis was

conducted to assess the risk of leukemia for an increasing
number of vaccine injections (Supplementary Figure 2). The

observed risk reduction was also observed in this analysis, even

though not significant (OR = 0.94; 0.89 to 1.00; N = 2; I2 = 0%; P

value = 0.54). However, trends required for the dose-response

analysis could only be calculated for the studies of Kaatsch (92)

and Dockerty (93). The other two studies had to be excluded

due to an insufficient number of reported estimates (100) and
significant deviations between the reported estimates of the

different vaccine injections (101). For the same reasons, it was

not possible to conduct a dose-response analysis for number of

vaccine injections and ALL.

The remaining 22 specific analyses did not show any

association between different types of vaccination (any,
early, BCG, poliomyelitis, hepatitis, diphtheria-tetanus-

pertussis/-poliomyelitis, measles-mumps-rubella) and

overall childhood cancer risk, cancer death, or site-specific

cancers (lymphoma, Hodgkin lymphoma, bone cancer, brain

cancer, kidney cancer, skin cancer, leukemia, ALL; Figures 2–

4). We observed substantial heterogeneity for cancer death

after BCG vaccination (OR = 0.65; 0.34 to 1.22; N = 4; I2 = 82%; P
value < 0.01), for cancer after poliomyelitis vaccination (OR =

1.18; 0.73 to 1.91; N = 3; I2 = 85%; P value <0.01), and for

lymphoma after BCG vaccination (OR = 1.55; 0.34 to 7.13; N = 3;

I2 = 77%; P value = 0.01). In each of these analyses, heterogeneity

disappeared (I2 = 0%) after exclusion of one specific outlier study.

However, the outlier studies differ in different analyses (Tables
5A–C). The stratified results are shown in Supplementary

Figures 1A–H. Overall, no evidence of publication bias was

seen in analyses including five or more studies either when

using the funnel plot or when using the test by Egger et al. (48)

(Supplementary Figures 3-8A–C).

DISCUSSION

We observed an inverse association between BCG vaccination

and leukemia death, between Hib vaccination and ALL, andT
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TABLE 3 | Characteristics of studies included in meta-analysis of the associations between vaccination and childhood cancer, 1998–2004.

First

Author,

Year (Ref

No.)

Location Study

Years

No. of

Cases

No. of

Controls

Age

Range

Cancer

Sites

Vaccines [Early

Age]

Results Outcome Exposure Study

Design

Comment Study

Qualitya

Kaatsch,

1998 (92)

Germany

(West

Germany)

1992–

1994

2358 2588 0–14 Leukemia Number ↓ risk for leukemia for 0–

3and 4–6 versus >6 shots;

other cancer (NHL, CNS,

neuro- and nephroblastoma,

bone, soft-tissue sarcoma)

not indicated

Registry Self-

report

Case-control Adj: socioeconomic status,

urban-rural status; Mat: age,

sex, area; population-based;

update Kaatsch 1996 and

original study Schüz 1999 and

von Kries 2000

21.6; 3

Dockerty,

1999 (93)

New

Zealand

1990–

1993

121 121 0–14 Leukemia Any, number,

routine, DTP, DT,

BCG, Hep and other

[>3 m]; MMR and

Mea [>9 m]; Polio

[>6 m]; R [>15 m]

↓ risk for leukemia after 1–4

different vaccinations (adj.

only for age and sex); others

no association

Registry Record

(parent

held)

Case-control Adj: age, sex; Mat: age, sex;

latency considered;

population-based

24.2; 5

Groves,

1999 (94)

USA (IL, IN,

IA, MI,MN,

NJ, OH,

PA, WI)

1989–

1993

439 439 0–14 ALL DTP, D, T, Polio,

MMR, Hib

↓ risk for ALL after Hib

(conjug.); others no

association

– Record Case-control Adj: age, sex, race, birth year,

day care attendance, parental

education, family income; Mat:

age, race, telephone number;

population-based

18.0; 4

Schüz,

1999 (95)

Germany 1980–

1994

1,010 1,010 0–14 AL, ALL Number (D, T, P,

Polio, Mum, Mea, R,

Sma, Men, routine)

↑ risk for leukemia for0–3

and 4–6 versus >6

vaccinations

Registry Self-

report

Case-control Adj: socioeconomic status;

Mat: sex, birth year;

population-based non-

diseased; update Kaatsch

1996 and 1998

22.2; 4

Auvinen,

2000 (96)

Finland 1985–

1987

77 113,923 0–14 Leukemia,

ALL

Hib (PRP-D) [3, 4,6,

and 14/18 m]

No association Registry Trial Retrospective

cohort

Adj: other vaccinations; Trial-

based

35.4; 6

Von Kries,

2000 (97)

Germany

(Lower

Saxony)

1988–

1993

420 613 0–15 Cancer,

leukemia,

tumors

BCG [newborns] No association Registry Self-

report

Case-control Adj: age, sex; Mat: age, sex;

population-based without

cancer; power only 50%;

update Kaatsch 1996 and

1998and Schüz 1999

22.2; 5

Krone,

2003 (98)

UK,

Bulgaria,

Italy,

Germany,

Estonia,

Israel,

Austria,

France

1994–

1997

603 627 0+ Malignant

melanoma

BCG, Sma, Inf ↓ risk for melanoma after

BCG, smallpox, or both in

total and in several single

countries

Hospital Self-

report

(some

cards)

Case-control Adj: age, sex, race, study

center, skin type, pigmented

naevi, sunburns, freckling

index; population-based

24.4; 6

(Continued)
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between a high number of unspecified vaccinations and ALL or

leukemia. The other 23 conducted analyses did show any

associations. Despite the fact that we included a large number

of publications over a long time period, the question of a possible

risk reduction of childhood cancer after vaccination has not yet

been finally clarified in our review and meta-analysis, since the
exposure assessment of many studies has limited validity. This

might be one of the reasons why published results are

inconsistent. Some of these studies also have insufficient

statistical power. In addition, most studies suffer from further

methodological limitations, especially regarding the

consideration of confounder control and latency periods. For
most specific associations of interest, only few studies were

available for pooling.

The risk reduction of ALL after Hib vaccination by 24% was

fairly consistent across studies and by study characteristics.

Only a recent Danish cohort study (108), that had the highest

quality score (37.0), showed no association. However, we
observed no heterogeneity after the stratification by study

quality. A potential explanation for the link between Hib

vaccination and ALL risk might be activation of the immune

system early in life (21). ALL can frequently be traced back to a

pre-leukemic clone carrying a prenatal genetic lesion (13, 110,

111). Postnatal acquired mutations then drive clonal evolution

towards overt ALL. The protective role of vaccination in the
development of ALL is based on the hypothesis that vaccines

like Hib stimulate early formation of antibodies, prevent other

infections, and modulate future responses to common

childhood infections (23, 112). In line with this, mechanistic

studies with mice that were repeatedly exposed to inflammatory

stimuli, paralleling chronic infections in childhood,
demonstrated that two enzymes, AID and RAG1-RAG2, drive

clonal evolution of the most common subtype of ALL, B-cell

precursor ALL (113). In addition, in vivo genetic studies

connected inherited susceptibility to B-cell precursor ALL

with postnatal infections by showing that B-cell precursor

ALL was initiated in Pax5 heterozygous mice only when they

were exposed to common pathogens (114). Moreover, among
children in a large population-based birth cohort study,

associations were observed between seven investigated serum

immunoglobulin G titers and 10 exposures, either administered

vaccines (e.g. BCG vaccination) or infections (115). These

results indicate the existence of associations between

immunogenic exposures and unrelated antibody titers, which
may be responsible for non-specific effects of vaccinations on

all-cause morbidity and mortality among children. Thus, early

exposure to Hib vaccination may be responsible for the

observed inverse association regarding ALL risk in our

meta-analysis.

Our meta-analysis also showed a risk reduction for leukemia

death after BCG vaccination in childhood, but not for the
development of leukemia itself. The analyses on leukemia

death and cancer death were limited to studies on relative risks

or odds ratios of death among vaccinated and unvaccinated

children. The study populations consisted of vaccination cohorts

with vaccinated and unvaccinated children (60, 79), cohortT
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TABLE 4 | Characteristics of studies included in meta-analysis of the associations between vaccination and childhood cancer, 2005–2019.

First

Author,

Year (Ref

No.)

Location Study

Years

No. of

Cases

No. of

Controls

Age

Range

Cancer Sites Vaccines

[Early Age]

Results Outcome Exposure Study

Design

Comment Study

Qualityb

Ma, 2005

(100)

USA

(California)

1995–

2002

323 409 0–14 Leukemia, ALL DPT, Polio,

MMR,Hep

[<1 y], Hib

↓ risk for leukemia and

ALL after Hib vaccination;

others no association

Registry Vaccination

card

Case-control Adj: birth weight, day care

attendance, family income,

maternal education; Mat:

age, sex, mother´s race,

Hispanic status; population-

based

23.2; 5

Mallol-

Mesnard,

2007

(101)a

France 2003–

2004

776 1681 <15 AL, ALL, AML Number

[6m]; BCG

[newborns];

D, T, P,

Hep, Hib,

Pne, Men

and Polio

[<6 m];

Mum, Mea

& R [1y]

↑ risk of AML after 1–2

vaccinations <6 months

compared to ≥4

vaccinations; others no

association

Registry Vaccination

card

Case-control Adj: age, sex, birth order,

maternal and paternal

educational level, degree of

urbanization; Mat: age, sex;

population-based

27.8; 6

MacArthur,

2008 (103)

Canada 1990–

1994

399 399 0–14 Leukemia, ALL D, T, P,

Polio, Mum,

Mea, R,

BCG, Hep,

other

No association Registry Vaccination

card

Case-control Adj: race, family income,

maternal education & age at

birth, number of residences

since birth; Mat: age, sex

area; population-based

26.6; 5

Villumsen,

2009 (104)

Denmark 1965–

1976

71 2,073 5–35 Lymphoma,

NHL, HL,

leukemia

BCG, Sma ↓ lymphoma risk after

BCG; others: no

association

Registry Vaccination

card

Retrospective

case-cohort

Adj: day care, family social

class; register-based; Sub-

cohort; update of Danish

data in Waaler 1970

27.6; 8

Pagaoa,

2011 (105)

USA

(Texas)

1995–

2006

2800 11,200 2–17 Cancer, ALL,

NHL,

medullablastoma

DTP, Polio,

MMR,Chi,

Hep, Hib,

combination

↓ risk for all cancers and

ALL after Hib and for ALL

after combined vaccination

by region; ↓ risk for all

cancers and ALL after Hep

and for ALL after IPV, Hep

and combined vaccination,

↑ risk formedullablastoma

after Hiband NHL after

MMR by country

Registry Registry Ecological Adj: age, sex, race, birth

weight, birth year, birth type,

birth order, premature birth,

maternal education, maternal

marital status, prior births,

diabetes, preterm labor,

tobacco use, and alcohol

use, mother age at birth;

Mat: sex, birth year; 1:4;

population- based without

cancer

13.7; 5

(Continued)
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studies calculating cancer mortality within the vaccinated and

unvaccinated population (54, 66), or case-control studies with

vaccinated and unvaccinated cancer deaths and healthy controls

(76, 82). The observed risk reduction for leukemia death after

BCG vaccination was mainly driven by two cohort studies (54,

66) with valid exposure and outcome assessment but without
control for any confounders. We did not observe any

heterogeneity between the four included studies in the

stratified results.

In addition, studies comparing a high versus a low number of

unspecified vaccinations observed an inverse association with

ALL (95, 100, 101, 108, 109) and leukemia (92, 93, 100, 101).
While this design of unspecified vaccinations mitigates some

sources of confounding and bias, we noticed moderate

heterogeneity across the study estimates of number of

vaccinations. This heterogeneity disappeared after the

exclusion of two large German case-control studies where both

exposure assessment (interview of parents) and control of
confounders (birth year, sex, socioeconomic status, and area)

were suboptimal (92, 95). Assessment of the number of

vaccinations was based on objective records in other studies

but there were still differences (medical records, vaccination

cards, medical claims data) that may affect the degree of

misclassification (116). Claims data are assumed to have the

highest validity regarding information on vaccination and were
used in a large Danish cohort study (108). This high-quality

study, which also carefully adjusted for confounders and

considered latency periods, did not observed an association

between number of vaccinations and ALL. In contrast, most

other studies analyzing number of vaccinations (92, 95, 100, 101)

and all studies that examined BCG vaccination (54, 66, 76, 79)
did not take into account a latency period. However, this would

result in non-differential misclassification and bias toward

the null.

We did not find any other significant risk reduction of

childhood cancer other than leukemia in our meta-analysis.

With respect to poliomyelitis vaccination, the results of studies

included in our meta-analysis were not consistent. Between 1955
and 1963, some poliomyelitis vaccines have been contaminated

by simian virus 40 (34) that has the potential to initiate

malignancy in various target tissues. This may explain the

increased risk of childhood cancer for poliomyelitis

vaccinations before 1963 with good exposure assessment.

However in our stratified analyses, the increased risk of cancer
after poliomyelitis immunization was only observed without

consideration of a latency period, insufficient confounder

control, low assessment of outcome, and low overall study

quality. Moreover, there were also methodological limitations

in the recent study that used an ecological design and did

not show a correlation between childhood cancer and

poliomyelitis vaccination (105). In such a study, an ecological
bias may be introduced since only aggregated data are available.

In addition, we observed substantial heterogeneity for the

analysis of lymphoma after BCG vaccination. The recent

Danish case-cohort study from Villumsen et al. (104) with very

reliable vaccination information on an individual level,T
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consideration of a latency period, and good confounder control

indicated a beneficial effect of BCG vaccination on the risk of

lymphomas. However, the other two old cohort studies in this

analysis (73, 77), each with less than 10 cases and low overall
quality, did not support this result.

In contrast to the conducted meta-analysis byMorra et al. (32),

we did not observed an inverse association between leukemia and

early vaccination before the age of 1 year in our synthesis. These

different meta-analysis results can be explained by our additional
inclusion of the study from Ma et al. (100) from 2005, which did

FIGURE 2 | Vaccination and the risk of cancer. agg. data, aggregated data; BCG, Bacillus Calmette-Guérin; med. records, medical records; OR, odds ratio; ES,

estimate. (a) Early vaccinations: Innis (poliomyelitis vaccination, age <1), Salonen (any vaccination, perinatal), Farwell (poliomyelitis vaccination, prenatal), von Kries

(BCG vaccination, newborns). (b) Calculation of crude ORs. (c) Calculation of crude ORs taking individual matching into account. (d) ES includes single-study odds

ratios or hazard ratios and summary odds ratios. (e) Adjusted estimate as indicated by published study.
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FIGURE 3 | Vaccination and the risk of leukemia. BCG, Bacillus Calmette-Guérin; med. records, medical records; OR, odds ratio; ES, estimate. (a) Number of

vaccinations: Kaatsch (any >6 vs. 0–3), Dockerty (any 3–4 vs. 0), Ma (Haemophilus influenzae type b 3+ vs. 1–2), Mallol-Messnard (any >3 vs. 3). (b) Calculation of

crude ORs. (c) Estimates for acute leukemia. (d) Early vaccinations: Salonen (any ever vs. never, perinatal), Ma (hepatitis 3+ vs. 1–2, age <1), Mallol-Mesnard (any >3

vs. 3, age <0.5) von Kries (BCG vaccination, newborns). (e) Increment by ~3 doses. (f) Each additional dose. (g) Estimate for combination of measles, mumps,

rubella, and hepatitis vaccination. (h) Inverted reference category. (i) ES includes single-study odds ratios or hazard ratios and summary odds ratios. (j) Adjusted

estimate as indicated by published study.

Marron et al. Vaccination and Childhood Cancer Risk

Frontiers in Oncology | www.frontiersin.org January 2021 | Volume 10 | Article 61084314



not show any association between early vaccination and leukemia

with careful adjustment. In addition contrary to our analysis, the

meta-analysis of Morra et al. (32) included two old and large

studies (54, 66) on leukemia death after early BCG vaccination,

which found a strong risk reduction without control for any

confounders. We preferred to analyze these studies on BCG
vaccination and early immunization based on the different

outcomes, leukemia death, and leukemia incidence, separately.

Our meta-analysis has specific strengths including the extensive

search strategy we used to ensure that all relevant publications on this

topic were identified. This enabled us to conduct separate analyses on

histological and site-specific childhood cancers as well as on certain

vaccines, age at vaccination, and number of vaccinations. To

consider the overall study quality, we used the established NOS as

well as our own more detailed quality assessment scale. The latter

additionally considered important issues such as latency periods,
quality of statistical methods, training of interviewers, exposure

assessment in cohort studies, and cancer among controls of case-

control studies. There was no conclusive evidence of publication bias,

but the power of the test is poor in a meta-analysis with only a few

FIGURE 4 | Vaccination and the risk of acute lymphoblastic leukemia (ALL). agg. data, aggregated data; ALL, acute lymphoblastic leukemia; med. records, medical

records; OR, odds ratio; ES, estimate. (a) Number of vaccinations: Schüz (any >6 vs. 0–3), Ma (Haemophilus influenzae type b 3+ vs. 1–2), Mallol-Mesnard (any >3

vs. 3), Soegaard (complete vs. no/incomplete routine vaccination), Figueroa (complete vs. no/incomplete routine vaccination). (b) Calculation of crude ORs. (c) Early

vs. late vaccination. (d) Each additional dose. (e) Estimate for measles. (f) Inverted reference category. (g) ES includes single-study odds ratios or hazard ratios and

summary odds ratios. (h) Adjusted estimate as indicated by published study.
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TABLE 5 | Exclusion of single studies A) for Figure 2, B) for Figure 3, and C) for Figure 4.

Model description OR (95% CI) I-squared P value Model description OR (95% CI) I-squared P value

A) OMITTED STUDY Figure 2

Cancer after early vaccinationa (ever vs. never) Leukemia after BCG vaccination (ever vs. never)

Innis, 1968 (53)b 1.06 (0.63 to 1.79) 44.1% 0.167 Mathé, 1974 (63)b 1.07 (0.80 to 1.42) 0.0% 0.738

Salonen, 1976 (67)b 1.09 (0.58 to 2.02) 43.7% 0.169 Salonen, 1975 (65) 1.11 (0.87 to 1.41) 0.0% 0.777

Farwell, 1979 (74)b 0.98 (0.76 to 1.27) 0.0% 0.551 Snider, 1978 (73)b 1.11 (0.87 to 1.42) 0.0% 0.778

Von Kries, 2000 (97) 1.09 (0.82 to 1.45) 6.0% 0.345 Kendrick, 1981 (77)b 1.02 (0.80 to 1.30) 0.0% 0.968

Cancer after BCG vaccination (ever vs. never) Petridou, 1997 (91) 1.06 (0.83 to 1.35) 0.0% 0.796

Innis, 1968 (53)b 1.05 (0.93 to 1.18) 0.0% 0.657 Dockerty, 1999 (93) 1.09 (0.86 to 1.38) 0.0% 0.732

Salonen, 1975 (65) 1.07 (0.87 to 1.32) 32.1% 0.220 Von Kries, 2000 (97) 1.13 (0.87 to 1.46) 0.0% 0.789

Snider, 1978 (73)b 1.06 (0.78 to 1.43) 34.5% 0.205 MacArthur, 2008 (103) 1.10 (0.86 to 1.40) 0.0% 0.741

Kendrick, 1981 (77)b 1.05 (0.74 to 1.47) 34.0% 0.209 Villumsen, 2009 (104) 1.11 (0.87 to 1.41) 0.0% 0.776

Von Kries, 2000 (97) 1.07 (0.95 to 1.22) 2.9% 0.378 Leukemia death after BCG vaccination (ever vs. never)

Cancer death after BCG vaccination (ever vs. never) Davignon, 1970 (54)b 0.59 (0.28 to 1.22) 45.2% 0.161

MRC, 1972 (60)b 0.55 (0.27 to 1.11) 86.4% 0.001 Crispen, 1976 (66)b 0.57 (0.31 to 1.04) 53.7% 0.115

Crispen, 1976 (66)b 0.82 (0.72 to 0.93) 0.0% 0.472 Neumann, 1980 (76)b 0.50 (0.28 to 0.89) 55.8% 0.104

Neumann, 1980 (76)b 0.65 (0.27 to 1.58) 87.6% 0.000 Sutherland, 1982 (79)b 0.42 (0.33 to 0.53) 0.0% 0.820

Kneale, 1986 (82)c 0.60 (0.23 to 1.56) 77.8% 0.011 Leukemia after diphtheria, tetanus, pertussis/poliomyelitis vaccination (ever vs.

never)

Cancer after poliomyelitis vaccination (ever vs. never) Petridou, 1997 (91)h 0.98 (0.76 to 1.26) 0.0% 0.912

Innis, 1968 (53)b 0.93 (0.81 to 1.07) 0.0% 0.867 Dockerty, 1999 (93) 0.97 (0.79 to 1.19) 0.0% 0.909

Salonen, 1975 (65) 1.24 (0.69 to 2.22) 92.4% 0.000 Ma, 2005 (100)i 0.98 (0.74 to 1.29) 0.0% 0.914

Pagaoa, 2011 (105) 1.52 (1.00 to 2.30) 25.5% 0.247 Leukemia after poliomyelitis vaccination (ever vs. never)

Brain cancer after BCG vaccination (ever vs. never) Heinonen, 1973 (62)b 1.10 (0.88 to 1.38) 0.0% 0.818

Comstock, 1975 (64)b 1.40 (0.68 to 2.91) 0.0% 0.465 Salonen, 1975 (65) 1.11 (0.88 to 1.39) 0.0% 0.784

Salonen, 1975 (65) 1.22 (0.50 to 3.00) 22.1% 0.257 Dockerty, 1999 (93) 1.15 (0.90 to 1.46) 0.0% 0.823

Kendrick, 1981 (77)b 0.94 (0.45 to 1.98) 0.0% 0.631 Ma, 2005 (100)i 1.03 (0.64 to 1.67) 0.0% 0.742

Brain cancer after poliomyelitis vaccination (ever vs. never) MacArthur, 2008 (103) 1.13 (0.89 to 1.43) 0.0% 0.762

Salonen, 1975 (65) 1.62 (1.02 to 2.56) 0.0% 0.507 Leukemia after hepatitis vaccination (ever vs. never)

Farwell, 1979 (74)b 0.97 (0.24 to 3.98) 47.0% 0.170 Petridou, 1997 (91)h,j 0.97 (0.78 to 1.20) 0.0% 0.973

Pagaoa, 2011 (105) 1.04 (0.16 to 6.92) 60.5% 0.112 Dockerty, 1999 (93) 1.06 (0.88 to 1.27) 0.0% 0.474

Lymphoma after BCG vaccination (ever vs. never) Ma, 2005 (100)i 1.17 (0.89 to 1.52) 0.0% 0.735

Snider, 1978 (73)b 1.06 (0.19 to 5.84) 81.6% 0.020 MacArthur, 2008 (103) 1.05 (0.88 to 1.25) 0.0% 0.440

Kendrick, 1981 (77)b 1.24 (0.14 to 11.27) 76.9% 0.038 Leukemia after mumps, measles, rubella vaccination (ever vs. never)

Villumsen, 2009 (104) 3.31 (1.08 to 10.10) 0.0% 0.664 Petridou, 1997 (91)h,j 1.02 (0.68 to 1.53) 0.0% 0.645

Hodgkin lymphoma after BCG vaccination (ever vs. never) Dockerty, 1999 (93) 1.17 (0.92 to 1.50) 0.0% 0.578

Andersen, 1978 (70)b 1.01 (0.34 to 3.01) 61.9% 0.073 Ma, 2005 (100)i 1.19 (0.89 to 1.60) 0.0% 0.465

Snider, 1978 (73)b 0.81 (0.41 to 1.62) 43.9% 0.168 C) OMITTED STUDY Figure 4

Kendrick, 1981 (77)b 0.86 (0.37 to 2.00) 55.4% 0.106 ALL after number of vaccinationk

Villumsen, 2009 (104) 1.22 (0.70 to 2.12) 0.0% 0.531 Schüz, 1999 (95)e 0.74 (0.58 to 0.94) 11.3% 0.336

Bone cancer after BCG vaccination (ever vs. never) Ma, 2005 (100) 0.67 (0.42 to 1.07) 73.8% 0.022

Salonen, 1975 (65) 0.92 (0.47 to 1.79) 0.0% 0.526 Mallol-Mesnard, 2007 (101)e 0.52 (0.40 to 0.66) 0.0% 0.685

Snider, 1978 (73)b 0.88 (0.45 to 1.71) 0.0% 0.677 Soegaard, 2017 (108) 0.61 (0.43 to 0.85) 65.8% 0.033

Kendrick, 1981 (77)b 0.85 (0.41 to 1.77) 0.0% 0.591 Figueroa, 2019 (109) 0.65 (0.46 to 0.94) 61.6% 0.050

Frentzel-Beyme, 2004 (99) 1.46 (0.54 to 3.96) 0.0% 0.925 ALL after Haemophilus influenzae type b vaccination (ever vs. never)

Skin cancer after BCG vaccination (ever vs. never) Groves, 1999 (94) 0.77 (0.62 to 0.95) 39.1% 0.178

Snider, 1978 (73)b 1.33 (0.27 to 6.62) 76.5% 0.039 Auvinen, 2000 (96)l 0.76 (0.62 to 0.94) 39.5% 0.175

Kendrick, 1981 (77)b 0.69 (0.53 to 0.91) 0.0% 0.939 Ma, 2005 (100)i 0.74 (0.58 to 0.94) 31.9% 0.221

Krone, 2003 (98) 1.47 (0.30 to 7.19) 65.2% 0.090 Pagaoa, 2011 (105) 0.81 (0.70 to 0.95) 0.0% 0.623

Kidney cancer after BCG vaccination (ever vs. never) Soegaard, 2017 (108) 0.74 (0.64 to 0.86) 0.0% 0.416

Salonen, 1975 (65) 2.09 (0.37 to 11.77) 53.8% 0.141 ALL after diphtheria, tetanus, pertussis/poliomyelitis vaccination (ever vs. never)

Snider, 1978 (73)b 2.19 (0.52 to 9.16) 48.8% 0.162 Groves, 1999 (94) 0.89 (0.74 to 1.07) 0.0% 0.644

Kendrick, 1981 (77)b 0.98 (0.33 to 2.91) 0.0% 0.790 Ma, 2005 (100) 0.82 (0.65 to 1.05) 0.0% 0.728

B) OMITTED STUDY Figure 3 Pagaoa, 2011 (105) 0.94 (0.72 to 1.23) 0.0% 0.688

Leukemia after any vaccination (ever vs. never) Soegaard, 2017 (108) 0.87 (0.72 to 1.05) 0.0% 0.605

Steensel-Moll, 1985 (81) 0.58 (0.31 to 1.10) 64.9% 0.058 ALL after poliomyelitis vaccination (ever vs. never)

McKinney, 1987 (83) 0.79 (0.60 to 1.04) 0.0% 0.942 Groves, 1999 (94) 0.95 (0.79 to 1.15) 0.0% 0.405

Dockerty, 1999 (93) 0.60 (0.31 to 1.15) 65.4% 0.056 Ma, 2005 (100)i 0.86 (0.66 to 1.10) 0.0% 0.846

MacArthur, 2008 (103) 0.55 (0.27 to 1.11) 57.8% 0.093 MacArthur, 2008 (103) 0.95 (0.79 to 1.15) 0.0% 0.399

Leukemia after number of vaccinationd Pagaoa, 2011 (105) 1.07 (0.83 to 1.38) 0.0% 0.991

Kaatsch, 1998 (92)e 0.73 (0.55 to 0.95) 20.3% 0.285 ALL after hepatitis vaccination (ever vs. never)

Dockerty, 1999 (93) 0.56 (0.32 to 0.97) 82.7% 0.003 Ma, 2005 (100)i 0.65 (0.48 to 0.89) 0.0% 0.403

Ma, 2005 (100) 0.56 (0.31 to 1.03) 81.9% 0.004 MacArthur, 2008 (103) 0.81 (0.51 to 1.28) 79.9% 0.026

Mallol-Mesnard, 2007 (101)e,f 0.45 (0.33 to 0.61) 0.0% 0.382 Pagaoa, 2011 (105) 1.01 (0.79 to 1.31) 0.0% 0.916

(Continued)
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included studies. However, a graphical examination of the plots also

did not suggest a publication bias.

The small number of studies for each exposure-disease

association and the relatively high level of heterogeneity across

studies in some of our analyses is the main limitation of this
meta-analysis. When the number of studies and the true fraction

of heterogeneity is small, there appears a substantial positive bias

for I2 but this bias is typically negative when the true fraction of

heterogeneity is large and the number of studies is small (117).

To account for potential heterogeneity we used random effects

models and to assess its effect on our results, we stratified our
analyses by study characteristics.

In conclusion, we found evidence of an inverse association

between BCG vaccination and leukemia death, Hib vaccination

and ALL, and a high number of unspecified vaccinations and ALL

as well as leukemia. However, these results should be interpreted

with caution given the small number of studies, no consideration of

latency, and limited exposure assessment in some studies as well as
insufficient confounder adjustment, in particular for infections. All

studies included in this review andmeta-analysis had at least one of

these substantial limitations. Finally, although risk reductions after

vaccination appear biologically plausible in leukemia, studies on

dose effect and on age at vaccination with good exposure

assessment and advanced confounder controlling are rare. Large
cohort studies with valid assessment of immunizations, adequate

consideration of the latency period, and detailed information on

possible confounders (e.g. infections and other vaccines) are

needed to assess the association between different types of

vaccinations and specific childhood cancers.
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TABLE 5 | Continued

Model description OR (95% CI) I-squared P value Model description OR (95% CI) I-squared P value

Leukemia after early vaccinationg ALL after mumps, measles, rubella vaccination (ever vs. never)

Salonen, 1976 (67)b 0.99 (0.71 to 1.39) 53.2% 0.118 Nishi, 1989 (86) 0.93 (0.80 to 1.08) 0.0% 0.824

Von Kries, 2000 (97) 0.97 (0.69 to 1.38) 54.4% 0.112 Groves, 1999 (94) 0.83 (0.63 to 1.10) 55.8% 0.060

Ma, 2005 (100) 0.84 (0.69 to 1.03) 0.0% 0.967 Ma, 2005 (100)i 0.86 (0.63 to 1.18) 60.2% 0.040

Mallol-Mesnard, 2007 (101)e,f 1.07 (0.76 to 1.51) 20.2% 0.285 MacArthur, 2008 (103) 0.86 (0.65 to 1.14) 60.1% 0.040

Pagaoa, 2011 (105) 0.84 (0.58 to 1.23) 59.6% 0.042

Soegaard, 2017 (108) 0.81 (0.58 to 1.15) 56.2% 0.058

ALL, Acute lymphoblastic leukemia; BCG, Bacillus Calmette–Guérin (vole bacillus, tuberculosis); CI, confidence interval; OR, odds ratio.
a Early vaccinations: Innis (poliomyelitis vaccination ever vs. never, age <1), Salonen (any vaccination, newborns), Farwell (poliomyelitis vaccination ever vs. never, prenatal).
b Calculation of crude ORs.
c Calculation of crude ORs taking individual matching into account.
d Number of vaccinations: Kaatsch (any >6 vs. 0–3), Dockerty (any 5+ vs. 0), Ma (Haemophilus influenzae type b 3+ vs. 1–2), Mallol-Messnard (any >3 vs. 3).
e Inverted reference category.
f Estimates for Acute Leukemia.
g Early vaccinations: Salonen (any ever vs. never, perinatal), Ma (hepatitis 3+ vs. 1–2, age <1), Mallol-Mesnard (any >3 vs. 3, age <0.5).
h Increment by ~3 doses.
i Each additional dose.
j Estimate for combination of hepatitis and MMR vaccine.
k Number of vaccinations: Schüz (any >6 vs. 0–3), Ma (Haemophilus influenzae type b 3+ vs. 1–2), Mallol-Mesnard (any >3 vs. 3), Soegaard (complete vs. no/incomplete routine
l Early vs. late vaccination.
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Abstract

Background: Exposure to ionizing radiation induces complex stress responses in cells, which can lead to adverse

health effects such as cancer. Although a variety of studies investigated gene expression and affected pathways in

human fibroblasts after exposure to ionizing radiation, the understanding of underlying mechanisms and biological

effects is still incomplete due to different experimental settings and small sample sizes. Therefore, this study aims to

identify the time point with the highest number of differentially expressed genes and corresponding pathways in

primary human fibroblasts after irradiation at two preselected time points.

Methods: Fibroblasts from skin biopsies of 15 cell donors were exposed to a high (2Gy) and a low (0.05Gy)

dose of X-rays. RNA was extracted and sequenced 2 h and 4 h after exposure. Differentially expressed genes

with an adjusted p-value < 0.05 were flagged and used for pathway analyses including prediction of upstream

and downstream effects. Principal component analyses were used to examine the effect of two different

sequencing runs on quality metrics and variation in expression and alignment and for explorative analysis of

the radiation dose and time point of analysis.

Results: More genes were differentially expressed 4 h after exposure to low and high doses of radiation than

after 2 h. In experiments with high dose irradiation and RNA sequencing after 4 h, inactivation of the FAT10

cancer signaling pathway and activation of gluconeogenesis I, glycolysis I, and prostanoid biosynthesis was

observed taking p-value (< 0.05) and (in) activating z-score (≥2.00 or ≤ − 2.00) into account. Two hours after

high dose irradiation, inactivation of small cell lung cancer signaling was observed. For low dose irradiation

experiments, we did not detect any significant (p < 0.05 and z-score ≥ 2.00 or ≤ − 2.00) activated or inactivated

pathways for both time points.
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Conclusions: Compared to 2 h after irradiation, a higher number of differentially expressed genes were found

4 h after exposure to low and high dose ionizing radiation. Differences in gene expression were related to

signal transduction pathways of the DNA damage response after 2 h and to metabolic pathways, that might

implicate cellular senescence, after 4 h. The time point 4 h will be used to conduct further irradiation

experiments in a larger sample.

Keywords: Childhood cancer, Fibroblasts, Gene-radiation interaction, High dose, Ionizing radiation, IPA, Low

dose, RNA sequencing, Second primary neoplasm

Background

Exposure to ionizing radiation induces complex stress re-

sponses in cells (Albrecht et al. 2012) and can lead to gen-

omic instability (Kadhim and Hill 2015). These effects are

not only limited to the irradiated cells but also observed in

adjacent, untreated bystander cells (Mavragani et al.

2016). Such radiation-induced changes in human cells can

lead to long-term health outcomes such as cancer (Brooks

et al. 2016; Hwang et al. 2008; Cardis et al. 2007; Ronckers

et al. 2008; Goodhead 2009; Richardson et al. 2015; Leur-

aud et al. 2015) as well as cardiovascular (Baselet et al.

2016; Stewart 2012; Menezes et al. 2018; Adams et al.

2003; van der Pal et al. 2005), and other chronic diseases

(Vrijheid et al. 2007). Several research groups investigated

various types of skin cells to identify differences in gene

expression after exposure to ionizing radiation (Sokolov

and Neumann 2015). Studies comparing different doses of

radiation and time points of analyses reported on more

differentially expressed genes (DEGs) in fibroblasts after

exposure to a high (HDIR) than to a low dose (LDIR) of

ionizing radiation (Hou et al. 2015) and only little overlap

of expressed genes between LDIR and HDIR (Velegzhani-

nov et al. 2015; Mezentsev and Amundson 2011). More-

over, the time point with the highest numbers of DEGs

differed from 4 h (Ding et al. 2005) over 16 h (Mezent-

sev and Amundson 2011) and 24 h (Hou et al. 2015;

Mezentsev and Amundson 2011) to 30 h (Albrecht

et al. 2012) in a dose-dependent manner. Besides these

quantitative differences of gene expression in primary

human skin fibroblasts, qualitative divergences, like dif-

ferent expression profiles of genes included in p53-as-

sociated pathways, have been shown 1 h, 2 h, 4 h and

24 h after exposure to LDIR (0.02 Gray (Gy)) and HDIR

(4Gy) (Ding et al. 2005).

Despite the available studies on changes in gene ex-

pression and affected pathways in human fibroblasts

after exposure to ionizing radiation, the understanding

of underlying mechanisms and biological effects is still

incomplete for this cell type, especially for low doses

(Albrecht et al. 2012; Sokolov and Neumann 2015). The

results of the conducted studies are difficult to compare

since a variety of different experimental setups were

used: Gene expression was measured at different time

points, after exposure to different radiation doses and in

different cell types (Sokolov and Neumann 2015; Ding

et al. 2005; Ray et al. 2012; Yunis et al. 2012; Warters

et al. 2009; Stecca and Gerber 1998). Most of the studies

were conducted with only a small number of cell donors

(Albrecht et al. 2012; Warters et al. 2009; Berglund et al.

2008; Goldberg et al. 2004). Others used skin models

(Mezentsev and Amundson 2011; Ray et al. 2012; Yunis

et al. 2012), which are not an exact copy of the skin in

living humans (De Wever et al. 2015) or established cell

lines (Hou et al. 2015; Velegzhaninov et al. 2015; Ding

et al. 2005; Kalanxhi and Dahle 2012), whose genotype

and phenotype might have changed over time (Kaur and

Dufour 2012).

In this study we aim to establish the experimental

settings and setup the analysis to identify DEGs and

corresponding pathways for further irradiation experi-

ments. Primary human fibroblasts from a subsample

of 15 selected cell donors will be irradiated with a

high and a low radiation dose, and experiments will

be ended at two predefined time points from the lit-

erature and preliminary experiments. Comparing these

time points, we aim to identify the time point with

the highest number of DEGs. The identified time

point should then be used in a further project to

identify differences in gene expression of former

childhood cancer patients with and without a second

primary neoplasm (SPN) and cancer-free controls in a

study sample of 153 participants. In addition to the

descriptive analysis of DEGs, gene expression patterns

and affected pathways will be analyzed and compared

as well as upstream and downstream effects will be

predicted.

Design, subjects and methods

Study design and participants

All donors were participants of the ongoing population-

based nested case-control study KiKme (Marron et al.

2020). The KiKme project aims to identify differences in

genetic predispositions and gene-radiation interactions

between former childhood cancer patients and cancer-
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free controls (N = 591). Since radiation-induced changes

in human cells can lead to long-term health outcomes

such as cancer (Brooks et al. 2016; Hwang et al. 2008;

Cardis et al. 2007; Ronckers et al. 2008; Goodhead 2009;

Richardson et al. 2015; Leuraud et al. 2015), the identi-

fied time point from this work should be used as guid-

ance in further research projects of the study to analyze

differences in gene expression patterns between the dif-

ferent groups of study participants. Since differential

gene expression might differ between cancer patients

and cancer-free controls, we choose to analyze samples

from all three patient groups in this work. The recruit-

ment for the KiKme study started in 2013 and includes

591 participants until now. Recruiting strategies and de-

velopment as well as information on data collection are

described in detail elsewhere (Marron et al. 2020).

Briefly, the study population consists of former child-

hood cancer patients with a first primary neoplasm

(FPN) only or a subsequent SPN registered at the

German Childhood Cancer Registry (Scholz-Kreisel et al.

2018). FPN patients were matched as cancer controls by

age, sex, cancer site, year of diagnosis, and age at diagno-

sis to available SPN cases using an incidence density

sampling approach. Cancer-free controls for each match-

ing group were recruited from the Department of Ortho-

paedics and Traumatology at the Johannes Gutenberg-

University in Mainz (Germany) and matched by sex and

age within a maximal 5-year age range to the participating

SPN cases and FPN controls. They were included if they

were hospitalized for an elective surgery unrelated to can-

cer. Patients with severe diseases were excluded from par-

ticipation (e.g. cancer, hemophilia, HIV, hepatitis,

diabetes). For this work, skin biopsies were taken from 15

participants by punch biopsy with a diameter of 3mm on

the inside of the cubital region for cases and near the sur-

gery region for cancer-free controls. Fibroblasts were iso-

lated, cultivated, and cryopreserved until further usage.

Moreover, saliva collection with subsequent DNA extrac-

tion took place, and each study participant answered a

self-completion questionnaire to assess socio-economical

and anthropometric factors as well as information on life-

style, medical history, and health.

Irradiation of fibroblasts with subsequent ribonucleic acid

(RNA) isolation

For radiation experiments, fibroblasts were cultivated

and synchronized in the G0/G1 phase of the cell cycle by

contact inhibition to exclude cell cycle-dependent effects

on gene-expression profiles. To this end, cells were

seeded at a density of 9000 cells per cm2 and cultured

for 14 to 15 days. G0/G1 arrest was confirmed by flow

cytometry when the experiment was performed (Web

Figure 1). Radiation experiments were conducted using

the D3150 X-ray therapy system (Gulmay Medical Ltd.,

Byfleet, UK). Fibroblasts were exposed to a HDIR of

2Gy, comparable to an average single tumor-dose of

fractionated radiation therapy (Seidlitz et al. 2017), and a

LDIR of 0.05Gy, comparable to an organ dose of a com-

puted tomography scan (Pearce et al. 2012) or were

sham-irradiated (0Gy). Cells from matched triplets, con-

sisting of an SPN, an FPN, and a corresponding cancer-

free donor, were cultivated and treated simultaneously

to prevent batch effects within groups. For HDIR with

2Gy, fibroblasts were exposed to 140 kV X-rays at a dose

rate of 3.62Gy per minute. To apply LDIR of 0.05Gy

with the same X-irradiation system, a dose rate of

0.34Gy per minute was achieved by increasing the dis-

tance from the source to target by 30 cm and via reduc-

tion of the voltage to 50 kV. Cells were exposed at room

temperature and sham-irradiated cells for each time

point of analysis were kept at the same conditions in the

radiation device control room.

To identify the time points post-radiation with the high-

est numbers of DEGs, we conducted preliminary experi-

ments with several time points with fibroblasts from 3

cancer-free controls (Web Figure 2). From these experi-

ments the time point 2 h was chosen due to the largest

number of DEGs after radiation exposure for both, the

LDIR and HDIR. We selected the time point of analysis

after 4 h for LDIR from the literature (Ding et al. 2005).

Thus, the final experimental settings for fibroblasts from 5

SPN cases, 5 FPN controls and 5 cancer-free controls

were defined as follows: irradiation with 2Gy and RNA ex-

traction after 2 h (2Gy–2h), irradiation with 2Gy and RNA

extraction after 4 h (2Gy–4h), irradiation with 0.05Gy and

RNA extraction after 2 h (0.05Gy–2h), irradiation with

0.05Gy and RNA extraction after 4 h (0.05Gy–4h), no ra-

diation and RNA extraction after 2 h (0Gy–2h), no radi-

ation and RNA extraction after 4 h (0Gy–4h).

RNA was isolated using the NucleoSpin RNA Plus

(MACHEREY-NAGEL GmbH & Co. KG, Düren,

Germany). RNA integrity was assessed using a Bioanaly-

zer 2100 (Agilent RNA 6000 Nano Kit, Agilent Tech-

nologies, Santa Clara, California, USA). Sequencing

library construction was done using 1 μg of total RNA

(as quantified by QuBit, Thermo Fisher Scientific, Wal-

tham, Massachusetts, USA) with an RNA integrity num-

ber greater or equal to 8 with the TruSeq RNA Sample

Prep Kit v2 (Set A and B, Illumina, San Diego, Califor-

nia, USA) following the manufacturer’s instruction.

RNA-Sequencing libraries were pooled, cBot-clustered,

and sequenced on a HiSeq2500 instrument (Illumina,

San Diego, California, USA) in high-output mode.

Single-end reads with a length of 50 base pairs were gen-

erated using TruSeq Single Read Cluster Kit v3 (Illu-

mina, San Diego, California, USA) and TruSeq SBS Kit

v3 (Illumina, San Diego, California, USA). Data was gen-

erated by Real Time Analysis Version 1.8.4 and
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converted into FASTQ format using bcl2fastq Version

1.8.4 (Illumina, San Diego, California, USA).

We chose CDKN1A (Cyclin-Dependent Kinase Inhibi-

tor 1A) and MDM2 (Mouse double minute 2 homolog) as

marker genes to validate the RNA-sequencing experi-

ments via Real-Time Quantitative Polymerase-Chain-

Reaction (qPCR) in 6 participants (2 SPN, 2 FPN, and 2

cancer-free controls). They consist of two matched

groups, each including an SPN, an FPN, and a cancer-

free control. The first diagnosis of the SPN and FPN was

leukemia or lymphoma, respectively. The site of the SPN

was chosen to be potentially radiation-associated (thy-

roid cancer or leukemia). The methods for this valid-

ation were described elsewhere (Galetzka et al. 2020).

Bioinformatical and statistical analyses

To identify the time point with the largest number of

DEGs after radiation exposure, RNA sequencing data

had to be processed first. Raw reads were cleaned for

adapter sequences using Trimmomatic (Bolger et al.

2014): Bases with a quality less than 3 were removed

and reads were trimmed if the average quality over 4

bases was less than 15. Processed reads were aligned to

the human reference genome (GRCh38) using STAR

(STAR-2.6.0c) (Dobin et al. 2013). Expression per gene,

given as the number of aligned reads per gene, was

quantified using FeatureCounts (Rsubread v1.30.9) (Liao

et al. 2014). Only genes with a minimum of 10 counts in

at least 4 samples were analyzed. Data were normalized

for sequencing depth using the DESeq package (v1.28.0)

(Anders and Huber 2010). Reads were aggregated

(summed) on the level of UCSC gene annotations. To

address intra-patient correlation, random effect models

fitted with lme4 (Bates et al. 2015) were used to estimate

the among-patient variation, and the resulting residuals

were further inspected. Afterwards, a principal compo-

nent analysis was conducted with the standardized resid-

uals using the R package stats (R-3.4.4). Correlation of

the first three principal components and RNA quality

parameters as well as the number of aligned raw reads

and normalized number of aligned reads were inspected

visually.

For the analysis of differential expression, data was

transformed via the Voom (Law et al. 2014) method im-

plemented in the limma package (v3.34.9) (Ritchie et al.

2015). DEGs dependent on radiation dose were detected

for defined time points using linear models implemented

in the limma package (Ritchie et al. 2015) with blocking

on the patient. For each time point and radiation dose the

gene expression was compared to the same time point

post-radiation after sham-irradiation not taking the dis-

ease status into account. To account for expressional vari-

ability, we used variance modeling and borrowing

information across genes (Ritchie et al. 2015).

Additionally, our limma model included the patient iden-

tifiers accounting for a random variance. DEGs with a p-

value smaller than 0.05 after adjustment for false discovery

rate (Benjamini-Hochberg procedure) were flagged as sig-

nificant and used for pathway analyses. Since also small

coordinated changes in gene expression might lead to im-

portant physiological changes (Christmann and Kaina

2013), there was no restriction set regarding the log fold

change.

Finally, pathway analyses were conducted via Ingenuity

Pathway Analysis (IPA, Version 1.13, QIAGEN Inc.,

2018). As input, lists of DEGs containing previously gen-

erated gene-wise p-values for each combination of time

point and radiation dose, as well as log2-fold changes

were used. Settings for comparison analyses in IPA were

selected for experimental data in human fibroblasts or

alike cells, molecule types, and data sources. The

complete setting list can be found in the Supplement

file 1. Negative log (−log10) p-values of at least 1.30 (≙

p-value = 0.05) were defined as significant. Activating z-

score threshold was chosen as greater or equal than 2 or

less than or equal minus 2 (Krämer et al. 2014). The z-

score indicates pathway (de-)activation by comparing

given expressional directions of pathway components

with information from the data set entered for analysis

(e.g. log-fold change). In addition, we used the compari-

son analysis in IPA to display and compare pathways

across all experiments. Moreover, we included an over-

view of predicted downstream outcomes and upstream

regulators. Analyses were conducted on March 3, 2020,

and based on the IPA December 2019 Update.

Results

A sample of 15 participants was selected from the KiKme

study (N = 591). They were grouped into 5 matched trip-

lets, each consisting of 1 SPN, 1 FPN, and 1 cancer-free

control. Cells originated from 9 male and 6 female partici-

pants with a mean age of 28.27 years (age at recruitment:

21–40 years). FPN diagnoses were lymphoma (n = 6) or

leukemia (n = 4) and they were diagnosed at a mean age of

8.10 years (age at FPN diagnosis: 4–14 years). SPN diagno-

ses were thyroid (n = 2) or skin cancer (n = 2) or leukemia

(n = 1) and occurred at a mean age of 20.00 years (age at

SPN diagnosis: 10–36 years).

Primary fibroblasts of the 15 participants were irra-

diated with a high and a low radiation dose. RNA

was isolated 2 h and 4 h after the exposure and used

to identify differential gene expression via RNA-

sequencing. After normalizing for sequencing depth

and removing inter-patient variation, no obvious cor-

relation of RNA quality or sequencing depth with ex-

pression variation was observed (Web Figure 3). The

validation of the RNA-sequencing experiments was

successfully done using CDKN1A and MDM2 as
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marker genes (Web Figure 4–5). The qPCR further-

more showed that all cells reacted similarly.

Differential gene expression in reaction to LDIR and HDIR

We compared the gene expression of irradiated and

sham-irradiated cells ignoring the tumor status because

the sample size of 15 participants is too small to com-

pare different groups of patients. The gene expression 2

h after irradiation differed markedly from the response

4 h after irradiation compared to unirradiated cells. This

is indicated by separation of both time points along the

first two principal components. The first and fifth princi-

pal variance components additionally showed variability

of the radiation doses. HDIR samples showed a higher

separation from the non-irradiated samples compared to

the LDIR samples (Web Figure 6).

Compared to unexposed cells, a larger number of

DEGs was found at 4 h after exposure to LDIR (N =

757 genes, Web Table 1B) and to HDIR (N = 4472

genes, Web Table 1D) than after 2 h for both radi-

ation doses (LDIR: N = 202 genes, Web Table 1A;

HDIR: N = 2778 genes, Web Table 1C). For the LDIR

treatment, differential expression of 9 and 67 genes

was found in the 0.05Gy–2h and 0.05Gy–4h sample

only, respectively (Fig. 1a, Web Table 1A, 1B, 1C,

1D). An increase in DEGs was also present for the

HDIR treatment. Considering genes that were only

differentially expressed in the experiment with 2Gy ir-

radiation, about twice as many genes (N = 2906) were

found to be differentially expressed exclusively after 4

h compared to 2 h (N = 1505; Fig. 1a, Web Table 1C).

Additional 841 DEGs were identified at both time

points after exposure to HDIR. Twelve genes were

found to be differentially expressed in all 4 experi-

mental settings.

Pathway analysis

Using the Qiagen Knowledge Base in IPA, we identified

5 cellular pathways related to the DEGs. In these path-

ways, differential expression of genes exceeded a signifi-

cant p-value in at least one experimental setting and the

activating z-score threshold was surpassed to determine

an activation or inhibition of pathways (Fig. 2, Web

Figure 7–8, Web Table 2). For each pathway, a ratio of

DEGs divided by the number of total genes in the path-

way (k/K) is given as an indication of the enrichment.

For the 2Gy-2h samples, small cell lung cancer signal-

ing pathway (z = − 2.12, k/K = 15/56) was predicted to be

inactivated. For 2Gy-4h samples, 4 pathways with signifi-

cant p-values and z-score were detected (FAT10 cancer

signaling pathway, gluconeogenesis I, glycolysis I, and

prostanoid biosynthesis). Three of them were predicted

to be activated, indicated by a positive z-score (gluconeo-

genesis I: z = 2.00, k/K = 4/4; glycolysis I: z = 2.24, k/K =

5/5; prostanoid biosynthesis: z = 2.00, k/K = 4/6). FAT10

cancer signaling pathway was predicted to be inactivated

(z = − 2.07, k/K = 19/39). In addition, 2 pathways based

on liver and T-cells (hepatic fibrosis signaling (z = − 2.29,

k/K = 70/214) and T-cell exhaustion (z = − 2.68, k/K =

26/72)) were predicted to be inactivated. However, these

2 pathways were excluded concerning content for dis-

cussion. None of the mentioned pathways for HDIR

were significantly altered at both time points (Web

Table 2). Based on the applied criteria, no pathways were

significantly altered in any of the LDIR samples.

Fig. 1 Differentially expressed genes (DEGs) (a) and pathways affected by DEGs (fisher’s exact test, p≤ 0.05) (b) in human fibroblasts after exposure to

ionizing radiation. a DEGs 2 and 4 h after low (0.05 Gray (Gy)) and high dose (2Gy) radiation exposure (adjusted for false discovery rate (< 0.05)). b

Number of identified pathways in Ingenuity Pathway analysis, where fisher’s exact test showed a significant overlap of genes in pathway subset and

DEGs (−log(p-value) ≤1.3) but not significant activational prediction (z-score: - 2≤ z≤ 2)
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We further identified 190 additional cellular pathways,

where differential expression activity in genes reached a

significant p-value but were not predicted to be activated

or inactivated via z-score (Fig. 1b, Web Figure 7–8, Web

Table 2). However, none of the pathways were found to

be activated or inactivated in more than one experimen-

tal setting (Web Figure 7–8). In 0.05Gy-4h samples,

mainly metabolic pathways exceeded a –log(p-value) of

1.30. Signaling pathways with only significant p-value

were identified for both time points after exposure to

LDIR. A stronger time-dependent increment of signifi-

cant pathways (only in p-value, Fig. 1b) was observed

after LDIR (20 pathways after 2 h compared to 36 path-

ways after 4 h, an increase of 80%) than after HDIR (75

pathways after 2 h compared to 123 pathways after 4 h,

increase of 64%). Two hours after exposure to HDIR,

differences in gene expression were related to signal

transduction pathways of the DNA damage response.

Four hours after exposure to HDIR, the pattern had

changed to metabolic pathways (Fig. 2, Web Table 2,

Web Figure 7–8).

When considering resulting diseases and functions in

a downstream prediction, LDIR experiments again

showed only a few results for activity patterns (Web

Figure 9). Two hours after exposure to LDIR, only cell

proliferation of fibroblasts, which can be grouped as a

function of cell cycle progression, was predicted to be

inactivated (z = − 0.07). Likewise, only functions of cell

cycle progression were found to be inactivated after 4 h

after LDIR. However, cell cycle progression was indi-

cated as activated at this time point and radiation dose.

After exposure to HDIR, processes of cell cycle progres-

sion were found to be inactivated at both time points

(Web Figure 9). While 2 h after exposure to HDIR add-

itionally functions related to senescence and cell trans-

formation were predicted to be inactivated, functions of

senescence, apoptosis, metabolism, and repair mecha-

nisms were mainly predicted to be activated in IPA. In

the prediction of upstream regulators especially p53 was

found to be activated after exposure to HDIR after 2 h

(z = 1.77) and after 4 h (z = 1.72, Web Figure 10). More-

over, Interleukins and mechanistic Target of Rapamycin

(mTOR) were predicted to be downregulated after 2 h

with a significant z-score > |2| (Web Figure 10).

Discussion

To identify the time point with the highest number of

DEGs in primary human fibroblasts after exposure to

LDIR or HDIR for the usage in later study projects, we

compare gene expression profiles and associated cellular

pathways at 2 h and 4 h post radiation. More DEGs were

detected 4 h after exposure to both LDIR and HDIR. In

2Gy-2h samples, small cell lung cancer signaling was

predicted to be inactivated. In 2Gy-4h samples, we ob-

served inactivation of FAT10 cancer signaling, and acti-

vation of gluconeogenesis I, glycolysis I, and prostanoid

Fig. 2 Pathways affected by differentially expressed genes after high or low dose irradiation of primary human fibroblasts. Abbreviations: not a

number (NaN), Gray (Gy), hours (h), Gq protein alpha subunit (Gαq), phosphoinositide 3-kinase (PI3K), v-akt murine thymoma viral oncogene (AKT),

z-score (z), number of differential expressed genes (k), number of total genes in pathway (K)
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biosynthesis. Exposure to LDIR did not cause a signifi-

cant difference in pathway activation prediction via z-

score for both time points of analysis.

Differentially expressed genes after irradiation

As reported by previous studies (Albrecht et al. 2012;

Hou et al. 2015; Mezentsev and Amundson 2011), the

number of DEGs differed largely across our 4 experi-

mental settings. In total, more genes were differentially

expressed after exposure to HDIR than to LDIR at both

time points. The increase of DEGs from 2 h to 4 h was

much more pronounced in LDIR compared to HDIR.

Following HDIR, a fast cellular response is expected ac-

cording to the strong genotoxic impact inducing a high

count of DEGs already after 2 h. Therefore, the increase

of DEGs from 2 h to 4 h after exposure to HDIR might

be rather minor compared to LDIR since the stimuli of

the lower energetic nature in LDIR may cause a more

delayed response and rise of DEGs. In line with our as-

sumptions, Ding et al. (Ding et al. 2005) reported on a

maximum of DEGs 2 h after exposure to 4Gy and 4 h

after exposure to 0.02Gy. In our study, also the number

of significant pathways (only in p-value) showed a time-

dependent increase for low and high doses, correspond-

ing with this hypothesis of delayed gene expression pat-

terns post-radiation. Only 12 genes were found to be

differentially expressed under all experimental condi-

tions. This finding is in line with results from several

other groups indicating only a little overlap of DEGs and

activated pathways for different time points and radi-

ation doses (Sokolov and Neumann 2015; Velegzhaninov

et al. 2015; Mezentsev and Amundson 2011). In

addition, we compared the DEGs of our experiments

with genes listed in the RadAtlas (Xu et al. 2020), which

is a recently published database for radiation-associated

genes. In the 2Gy-4h experiment, 244 (29%) of our

DEGs were found in the 844 genes described in the

database. In the other experiments, 15% (2Gy-2h), 5%

(0.05Gy-4h) and 1% (0.05Gy-2h) of our DEGs were listed

in the RadAtlas, respectively (data not shown).

We furthermore compared our results on affected

pathways to this database (Xu et al. 2020) and other

existing datasets (Ghandhi et al. 2015). Therefore, we

choose all available single-fraction datasets with existing

sham-irradiated (0Gy) control cells, manually calculated

their log-fold changes, and included them to our IPA

analysis. We identified similar patterns of activation and

inactivation of pathways (Web Figure 11). Likewise, our

results on downstream diseases and functions (Web Fig-

ure 12) and on upstream regulators (Web Figure 13)

were also comparable to those from available datasets

(Xu et al. 2020; Ghandhi et al. 2015), especially when

considering other human samples. However, predicted

downstream effects from gene expression in mouse

blood cells tend to differ from available human samples.

In particular, cell death of lymphocytes was predicted to

be inactivated in mice, whereas lymphocytes in human

samples are known to activate processes of cell death

after radiation exposure (Miszczyk et al. 2018). This was

also observed in human samples in our comparison ana-

lysis (Web Figure 11). Interestingly, Interleukins 1A, 1B,

and 17A were predicted to be inactivated as upstream

regulators in our 2Gy-2h experiments, whereas they

were predicted to be activated in human blood samples

4 h after exposure to 1.25Gy of ionizing radiation (Web

Figure 13). Interleukins are important factors for cell

signaling and cancer progression (Mantovani et al.

2018), and usually described to increase after expos-

ure to ionizing radiation (Liu et al. 2006; Liao et al.

2017; Li et al. 2015). However, we observed inactiva-

tion of mTOR in the same experiment, which was

previously described to suppress the translation of

Interleukin 1A (Laberge et al. 2015).

Affected pathways following HDIR

Corresponding to the identified genes from RNA se-

quencing and subsequent processing, the small cell lung

cancer signaling pathway was found to be inhibited in

2Gy-2h samples compared to sham-irradiation. The

small cell lung cancer signaling pathway includes the

two key players Phosphoinositide 3-kinase (PI3K) and

nuclear factor kappa-light-chain-enhancer of activated B

cells (NF-κB). PI3K showed decreased gene expression in

our 2Gy-2h experiments. Lack of PI3K leads to activa-

tion of NF-κB, which is usually linked to stress response

(e.g. exposure to ionizing radiation) (QIAGEN 2018) and

has been previously reported as a potential radiation bio-

marker (Stecca and Gerber 1998; Park et al. 2002) as

well as a key player in inducing transcription of anti-

apoptotic genes after exposure to ionizing radiation

(QIAGEN 2018; Maier et al. 2016). PI3K and NF-κB also

play important roles in other pathways, that were found

to be significant in the 2Gy-2h experiment, but failed to

exceed a z-score > |2| (Web Figure 7). As an example,

the lymphotoxin-β receptor signaling pathway (p = 0.01;

z = − 1.89) activates several signaling pathways, including

NF-κB and cell death. In addition, PI3K is closely associ-

ated with the prolactin signaling pathway, which was

also significant via p-value in our analysis (p = 0.01; z =

− 1.94). When comparing our analysis data to available

datasets from other study groups (Xu et al. 2020;

Ghandhi et al. 2015), the small cell lung cancer signaling

pathway was also be found as significantly affected via p-

value in human blood cells 4 h after exposure to 1.25Gy

irradiation (Xu et al. 2020) and to all available datasets

from human coronary artery endothelium cells and

mouse tissues (Xu et al. 2020) (Web Figure 11).
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However, for none of these samples, a significant activity

prediction could be calculated.

In addition, in 2Gy-2h samples, the p53 signaling path-

way was found to be significant in p-value (p = 0.02; z =

1.94). P53 is a very well-known mediator of the response

to genotoxic stress and several other studies reported on

p53 stabilization and activation of its downstream signal-

ing pathways as a response to HDIR (Albrecht et al.

2012; Hou et al. 2015; Mezentsev and Amundson 2011;

Warters et al. 2009; Jen and Cheung 2005). We further-

more found p53 as predicted to be activated as an

upstream regulator in our IPA analysis 2 h after ex-

posure to HDIR (Web Figure 10). This finding was

also pronounced in 2Gy-4h samples, but with a

smaller –log(p-value).

While we observed changes in the activity of path-

ways associated with intracellular signaling at 2 h after

irradiation, cellular metabolic pathways were affected

after 4 h. This shows a chronological trend in

response to ionizing radiation. Immediately after

irradiation, a complex signaling network of the DNA

damage and cell cycle response is activated (2Gy-2h)

causing a transient cell cycle arrest or its manifest-

ation as premature senescence (2Gy-4h, Web

Figure 9). The frequent induction of premature differ-

entiation and senescence in fibroblasts after irradi-

ation is in line with the significant activation of the

glycolysis I pathway in 2Gy-4h samples since senes-

cent fibroblasts show an increased rate of glucose me-

tabolism through glycolysis (James et al. 2015).

Likewise, the gluconeogenesis I pathway shows a

significant activation in the 2Gy-4h samples. Since

gluconeogenesis represents the reverse process of gly-

colysis, there is a large redundancy regarding the

involved processes and enzymatic reactions and a

concurrent activity of both pathways seems likely.

Neither glycolysis I nor gluconeogenesis I was found to

be affected in available data from other studies (Xu

et al. 2020; Ghandhi et al. 2015) (Web Figure 11).

The activation of the prostanoid biosynthesis path-

way comprising only 6 genes is driven by activation

of 4 prostaglandin-E Synthase genes (Web Table 2).

Their expression can be induced by p53 and may be

involved in p53 mediated apoptosis (Polyak et al.

1997). Since the p53 signaling pathway in the 2Gy-4h

samples also shows a significant activation via p-value

(p < 0.01), the activation of the pathway seems plaus-

ible, although the z-score with 0.82 was not signifi-

cant. The prostanoid biosynthesis pathway was also

affected, when analyzing available data from radiation

experiments with human blood cells (1.25Gy-4h) (Xu

et al. 2020). However, the activity prediction showed

no significant results for these samples (Web

Figure 11).

Furthermore, we observed an enhanced expression of

the FAT10 cancer signaling pathway in our 2Gy-4h ex-

periment. The enhanced expression of this pathway was

expected as a reaction to DNA damage according to a

recent study (Chen et al. 2018) and can lead to pro-

longed survival and proliferation (Aichem and Groettrup

2016). When comparing our analysis data to available

datasets from other studies (Xu et al. 2020; Ghandhi

et al. 2015), the FAT10 cancer signaling pathway was

also be found as significantly affected via p-value in hu-

man blood samples 4 h after exposure to a radiation

dose of 1.25Gy (Web Figure 11). Likewise, samples from

mouse blood showed this pathway to be affected 24 h

after exposure to 1Gy irradiation (Web Figure 11). How-

ever, for both of these samples, the activity prediction

did not exceed a z-score > |2|.

Some pathways were significant in p-value but re-

ceived a z-score of “Not a Number”. For these pathways

activity prediction is not possible, as data in the IPA-

database was not sufficient for calculation of the z-score

at the time of analysis. Hence, there is not enough infor-

mation to date to predict the effect of our DEGs and cal-

culate a reliable z-score. Nevertheless, results with this

informational gap are also important, as some known ra-

diation- and stress response-related pathways can be ob-

served in this category. Significant pathways that had

z = “Not a Number” were examined concerning content

(Web Table 2, Web Figure 14–28).

In 2Gy-4h samples, the base excision repair (BER) sys-

tem pathway was given as “Not a Number” via activating

z-score (p = 0.04, Web Table 2, Web Figure 14). BER is

one of the most prominent DNA repair pathways which

is activated after exposure to genotoxic stressors includ-

ing ionizing radiation (QIAGEN 2018; Chaudhry 2007;

Krokan and Bjørås 2013). The gene expression of several

members of BER repair was affected including prolifera-

tion cell nuclear antigen, DNA polymerase beta (POLB),

DNA ligase I (LIG1), and DNA-(apurinic or apyrimidinic

site) lyase (APEX1), highlighting the important role of

this DNA repair pathway to maintain genomic integrity.

Furthermore, in both of our HDIR experiments, the

molecular mechanisms of cancer pathway was flagged as

p-value significant (2Gy-2h: p = 0.03; 2Gy-4h: p < 0.01,

Web Table 2, Web Figure 15). This pathway fosters

tumor progression and generation of mutations in onco-

or tumor suppressor-genes as well as activation of re-

lated signaling pathways (QIAGEN 2018). Our data sug-

gest a high radiation-related expression of key players of

cell cycle regulation and death, e.g. of CDKN1A, PUMA,

and MDM2 as well as of the proto-oncogene c-Fos.

Comparable to our results, published data from other

studies (Hou et al. 2015; Mezentsev and Amundson

2011; Ding et al. 2005; Warters et al. 2009; Kalanxhi and

Dahle 2012) identified pathways related to signal
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transduction of the DNA damage response and senes-

cence in a time-dependent manner: In one of the first

conducted studies by Ding and colleagues (Ding et al.

2005), exposure to HDIR (4 Gy) resulted in apoptosis

and cell proliferation in the human skin fibroblast cell

line HSF42. Similar results for HDIR were found by a re-

cent study using another human skin fibroblast cell line

(AG01522) (Hou et al. 2015). In this study, 6 h after ex-

posure to a high dose of 2Gy, cells responded to DNA

damage by activation of the p53 signaling network,

apoptosis, and control of cell cycle. At the earlier time

point (3 h) DEGs were mostly involved in G-protein-

coupled receptor downstream signaling. They stated that

cellular response started at 3 h to 6 h after irradiation,

which was also reported by another study (Kalanxhi and

Dahle 2012), and that cellular defense mechanisms oc-

curred earlier after exposure to HDIR than to LDIR. Ac-

tivation of p53-related pathways (Mezentsev and

Amundson 2011; Warters et al. 2009) and cell cycle con-

trol (Mezentsev and Amundson 2011) after exposure to

different high doses of ionizing radiation was also re-

ported by other studies for the time points 4 h (Mezent-

sev and Amundson 2011; Warters et al. 2009), 16 h

(Mezentsev and Amundson 2011) and 24 h (Mezentsev

and Amundson 2011).

The time dependency of pathways related to different

processes in the cell could be found in our data in the

prediction of downstream diseases and functions in IPA

(Web Figure 9). Comparable to the results from the

study groups mentioned above (Hou et al. 2015; Mezent-

sev and Amundson 2011; Ding et al. 2005; Warters et al.

2009; Kalanxhi and Dahle 2012), functions related to

senescence, apoptosis, metabolism, and repair mecha-

nisms were predicted to be affected 4 h after exposure to

HDIR in our experiments. None of them were found to

be predicted as activated 2 h after exposure.

Affected pathways following LDIR

For LDIR, no pathways surpassed our thresholds for p-

value and activating z-score thresholds. This observation

can either correspond to the hypothesis of delayed gene

expression patterns in LDIR or can be caused by a high

inter-individual variation in the response to LDIR (Wilson

et al. 2010), which hinders the detection of significant dif-

ferences. However, we identified several pathways that are

related to DEGs after LDIR and were significant only in p-

value, but not in activating z-score. Like after HDIR, the

molecular mechanisms of cancer pathway was also found

to be p-value significant in the 0.05Gy-4h experiment (p <

0.01, Web Table 2, Web Figure 15). However, given the

result “Not a Number”, activity prediction for this pathway

is not possible.

Similar to our LDIR pathway analysis, a study investi-

gating the transcriptional response to LDIR in skin

biopsies was also not able to identify a significant activa-

tion or inactivation of pathways previously identified

after in vitro LDIR of normal human skin fibroblasts

(AG01522) (Berglund et al. 2008). They conducted their

experiments with skin biopsies obtained from five pros-

tate cancer patients after in vivo exposure during radi-

ation therapy. Even if we could not identify significant

pathways via p-value and z-score in our LDIR experi-

ments, other studies reported on changes in gene ex-

pression related to several mechanisms in the cell after

exposure to LDIR. A recent study in normal human skin

fibroblasts (AG01522) identified biological processes

responding to stress induced by ionizing radiation

shortly after exposure (Hou et al. 2015). Amongst others,

these processes included activation and signaling ampli-

fication of G proteins, apoptotic pathways, DNA and

RNA metabolic processes, kinase activity, DNA repair,

and replication as well as cell cycle arrest (Hou et al.

2015). Another study from Ding et al. (Ding et al. 2005)

identified 16 genes responding only to a low dose of

0.02Gy in normal human skin fibroblasts (HSF42). These

genes were found to be involved in cell-cell signaling,

cell proliferation, signal transduction, and transcriptional

regulations.

When not only considering affected pathways but also

predicted downstream diseases and functions in our

data, we were also able to identify pathways related to

functions of cell cycle progression (Web Figure 9), like-

wise the study groups from Ding (Ding et al. 2005) and

Hou (Hou et al. 2015). Two hours after exposure to

LDIR, cell proliferation of fibroblasts was predicted to be

inactivated in our results. However, the amount of in-

activation was only minor (z = − 0.07). Similar results

were found 4 h after exposure to LDIR. Here, DNA syn-

thesis and cell proliferation were predicted to be inacti-

vated. Cell cycle progression was indicated as activated

at this time point. However, with a z-score of 0.56, this

predicted activation is also not significant.

Due to the low number of DEGs after LDIR and there-

fore only limited information input, prediction of up-

stream regulators only showed inactivation of the tumor

necrosis factor (TNF) as a predictable result (Web Fig-

ure 10). Despite that the threshold of z > |2| could not

be reached here either, it appears to be a reaction that

occurs shortly after the stimulus in a dose-dependent

manner.

To sum up, previously conducted studies comparing

different doses of radiation and time points of analyses

reported on more DEGs in fibroblasts after exposure to

a high than to a low dose of ionizing radiation (Hou

et al. 2015) and only little overlap of expressed genes be-

tween low and high dose (Velegzhaninov et al. 2015;

Mezentsev and Amundson 2011). This also applies to

our study. Since the time point with the largest number
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of DEGs differs in published studies from 4 h (Ding et al.

2005) over 16 h (Mezentsev and Amundson 2011) to 24

h (Hou et al. 2015; Mezentsev and Amundson 2011) for

different radiation doses and in different cell types, we

identified 4 h after irradiation as the best point for our

analysis in primary human fibroblasts. At this time

point, the largest number of DEGs could be observed for

both LDIR and HDIR.

Despite the conducted studies on changes in gene ex-

pression and triggered pathways in human fibroblasts

after exposure to ionizing radiation, the understanding

of underlying mechanisms and biological effects is still

incomplete for this cell type, especially for low doses

(Albrecht et al. 2012; Sokolov and Neumann 2015).

Using RNA sequencing data of 15 participants to analyze

underlying pathways, we were able to guide further re-

search on radiation-related changes in gene expression.

Gained results can be used to conduct radiation experi-

ments in a larger extend and to differentiate between pa-

tient groups.

Strengths and limitations

The present study has several strengths: Unlike previous

studies using commercialy available cells (Hou et al. 2015;

Velegzhaninov et al. 2015; Mezentsev and Amundson

2011; Ding et al. 2005; Jen and Cheung 2005; Ghandhi

et al. 2008) or only a limited number of donors (Albrecht

et al. 2012; Warters et al. 2009; Berglund et al. 2008;

Goldberg et al. 2004), we used fibroblasts from skin biop-

sies from a total of 15 donors. All samples were cultivated

for the first time and synchronized in the G0/G1 phase of

the cell cycle by contact inhibition to exclude cell cycle-

dependent effects on gene-expression profiles. G0/G1 ar-

rest was confirmed by flow cytometry for all samples. To

guarantee the same conditions for all of our samples, non-

irradiated samples were kept and analyzed under identical

conditions as irradiated ones. Pathway analysis via IPA al-

lows analyses of complex RNA data and gives insight be-

yond single expressional patterns. This expands the

investigational frame and adds knowledge to the overall

picture of radiation biology.

Besides the mentioned strengths, the main constrains

of our study are a limited number of radiation doses and

time points of analysis. To identify two potent time

points for our analysis, we conducted preliminary exper-

iments with smaller sample sizes and literature research.

Longer post-irradiation time points might also be inter-

esting for subsequent pathological changes such as can-

cer. However, genes and pathways affected directly after

exposure to ionizing radiation (immediate early genes)

are also assumed to affect long term radiation-induced

outcomes (Averbeck et al. 2020). Regarding dose, a high

and a low radiation dose with clinical relevance (Seidlitz

et al. 2017; Pearce et al. 2012; Averbeck et al. 2020) were

chosen to mimic characteristic exposures to ionizing ra-

diation used in medical diagnostics and radiation ther-

apy. In addition, we choose to analyze samples from all

3 patient groups (SPN, FPN, cancer-free controls) of the

KiKme study. This might increase the heterogeneity of

gene expression levels. However, expressional variability

that may be introduced to the analysis by gender, age,

and FPN diagnosis was accounted for in matching for

these factors. Moreover, regarding the long-term goal of

the KiKme study, it was important to include samples of

all 3 patient groups into the analysis of this work, since

differential gene expression might differ between the

groups. A comparison between groups will be conducted

in a subsequent study with an increased sample size and

therefore more statistical power. Here, the preliminary

analysis indicated no relevant differences between un-

adjusted and adjusted models.

Conclusions and outlook
In this work, we detected different patterns of DEGs

after exposure to LDIR and HDIR in radiation experi-

ments with primary human fibroblasts from 15 partici-

pants from the KiKme study. Besides changes in

expression patterns of single genes, expression patterns

of related pathways were altered as well. We observed a

shift from DNA damage-associated towards metabolism-

related genes and associated pathways. The choice of the

time point with the best fit for the expressional analysis

of irradiation was a key task of this study. While several

time points have been used in the literature our results

suggest that measurement of gene expression is best

done at 4 h after irradiation. At this time point, the lar-

gest effect on differential gene expression has been ob-

served. Therefore, all subsequent experiments of the

large molecular-epidemiological study KiKme will use

the time point 4 h to identify differences in genetic pre-

dispositions and gene-radiation interactions between

former childhood cancer patients and cancer-free

controls.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/1

0.1186/s10020-020-00203-0 .

Additional file 1: Web Figure 1. Representative measurements of the

cell cycle distribution of HOECHST33258-stained fibroblasts by flow cy-

tometry during (A) log-phase growth or (B) after G0/1 synchronization

over 14 days for radiation experiments. Web Figure 2. Total number of

differentially expressed genes in human fibroblasts from cancer free-

controls at 0.25 h, 2 h and 24 h after exposure to low (0.05 Gray (Gy)) or

high dose (2Gy) of X-rays compared to unirradiated fibroblasts (N = 3).

Web Figure 3. Correlation of RNA quality metrics (RIN, Qbit RNA-

concentration), expression variation (PC1–3) and number of aligned reads

(aligned reads, aligned reads normalized) for all experiments. The color in-

dicates the sequencing run (red = run 1, blue = run 2). Web Figure 4.

Relative expression of Cyclin-Dependent Kinase Inhibitor 1A (CDKN1A) in

Real-Time Quantitative Polymerase-Chain-Reaction (qPCR) analyzing the

Brackmann et al. Molecular Medicine           (2020) 26:85 Page 10 of 13



expression of CDKN1A in fibroblasts of 6 participants 2 h and 4 h after ex-

posure to 0.05 Gray (Gy) or 2Gy ionizing radiation compared to sham-

irradiated samples (0Gy, reference). *** p < 0.001. Web Figure 5. Relative

expression of Mouse double minute 2 homolog (MDM2) in Real-Time

Quantitative Polymerase-Chain-Reaction (qPCR) analyzing the expression

of MDM2 in fibroblasts of 6 participants 2 h and 4 h after exposure to

0.05 Gray (Gy) or 2Gy ionizing radiation compared to sham-irradiated

samples (0Gy, reference). *** p < 0.001. Web Figure 6. Expression vari-

ation in fibroblasts summarized for all experiments and attributed to time

point post irradiation (circle = 2 h, cross = 4 h) and dose (orange = 0 Gray

(Gy), blue = 0.05Gy, green = 2Gy).

Additional file 2: Web Figure 7. Shared pathways from low and high

dose ionizing radiation experiments. Gy = Gray. Web Figure 8. Pathways

only affected in high dose ionizing radiation experiments. Gy = Gray.

Additional file 3: Web Figure 9. Predicted downsteam diseases and

functions. Web Figure 10. Predicted upstream regulators. LDIR = Low

dose of ionizing radiation (0.05 Gray), HDIR = High dose of ionizing

radiation (2 Gray).

Additional file 4: Web Figure 11. Comparison of affected pathways in

different data sets.

Additional file 5: Web Figure 12. Comparison of predicted

downstream diseases and functions in different data sets.

Additional file 6: Web Figure 13. Comparison of predicted upstream

regulators in different data sets.

Additional file 7: Gene expression in the "Not a Number" pathways

(blue = downregulation, red = upregulation). Web Figure 14.

Base excision repair (BER) system. Web Fig. 15. Molecular mechanisms of

cancer. Web Fig. 16. Assembly of RNA polymerase III complex. Web

Fig. 17. DNA double-strand break repair by homologous recombination.

Web Fig. 18. Interleukin 4 (IL-4) signaling. Web Fig. 19. Interleukin 17 (IL-

17) signaling. Web Fig. 20. Interleukin 17A (IL-17A) signaling in fibroblasts.

Web Fig. 21. Mitochondrial dysfunction. Web Fig. 22. Myc mediated

apoptosis signaling. Web Fig. 23.Nucleotide excision repair. Web Fig. 24.

Protein ubiquitination. Web Fig. 25. Retinoic acid receptor (RAR) activation.

Web Fig. 26. Role of Janus kinase 2 (JAK2) in hormone-like cytokine signal-

ing. Web Fig. 27. Role of Janus kinase (JAK) family kinases in Interleukin 6

(IL-6) type cytokine signaling. Web Fig. 28. Tight junction signaling.

Additional file 8: Web Table 1A. Differentially expressed genes 2 h

after exposure to low dose ionizing radiation (0.05 Gray).

Additional file 9: Web Table 1B. Differentially expressed genes 4 h

after exposure to low dose ionizing radiation (0.05 Gray).

Additional file 10: Web Table 1C. Differentially expressed genes 2 h

after exposure to high dose ionizing radiation (2 Gray).

Additional file 11: Web Table 1D. Differentially expressed genes 4 h

after exposure to high dose ionizing radiation (2 Gray).

Additional file 12: Web Table 2. Differential expression activity in

cellular pathways and involved molecules

Additional file 13: Supplement file 1. Settings for comparison

analyses in IPA.
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Background: Improved treatments for childhood cancer result in a growing

number of long-term childhood cancer survivors (CCS). The diagnosis and the

prevalence of comorbidities may, however, influence their lifestyle later in life.

Nonetheless, little is known about differences in late effects between CCS of a

first primary neoplasm (FPN) in childhood and subsequent second primary

neoplasms (SPN) and their impact on lifestyle. Therefore, we aim to investigate

associations between the occurrence of FPN or SPN and various diseases and

lifestyle in the later life of CCS.

Methods: CCS of SPN (n=101) or FPN (n=340) and cancer-free controls

(n=150) were matched by age and sex, and CCS additionally by year and

entity of FPN. All participants completed a self-administered questionnaire on

anthropometric and socio-economic factors, medical history, health status,

and lifestyle. Mean time between FPN diagnosis and interview was 27.3 years

for SPN and 26.2 years for FPN CCS. To confirm results from others and to

generate new hypotheses on late effects of childhood cancer as well as CCS´

lifestyles, generalized linear mixed models were applied.
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Results: CCS were found to suffer more likely from diseases compared to cancer-

free controls. In detail, associations with cancer status were observed for

hypercholesterinemia and thyroid diseases. Moreover, CCS were more likely to

take regular medication compared to controls. A similar association was observed

for CCS of SPN compared to CCS of FPN. In contrast to controls, CCS rarely exercise

more than 5 hours per week, consumed fewer soft and alcoholic drinks, and were

less likely to be current, former, or passive smokers. Additionally, they were less likely

overweight or obese. All other exploratory analyses performed on cardiovascular,

chronic lung, inflammatory bone, allergic, and infectious diseases, as well as on a

calculated health-score revealed no association with tumor status.

Conclusion: CCS were more affected by pathologic conditions and may

consequently take more medication, particularly among CCS of SPN. The

observed higher disease burden is likely related to the received cancer therapy.

To reduce the burden of long-term adverse health effects in CCS, improving

cancer therapies should therefore be in focus of research in this area.

KEYWORDS

childhood cancer survivors (CCS), bodymass index - BMI, physical activity, diet, alcohol,

smoking, thyroid disease, lipid metabolism

Introduction

Childhood cancer is a rare condition with about 400,000 new

cases worldwide in the age group from 0 to 19 years (1). To date,

there are only few established risk factors for the onset of

childhood cancer. Besides rare genetic disorders (2–4),

exposure to ionizing radiation and specific chemical

substances (5) are known to be involved in the development of

childhood cancer. Even though treatment options had

significantly improved over the past decades, childhood cancer

remains a leading cause of morbidity and mortality in this age

group (6). As a result of the enhanced therapeutic efficacy, the

number of childhood cancer survivors (CCS), and especially

long-term CCS, has increased over time (7, 8). However, the

incidence in survival is accompanied by adverse late health

effects, which are associated with cancer therapy in childhood

(9–14). Approximately three out of four CCS suffer from chronic

health conditions 30 years after their cancer diagnosis (15), and

about 8% of survivors of cancer under the age of 15 in Germany

are diagnosed with a second primary malignancy within 30 years

of their first diagnosis in Germany (16). In addition,

cardiovascular diseases occurring at young ages have become a

major cause of morbidity and mortality in CCS (8, 17, 18). In a

large American cohort of CCS it has been shown that a reduction

in radiation exposure to the heart during therapy reduces long-

term effects in adulthood (7). However, cancer therapy may not

only directly modulate the risk of cardiovascular diseases itself

but also via modulation of other risk factors for cardiovascular

diseases such as hypertension, dyslipidemia, and diabetes (19–

21). Results from the aforementioned survivor cohort showed

that former childhood cancer patients were more likely to take

medication for the classical risk factors of cardiovascular diseases

(hypertension, dyslipidemia, and diabetes) than their healthy

siblings (21). It has been proven that, in addition to physical

health, the mental health status of adult CCS is also affected by

the comprehensive experience in childhood (22–25). The onset

of mental health diseases in former childhood cancer patients

could be accompanied by alcohol consumption (26, 27).

Although former childhood cancer patients are less likely to be

heavy drinkers compared to control groups in general (27–29),

especially CCS that are living without a partner tend to consume

alcohol more often than married ones (28). In addition, alcohol

consumption may be associated with the education level, stress,

and physical as well as social functionality (28, 29). Along with

alcohol consumption, especially with heavy drinking habits,

former childhood cancer patients are more likely to smoke

(30). However, in the absence of alcohol consumption, the

majority of CCS smoked less overall than the control groups

Abbreviations: Adj., Adjusted; BMI, Body mass index; CCS, Childhood

cancer survivors; CI, Confidence interval; CO, Cancer-free controls; DAG,

Directed Acyclic Graph; FPN, First primary neoplasm; GLMM, Generalized

linear mixed model; ISCED, International Standard Classification of

Education; KiKme, Krebs im Kindesalter und molekulare Epidemiologie;

OR, Odds ratio; SD, Standard deviation; SPN, At least one second primary

neoplasm; Unadj., Unadjusted.
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(29, 31–33). Both, smoking and drinking are established risk

factors for the development of several adverse health effects.

Because of the toxins and mutagens present in alcohol, tobacco,

and its additives, their use may have additive or even synergistic

effects on preexisting risk factors for adverse health effects in

CCS (30, 34, 35).

Therefore, the primary endpoint of this study is to provide a

comprehensive overview of parameters on clinical information as

well as the participants´ lifestyle and to confirm known associations

between childhood cancer and late effects within the nested case-

control study KiKme (German: “Krebserkrankungen im Kindesalter

und molekulare Epidemiologie”, English: “Cancer in childhood and

molecular epidemiology”) (36). As a secondary endpoint, we aim to

generate new hypotheses on novel associations between cancer

status, especially regarding CCS of at least one second primary

neoplasm (SPN), and adverse late effects of childhood cancer

therapies as well as lifestyle parameters in the framework of the

KiKme study. To achieve these aims, we will compare CCS with

cancer-free controls as well as CCS with FPN with CCS with SPN.

Materials and methods

Study design and participants

All participants of this study were recruited within the

population-based nested case-control study KiKme. Detailed

recruiting strategies and information on the general data

collection were described elsewhere (36). Briefly, the study

population consists of 441 CCS, registered at the German

Childhood Cancer Registry, and 150 cancer-free controls. In

the study, we differentiate between CCS with a first primary

neoplasm (FPN, n=340) and CCS with SPN (n=101). FPN CCS

were used as cancer controls and were therefore matched to

participating SPN CCS by age, sex, cancer site, year of diagnosis,

and age at diagnosis to participating SPN CCS. Cancer-free

controls were recruited at the Department of Orthopedics and

Trauma Surgery at the Johannes Gutenberg-University in Mainz

(Germany) and matched by sex and age to the SPN and

FPN participants.

Data collection

All information for this study was collected using a

questionnaire that was self-completed by the participants. The

questionnaire included information on anthropometric and

socio-economic factors, medical history, health status, and

lifestyle parameters. As anthropometric factors, weight

and height were requested. Based on this information, the

Body Mass Index (BMI) was calculated by dividing weight in

kilograms by height squared in meters (kg/m2). Normal weight

was defined as BMI between 18.5 and <25 kg/m2, overweight as

BMI ≥25 kg/m2, and obesity as BMI ≥30 kg/m2 according to the

WHO and NIH standards (37). The educational level of the

study participants was assessed using the International Standard

Classification of Education (ISCED) (38). To assess their medical

history and health status, participants were asked whether they

take any regular medication and whether they have been

diagnosed with one of the following diseases: diabetes,

hypercholesterolemia, hypertension, lung diseases such as

asthma or bronchitis, hay fever, inflammatory joint or

vertebral diseases including arthrosis and rheumatism,

neurodermatitis, heart attack, stroke, thyroid diseases, Epstein-

Barr virus infections, HIV, Hepatitis, or any other severe disease.

Additionally, age at diagnosis for each of the applicable diseases

was requested. Smoking and drinking habits were requested,

along with consumption of soft drinks, water, coffee, and other

drinks, using scaled information per day or week. Using this

information, alcoholic beverages per day and pack-years were

calculated. In addition, participants were asked about their

extent of regular physical activities. Based on all data collected,

we then created a score that should depict the general health

status of the participants. A maximum of 8 points could be

achieved in this health score and the awarding of points were

made up as follows: 2 or fewer diseases (1 point), 3 or more

diseases (0 points); normal weight defined as BMI between 18.5-

30 (1 point), BMI below 18.8 or higher than 30 (0 points); high

ISCED defined as upper secondary education or above (1 point),

lower secondary and primary education (0 points); never smoker

(1 point), current or former smoker (0 points); less than one

alcoholic beverage per day (1 point), one or more alcoholic

beverages per day (0 points); no consumption of soft drinks (1

point), consumption of soft drinks (0 points); 5 or more hours of

physical activity per week (1 point), less than 5 hours physical

activity per week (0 points); currently employed or self-

employed (1 point), incapacitated or retired (0 points). For the

calculation of the health score, at least 4 of the 8 items had to be

answered by the participant. If less than 4 items were answered,

the health score was set to missing. The total number of points of

each participant was then divided by the number of variables

that were not missing and the score was divided into 3 categories

(<0.75 points, 0.75 points, > 0.75 points).

Statistical analysis

Descriptive analyses were conducted to calculate sample

characteristics regarding anthropometric and socio-economic

factors, medical history, health status, and lifestyle parameters

stratified by cancer status (SPN, FPN, and cancer-free controls).

Summary statistics were provided in frequency (N) and

proportions (%).

Generalized linear mixed models (GLMM) were applied to

estimate the associations between categorical and dichotomous

outcome variables, the late effects, with cancer status (SPN vs.
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FPN) and with case-control status (CCS vs. cancer-free controls)

using odds ratios (OR) and 95% confidence intervals (CIs). We

treated the matched groups as random effects and ‘age’ and ‘year

of birth’ as fixed effects in all models to improve matching

efficiency for the variable ‘age at recruitment’ within the

specified 5-year period. Additional adjustment variables for

each GLMM were identified via Directed Acyclic Graphs

(DAGs) that were carefully developed based on prior

knowledge using DAGitty 3.01 (39) (see Supplementary File 1).

All health- and lifestyle-related outcomes that were collected via

the self-administered questionnaire were taken into account for

analyses unless they had less than 5% expression per

characteristic across all groups were excluded from the

analyses. All statistical analyses for this publication were

performed using SAS 9.3 (SAS Institute Inc., Cary, North

Carolina, USA).

Results

Study characteristics

The study sample consists of 101 SPN, 340 FPN, and 150

cancer-free controls with 51% females and 49% males (Table 1).

However, only the 554 study participants (94%) with sufficient

information from self-administered questionnaires could be

analyzed depending on the set inclusion criteria for these

analyses. The mean age at interview among them was 35.14

years (standard deviation (SD): 7.14; range: 19.90-51.40 years)

for CCS of SPN, 34.84 years (SD: 7.68; range: 19.60-54.50 years)

for CCS of FPN, and 28.91 years (SD: 7.32; range: 18.70-48.20

years) for cancer-free controls. On average, at the time of the

interview, the first cancer diagnosis had occurred 27.26 years

(SD: 6.90; range: 5.00-38.00 years) earlier in CCS of SPN and

26.24 years (SD: 6.93; range: 4.00-39.00 years) earlier in CCS of

FPN. A total of 90% of study participants indicated their

ethnicity as Caucasian. While the CCS included in this study

came from all over Germany, the majority of cancer-free

controls came from Rhineland-Palatinate due to recruitment

at the University Hospital in Mainz. Further characteristics of

the study participants including detailed information on health

and lifestyle are summarized in Table 1 and Table 2.

Association between cancer status and
lifestyle factors

In our study population, we observed that CCS were less

likely to be overweight (unadjusted (unadj.): OR=0.59 (95%CI

0.36;0.96), adjusted (adj).: OR=0.56 (95%CI 0.34; 0.92)) or obese

(unadj.: OR=0.48 (95%CI 0.27, 0.87), adj.: OR=0.51 (95%CI 0.27,

0.96)) than cancer-free controls (Table 3). In terms of physical

activity, former cancer patients were less likely to exercise more

than 5 hours per week than cancer-free controls (unadj.:

OR=0.47 (95%CI 0.28; 0.82), adj.: OR =0.42 (95% CI 0.24,

0.73)). In addition, SPN and FPN subjects consumed fewer

sugar-sweetened beverages than cancer-free controls. This

decreased consumption was found to be statistically significant

when consumption of less than one drink per day was compared

to consumption of no drink (unadj.: OR=0.45 (95%CI 0.24;

0.86), adj.: OR=0.43 (95% CI 0.22; 0.82)). The comparison

between CCS with SPN and FPN also showed that CCS with

SPN drink more than one sweetened beverage per day less often

than CCS with FPN only (unadj.: OR=0.41 (95%CI 0.18; 0.95),

adj.: OR=0.42 (95% CI 0.18; 1.00)). We also observed differences

in alcohol consumption per day. Here, an association for the

comparison between more than one drink and no drink per day

could be observed between CCS and cancer-free controls

(unadj.: OR=0.34 (95%CI 0.14; 0.80), adj.: OR=0.30 (95% CI

0.12, 0.73)). In addition, a suggested association for the

consumption of less than 1 alcoholic drink per day was found

in the comparison between the two groups of CCS. However,

this association was only significant in the unadjusted model

and, when further adjustment variables were included, this result

just exceeded the significance limit (SPN versus FPN unadj.:

OR=0.46 (95%CI 0.27; 0.79), adj.: OR=0.55 (95% CI 0.29, 1.02)).

While a conducted sensitivity analysis, comparing only leukemia

CCS to cancer-free controls, also reveals a significant result in

the consumption of more than one drink compared to no drink

when comparing CCS and cancer-free controls as well as in the

consumption of less than one drink compared to no drink when

comparing CCS of SPN to CCS of FPN, a sensitivity analysis for

CCS of lymphoma did not show any association (Supplementary

Table 1). An even stronger association for the comparison of the

consumption of more than one drink and no drink per day was

found in a stratified analysis including only participants living

together with a partner (adj. OR=0.12 (0.03; 0.57). It was also

found that CCS were less likely to be current (unadj.: OR=0.45

(95%CI 0.25; 0.82), adj.: OR=0.43 (95%CI 0.24; 0.79)), former

(unadj.: OR=0.28 (95%CI 0.17, 0.49), adj.: OR=0.25 (95%CI 0.15;

0.44)), or passive smokers (unadj.: OR=0.47 (95% CI 0.26; 0.85,

Table 3 and Table 4) than cancer-free controls. This effect was

consistent in all conducted sensitivity analyses and, again, even

more pronounced in participants living together with a partner

(Supplementary File 1). In the conducted sensitivity analysis

including only CCS with lymphoma, moreover, CCS of SPN

were found to be more often passive smokers than CCS of FPN

(adj. OR=3.83 (1.04; 14.2, Supplementary Table 1). However,

such an association was neither found in other stratified analyses

nor in the analysis including all study participants. For the

models on smoking, no further adjustments were necessary

according to the DAGs. Based on the smoking status, it was

also found that the number of pack years consumed was lower1 http://www.dagitty.net/dags.html
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TABLE 1 Distribution of cases (SPN and FPN) and controls (CO) of the KiKme study.

Total (N=591) SPN (N=101) FPN (N=340) CO (N=150)

n % n % n % n %

Questinnaire available

yes 554 94% 85 84% 325 96% 144 96%

no 37 6% 16 16% 15 4% 6 4%

Sex

female 301 51% 50 50% 189 56% 62 41%

male 290 49% 51 50% 151 44% 88 59%

Age at interview 591

<25 years 100 17% 9 9% 37 11% 54 36%

25-29 years 106 18% 14 14% 55 16% 37 25%

30-34 years 113 19% 17 17% 76 22% 20 13%

35-39 years 111 19% 21 21% 70 21% 20 13%

40 years or more 124 21% 24 24% 87 26% 13 9%

no questionnaire 37 6% 16 16% 15 4% 6 4%

Ethnicity

Caucasian 533 90% 84 83% 312 92% 137 91%

other ethnicity1 20 3% 0 0% 12 4% 7 5%

no information 38 6% 17 17% 16 5% 6 4%

State

Lower Saxony 36 6% 8 8% 28 8% 0 0%

North Rhine-Westphalia 101 17% 18 18% 80 24% 3 2%

Hesse 60 10% 7 7% 29 9% 24 16%

Rhineland-Palatinate 127 21% 0 0% 18 5% 109 73%

Baden-Wuerttemberg 60 10% 18 18% 41 12% 1 1%

Bavaria 83 14% 19 19% 64 19% 0 0%

every other German state2 76 13% 15 15% 59 17% 2 1%

outside Germany 6 1% 0 0% 6 2% 0 0%

no information 42 7% 16 16% 15 4% 11 7%

Height

< 160cm 51 9% 10 10% 36 11% 5 3%

160 - <170cm 190 32% 35 35% 124 36% 31 21%

170 - <180cm 166 28% 21 21% 95 28% 50 33%

180 - <190cm 113 19% 15 15% 60 18% 38 25%

190cm or more 33 6% 4 4% 9 3% 20 13%

no information 38 6% 16 16% 16 5% 6 4%

Weight

< 60kg 102 17% 20 20% 70 21% 12 8%

60 - <70kg 134 23% 19 19% 84 25% 31 21%

70 - <80kg 98 17% 17 17% 58 17% 23 15%

80 - <90kg 99 17% 14 14% 54 16% 31 21%

90 - <100kg 61 10% 10 10% 27 8% 24 16%

100kg or more 55 9% 4 4% 28 8% 23 15%

no information 42 7% 17 17% 19 6% 6 4%

Body Mass Index

normal weight 297 50% 47 47% 178 52% 72 48%

overweight 168 28% 28 28% 93 27% 47 31%

obese 84 14% 9 9% 50 15% 25 17%

no information 42 7% 17 17% 19 6% 6 4%

(Continued)
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TABLE 1 Continued

Total (N=591) SPN (N=101) FPN (N=340) CO (N=150)

n % n % n % n %

Physical activity (hours per week)

0 hours 248 42% 42 42% 149 44% 57 38%

1 - 2 hours 84 14% 18 18% 53 16% 13 9%

3 - 4 hours 102 17% 13 13% 67 20% 22 15%

5 hours or more 110 19% 8 8% 53 16% 49 33%

no information 47 8% 20 20% 18 5% 9 6%

Consumption of soft drinks per day

0 105 18% 26 26% 63 19% 16 11%

<1 298 50% 43 43% 165 49% 90 60%

1 or more 92 16% 10 10% 60 18% 22 15%

no information 96 16% 22 22% 52 15% 22 15%

Alcoholic beverages per day

0 124 21% 29 29% 70 21% 25 17%

<1 359 61% 46 46% 222 65% 91 61%

1 or more 48 8% 5 5% 24 7% 19 13%

no information 60 10% 21 21% 24 7% 15 10%

Smoking status

never smoked 348 59% 57 56% 224 66% 67 45%

former smoker 82 14% 14 14% 44 13% 24 16%

current smoker 122 21% 14 14% 56 16% 52 35%

no information 39 7% 16 16% 16 5% 7 5%

Pack years

never smoked 348 59% 57 56% 224 66% 67 45%

<5 76 13% 10 10% 47 14% 19 13%

5 or more 103 17% 18 18% 46 14% 39 26%

no information 64 11% 16 16% 23 7% 25 17%

Passive smoker

yes 70 12% 10 10% 31 9% 29 19%

no 464 79% 75 74% 281 83% 108 72%

no information 57 10% 16 16% 28 8% 13 9%

Living situation

living alone 144 24% 23 23% 75 22% 46 31%

living without a partner, with children 23 4% 6 6% 14 4% 3 2%

living with a partner, without children 142 24% 20 20% 85 25% 37 25%

living with a partner and children 149 25% 24 24% 102 30% 23 15%

living with parents 67 11% 11 11% 34 10% 22 15%

living in a shared apartment 22 4% 1 1% 11 3% 10 7%

other living situation3 4 1% 0 0% 2 1% 2 1%

no information 40 7% 16 16% 17 5% 7 5%

Main occupation

still in training 94 16% 10 10% 38 11% 46 31%

working full time 300 51% 44 44% 185 54% 71 47%

working part time 77 13% 12 12% 55 16% 10 7%

housewife/-man 21 4% 4 4% 14 4% 3 2%

job seeking 19 3% 5 5% 8 2% 6 4%

pensioner or unemployable 18 3% 6 6% 10 3% 2 1%

other occupation4 17 3% 2 2% 12 4% 3 2%

no information 45 8% 18 18% 18 5% 9 6%

(Continued)
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among CCS than among cancer-free controls (unadj.: OR=0.21

(95%CI 0.12; 0.39), adj.: OR =0.17 (95%CI 0.09; 0.33), Table 3).

Association between cancer status and
late adverse health effects

Overall, the CCS in our study had more serious illnesses

(cancer excluded) than the cancer-free controls subjects

(unadj.: OR =3.55 (95%CI 2.10, 6.01), adj.: OR=3.32 (95%CI

1.95, 5.65), Table 4). In the analysis of individual diseases, it

was found that CCS suffer more frequently from thyroid

diseases (unadj.: OR=15.01 (95%CI 5.64; 39.95), adj.:

OR=14.70 (95%CI 5.49, 39.39)) and hypercholesterolemia

(unadj.: OR=6.84 (95%CI 2.03, 23.04), adj.: OR=7.21 (95%CI

2.13; 24.42)) compared to cancer-free controls. In addition, it

was found that CCS were more likely to take regular

medication than cancer-free controls (unadj.: OR=2.30 (95%

CI 1.35; 3.92), no further adjustment according to DAGs

necessary). Here, the adjusted comparison between the CCS

groups with SPN and with FPN only additionally showed that

in our study population CCS of SPN took more medication

than those with FPN only (OR=2.53 (95%CI 1.01; 6,30)). All

other explorative conducted analyses on cardiovascular,

chronic lung, inflammatory bone, allergic, and infectious

diseases did not show any associations.

TABLE 1 Continued

Total (N=591) SPN (N=101) FPN (N=340) CO (N=150)

n % n % n % n %

Highest school degree

Volks-/Hauptschulabschluss 76 13% 14 14% 44 13% 18 12%

Realschulabschluss/Mittlere Reife 152 26% 27 27% 91 27% 34 23%

Fachhochschulreife 75 13% 4 4% 45 13% 26 17%

Abitur/Hochschulreife 241 41% 38 38% 140 41% 63 42%

no graduation (yet) 5 1% 2 2% 3 1% 0 0%

no information 42 7% 16 16% 17 5% 9 6%

Highest vocational education

completed apprenticeship 196 33% 28 28% 123 36% 45 30%

graduated from vocational/business school 72 12% 12 12% 46 14% 14 9%

graduated from a technical college 47 8% 8 8% 26 8% 13 9%

graduated from college 151 26% 24 24% 102 30% 25 17%

no graduation (yet) 71 12% 11 11% 20 6% 40 27%

no information 54 9% 18 18% 23 7% 13 9%

International Standard Classification of Education

no graduation (yet) 5 1% 2 2% 3 1% 0 0%

Sek I 25 4% 6 6% 6 2% 13 9%

Sek II 322 54% 45 45% 187 55% 90 60%

academic or equal 198 34% 32 32% 128 38% 38 25%

no information 41 7% 16 16% 16 5% 9 6%

Children

0 191 32% 36 36% 117 34% 38 25%

1 71 12% 13 13% 50 15% 8 5%

2 63 11% 10 10% 45 13% 8 5%

3 or more 31 5% 6 6% 19 6% 6 4%

no information 235 40% 36 36% 109 32% 90 60%

cancer-free control (CO), first primary neoplasm (FPN), second primary neoplasm (SPN).
1Asian (total = 1%), Latino (1%), Caucasian/Latino (1%), Black (0.3%), North African (0.3%), Caucasian/Asian (0.3%), Caucasian/Black (0.2%).
2Schleswig-Holstein (total = 2%), Hamburg (2%), Berlin (2%), Saxony (2%), Bremen (1%), Saarland (1%), Brandenburg (1%), Mecklenburg-Western Pomerania (1%), Thuringia (1%),

Saxony-Anhalt (0.3%).
3With family and partner (total = 0.3%), with siblings (0.3%).
4Parental leave (total = 1%), sheltered workshop (0.3%), internship/volunteering (0.3%), self-employed (0.2%), marginal employment (0.2%), other, not specified (1%).

Significant values were printed in bold.
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TABLE 2 Distribution of variables on health status of cases (SPN and FPN) and controls (CO).

Total (N=591) SPN (N=101) FPN (N=340) CO (N=150)

n % n % n % n %

Therapy for FPN

no cancer therapy 3 1% 1 1% 2 1% 0 0%

radiotherapy 4 1% 3 3% 1 0% 0 0%

chemotherapy 102 17% 15 15% 87 26% 0 0%

radio- and chemotherapy 209 35% 46 46% 163 48% 0 0%

only other cancer therapy (e.g., operation) 1 0% 0 0% 1 0% 0 0%

radio- and other cancer therapy 1 0% 0 0% 1 0% 0 0%

chemo- and other cancer therapy 18 3% 4 4% 14 4% 0 0%

radio-, chemo- and other cancer therapy 63 11% 13 13% 50 15% 0 0%

no information 190 32% 19 19% 21 6% 150 100%

Family with possible Li-Fraumeni syndrome

yes 73 12% 21 21% 52 15% 0 0%

no 483 82% 64 63% 273 80% 146 97%

no information 35 6% 16 16% 15 4% 4 3%

Regular medication

yes 298 50% 65 64% 180 53% 53 35%

no 247 42% 19 19% 140 41% 88 59%

no information 46 8% 17 17% 20 6% 9 6%

Any diseases

yes 379 64% 70 69% 241 71% 68 45%

no 174 29% 15 15% 84 25% 75 50%

no information 38 6% 16 16% 15 4% 7 5%

Number of diseases

0 174 29% 15 15% 84 25% 75 50%

1 182 31% 28 28% 116 34% 38 25%

2 114 19% 26 26% 68 20% 20 13%

3 49 8% 10 10% 29 9% 10 7%

4 or more 34 6% 6 6% 28 8% 0 0%

no information 38 6% 16 16% 15 4% 7 5%

Diabetes

yes 26 4% 4 4% 22 6% 0 0%

no 519 88% 79 78% 301 89% 139 93%

no information 46 8% 18 18% 17 5% 11 7%

Thyroid diseases (without cancer)

yes 140 24% 18 18% 117 34% 5 3%

no 384 65% 42 42% 208 61% 134 89%

no information 67 11% 41 41% 15 4% 11 7%

Hypercholesterolemia

yes 66 11% 15 15% 48 14% 3 2%

no 475 80% 67 66% 274 81% 134 89%

no information 50 8% 19 19% 18 5% 13 9%

Cardiovascular diseases (hypertension, heart attack, or stroke)

yes 69 12% 13 13% 46 14% 10 7%

no 469 79% 69 68% 271 80% 129 86%

no information 53 9% 19 19% 23 7% 11 7%

(Continued)
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TABLE 2 Continued

Total (N=591) SPN (N=101) FPN (N=340) CO (N=150)

n % n % n % n %

Hypertension

yes 61 10% 11 11% 40 12% 10 7%

no 482 82% 71 70% 282 83% 129 86%

no information 48 8% 19 19% 18 5% 11 7%

Heart attack

yes 4 1% 0 0% 4 1% 0 0%

no 540 91% 83 82% 318 94% 139 93%

no information 47 8% 18 18% 18 5% 11 7%

Stroke

yes 6 1% 2 2% 4 1% 0 0%

no 534 90% 81 80% 314 92% 139 93%

no information 51 9% 18 18% 22 6% 11 7%

Chronic lung diseases

yes 64 11% 9 9% 35 10% 20 13%

no 481 81% 73 72% 287 84% 121 81%

no information 46 8% 19 19% 18 5% 9 6%

Inflammatory bone diseases

yes 66 11% 9 9% 42 12% 15 10%

no 476 81% 72 71% 280 82% 124 83%

no information 49 8% 20 20% 18 5% 11 7%

Allergic diseases (hay fever or neurodermatitis)

yes 156 26% 24 24% 91 27% 41 27%

no 387 65% 59 58% 228 67% 100 67%

no information 48 8% 18 18% 21 6% 9 6%

Hay fever

yes 120 20% 17 17% 72 21% 31 21%

no 423 72% 66 65% 248 73% 109 73%

no information 48 8% 18 18% 20 6% 10 7%

Neurodermatitis

yes 53 9% 8 8% 32 9% 13 9%

no 492 83% 75 74% 290 85% 127 85%

no information 46 8% 18 18% 18 5% 10 7%

Infections (hepatitis, Epstein-Barr virus, or HIV)

yes 79 13% 17 17% 51 15% 11 7%

no 441 75% 66 65% 272 80% 103 69%

no information 71 12% 18 18% 17 5% 36 24%

Hepatitis

yes 11 2% 4 4% 6 2% 1 1%

no 508 86% 79 78% 316 93% 113 75%

no information 72 12% 18 18% 18 5% 36 24%

Epstein-Barr virus

yes 68 12% 13 13% 45 13% 10 7%

no 453 77% 70 69% 279 82% 104 69%

no information 70 12% 18 18% 16 5% 36 24%

HIV

yes 1 0% 1 1% 0 0% 0 0%

no 518 88% 82 81% 322 95% 114 76%

no information 72 12% 18 18% 18 5% 36 24%

(Continued)
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Association between cancer status and a
calculated overall health score

The majority of the study participants (n=276, 47%)

achieved a score below 0.75 points in our health score

(Table 2). About a quarter (n=154, 26%) of the participants

achieved exactly 0.75 points. Only 123 participants (21%)

reached the highest category with a score above 0.75 points. In

addition to the subjects without a questionnaire, one additional

participant had to be excluded from the health score analysis

since the required 4 answers for the calculation of the score

were not given. The multinomial logistic regression on cancer

status and calculated health score did not show any

associations (Table 5).

Discussion

Within the presented study, we attempted to complete the

overall picture of the associations between childhood cancer and

long-term effects on health and lifestyle factors. We show that

CCS and cancer-free controls as well as CCS with and without

subsequent SPN differ in terms of their health and lifestyle.

Although the CCS in our study were less likely to exercise

extensively, they were less likely to be overweight or obese than

cancer-free controls. Even if physical activity is known to reduce

the risk of long-term adverse health outcomes after childhood

cancer (40, 41) studies have shown that about 50% of CCS in

western countries do not meet the recommended time of

physical activity per day (42). This reduced time of physical

activity among CCS might be due to poorer overall health. In

this regard, a Swiss study showed that physical activity was

reduced in CCS, particularly when they either had relapse or

suffer from musculoskeletal or neurological disorders (42).

Similar to our findings on weight status, a cohort of French

leukemia survivors identified significant differences regarding

the prevalence of metabolic syndrome and BMI between former

acute lymphatic leukemia patients and cancer-free controls (43).

In addition, they found differences in socio-economic status,

education, occupation, and smoking habits. Whereas education

was found to be an important adjustment variable in nearly all of

our models and was therefore not investigated as an outcome, we

were able to identify differences in smoking habits in our sample.

Our CCS were less likely to be current, former, or passive

smokers. This effect was even more pronounced in

participants living together with a partner. Along with this

healthier attitude towards smoking habits, there was also

reduced consumption of alcohol among the CCS in our study

sample. Here again, an even more reduced consumption was

found in participants living in a partnership. Similar findings

were also reported by Frobisher et al. (28), who reported that

CCS living without a partner tend to consume alcohol more

often than married ones. Moreover, Brinkman et al. (26) showed

that CCS were less likely to be heavy or risky drinkers compared

to their siblings. In general, the reduced alcohol consumption

might be associated with the identified higher intake of regular

medication in the CCS group, since the consumption of alcohol

may interact with prescribed medications (44). However, this

possible association was taken into account when creating the

DAGs and here, it was shown that no further adjustment

according to medication intake is necessary for the analysis of

the association between cancer status and alcohol consumption.

Regarding the increased regular intake of medication in the CCS

group, our findings are in line with those from other research

groups. Within the large American cohort of the Childhood

Cancer Survivor Study it was found that CCS were more likely to

take medication for hypertension, dyslipidemia, or diabetes

compared to their siblings (21). However, at the same time,

they were neither more often obese nor did they show more

cardiovascular risk factors than their healthy siblings.

Although some other studies have found evidence of an

association between cardiovascular diseases and childhood

cancer (17–19), we have not observed such an association in

our data. The absence of this known association can have various

TABLE 2 Continued

Total (N=591) SPN (N=101) FPN (N=340) CO (N=150)

n % n % n % n %

Health score
1

< 0.75 points 276 47% 44 44% 152 45% 80 53%

0.75 points 154 26% 23 23% 100 29% 31 21%

> 0.75 points 123 21% 18 18% 72 21% 33 22%

no information 38 6% 16 16% 16 5% 6 4%

cancer-free control (CO), first primary neoplasm (FPN), second primary neoplasm (SPN).
1Score includes the following variables: number of diseases: 0-2 (1 point (p.)), 3 or more (0 p.); Body Mass Index: <18.5 (0 p.), 18.5-30 (1 p.), >30 (0 p.); International Standard Classification

of Education (ISCED): Sek II or academic (1 p.), no graduation or Sek I (0 p.); smoking status: never (1 p.), former or current (0 p.); alcoholic beverages/day: <1 (1 p.), 1 or more (0 p.);

consumption of softdrinks: no (1 p.), yes (0 p.); hours of physical activity/week: 5 hours or more (1 p.), 0-4 hours (0 p.); current occupation: occupied (1 p.), unemployable or pensioner (0

p.). At least 4 items of the score have to be answered. To account for missing values, the sum score was divided by the number of answered variables.

Significant values were printed in bold.
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TABLE 3 Multinomial logistic regression on cancer status and risk of late effects1.

Cancer
status

n % n % n % n % n % n % OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

adjusted for matchinggroup, birth year, and age at
interview

adjusted for matchinggroup, birth year, age at
interview, and other variables

Body Mass Index

total

(N=591)

missings

(N=42)

normal

weight

(N=297)

overweight

(N=168)

obesity

(N=84)

overweight vs. normal

weight

obesity vs. normal

weight

overweight vs. normal

weight

obesity vs. normal

weight

CO 150 25% 6 14% 72 24% 47 28% 25 30% Ref. Ref. Ref.
2

Ref.
2

FPN and SPN 441 75% 36 86% 225 76% 121 72% 59 70% 0.587 (0.359; 0.96) 0.479 (0.265; 0.866) 0.561 (0.344; 0.915) 0.506 (0.268; 0.958)

FPN 340 77% 19 53% 178 79% 93 77% 50 85% Ref. Ref. Ref.3 Ref.3

SPN 101 23% 17 47% 47 21% 28 23% 9 15% 1.144 (0.659; 1.986) 0.686 (0.305; 1.543) 1.183 (0.659; 2.126) 0.532 (0.198; 1.431)

Physical activity (hours per week)

total

(N=591)

missings

(N=47)

0 hours

(N=248)

1-2 hours

(N=84)

3-4

hours

(N=102)

5+

hours

(N=110)

1-2 hours vs. 0 hours 3-4 hours vs. 0

hours

5+ hours vs. 0

hours

1-2 hours vs. 0 hours 3-4 hours vs. 0

hours

5+ hours vs. 0

hours

CO 150 25% 9 19% 57 23% 13 15% 22 22% 49 45% Ref. Ref. Ref. Ref.
4

Ref.
4

Ref.
4

FPN and SPN 441 75% 38 81% 191 77% 71 85% 80 78% 61 55% 1.684 (0.805; 3.524) 1.194 (0.648; 2.199) 0.474 (0.276;

0.815)

1.491 (0.691; 3.214) 1.089 (0.577; 2.055) 0.416 (0.236;

0.734)

FPN 340 77% 18 47% 149 78% 53 75% 67 84% 53 87% Ref. Ref. Ref. Ref.
4

Ref.
4

Ref.
4

SPN 101 23% 20 53% 42 22% 18 25% 13 16% 8 13% 1.19 (0.614; 2.306) 0.632 (0.304; 1.312) 0.507 (0.211;

1.222)

1.261 (0.63; 2.525) 0.671 (0.315; 1.43) 0.544 (0.22; 1.344)

Consumption of soft drinks per day

total

(N=591)

missing

(N=96)

0

(N=105)

<1

(N=298)

1+

(N=92)

<1 vs. 0 1+ vs. 0 <1 vs. 0 1+ vs. 0

CO 150 25% 22 23% 16 15% 90 30% 22 24% Ref. Ref. Ref.
4

Ref.
4

FPN and SPN 441 75% 74 77% 89 85% 208 70% 70 76% 0.453 (0.24; 0.856) 0.734 (0.324; 1.664) 0.426 (0.222; 0.819) 0.699 (0.303; 1.612)

FPN 340 77% 52 70% 63 71% 165 79% 60 86% Ref. Ref. Ref.
4

Ref.
4

SPN 101 23% 22 30% 26 29% 43 21% 10 14% 0.65 (0.363; 1.166) 0.41 (0.176; 0.953) 0.676 (0.378; 1.212) 0.423 (0.179; 1)

Alcoholic beverages per day

total

(N=591)

missings

(N=60)

0

(N=124)

<1

(N=359)

1+

(N=48)

<1 vs. 0 1+ vs. 0 <1 vs. 0 1+ vs. 0

CO 150 25% 15 25% 25 20% 91 25% 19 40% Ref. Ref. Ref.
2

Ref.
2

FPN and SPN 441 75% 45 75% 99 80% 268 75% 29 60% 0.715 (0.421; 1.216) 0.34 (0.144; 0.8) 0.663 (0.376; 1.171) 0.296 (0.121; 0.727)

FPN 340 77% 24 53% 70 71% 222 83% 24 83% Ref. Ref. Ref.3 Ref.3

SPN 101 23% 21 47% 29 29% 46 17% 5 17% 0.459 (0.267; 0.788) 0.449 (0.136; 1.482) 0.546 (0.294; 1.015) 0.475 (0.13; 1.74)

(Continued)
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TABLE 3 Continued

Cancer
status

n % n % n % n % n % n % OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

adjusted for matchinggroup, birth year, and age at
interview

adjusted for matchinggroup, birth year, age at
interview, and other variables

Smoking status

total

(N=591)

missing

(N=39)

never

(N=348)

former

(N=82)

current

(N=122)

former vs. never current vs. never former vs. never current vs. never

CO 150 25% 7 18% 67 19% 24 29% 52 43% Ref. Ref. Ref.4 Ref.4

FPN and SPN 441 75% 32 82% 281 81% 58 71% 70 57% 0.283 (0.165; 0.486) 0.453 (0.251; 0.816) 0.252 (0.146; 0.435) 0.43 (0.235; 0.787)

FPN 340 77% 16 50% 224 80% 44 76% 56 80% Ref. Ref. Ref.5 Ref.5

SPN 101 23% 16 50% 57 20% 14 24% 14 20% 0.866 (0.43; 1.742) 1.334 (0.68; 2.617) 0.99 (0.448; 2.186) 1.435 (0.704; 2.925)

Pack years

total

(N=591)

missings

(N=64)

never

smoked

(N=348)

<5 (N=76) 5+

(N=103)

<5 vs. never smoked 5+ vs. never

smoked

<5 vs. never smoked 5+ vs. never

smoked

CO 150 25% 25 39% 67 19% 19 25% 39 38% Ref. Ref. Ref.4 Ref.4

FPN and SPN 441 75% 39 61% 281 81% 57 75% 64 62% 0.814 (0.435; 1.523) 0.213 (0.115; 0.393) 0.837 (0.436; 1.608) 0.173 (0.09; 0.333)

FPN 340 77% 23 59% 224 80% 47 82% 46 72% Ref. Ref. Ref.5 Ref.5

SPN 101 23% 16 41% 57 20% 10 18% 18 28% 0.928 (0.437; 1.97) 1.571 (0.796; 3.1) 1.092 (0.455; 2.622) 1.547 (0.682; 3.509)

Adjustment variables were selected using directed acyclic graphs.

Confidence interval (CI), cancer-free control (CO), first primary neoplasm (FPN), International Standard Classification for Education (ISCED), odds ratio (OR), second primary neoplasm (SPN).
1Missing values are shown but not included in the analysis.
2Additionally adjusted for ISCED and ethnicity.
3Additionally adjusted for ISCED, ethnicity, and therapy of FPN.
4Additionally adjusted for ISCED.
5Additionally adjusted for ISCED and therapy of FPN.

Significant values were printed in bold.
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TABLE 4 Comparison of serum IL-4, PGE2 and AGEs in each group.

Cancer
status

n % n % n % n % OR (95% CI) OR (95% CI)

adjusted for matchinggroup, birth
year, and age at interview

adjusted for matchinggroup, birth year,
age at interview, and other variables

Passive smoker

total

(N=591)

missing

(N=57)

no

(N=464)

yes

(N=70)

yes vs. no yes vs. no

CO 150 25% 13 23% 108 23% 29 41% Ref. Ref.2

FPN and

SPN

441 75% 44 77% 356 77% 41 59% 0.471 (0.261; 0.849) 0.471 (0.261; 0.849)

FPN 340 77% 28 64% 281 79% 31 76% Ref. Ref.
3

SPN 101 23% 16 36% 75 21% 10 24% 1.206 (0.55; 2.646) 1.19 (0.465; 3.048)

Regular medication

total

(N=591)

missing

(N=46)

no

(N=247)

yes

(N=298)

yes vs. no yes vs. no

CO 150 25% 9 20% 88 36% 53 18% Ref. Ref.2

FPN and

SPN

441 75% 37 80% 159 64% 245 82% 2.301 (1.352; 3.917) 2.301 (1.352; 3.917)

FPN 340 77% 20 54% 140 88% 180 73% Ref. Ref.
3

SPN 101 23% 17 46% 19 12% 65 27% 2.938 (0.77; 11.212) 2.527 (1.013; 6.304)

Any disease

total

(N=591)

missing

(N=70)

no

(N=175)

yes

(N=379)

yes vs. no yes vs. no

CO 150 25% 7 18% 75 43% 68 18% Ref. Ref.
4

FPN and

SPN

441 75% 31 82% 99 57% 311 82% 3.549 (2.095; 6.014) 3.322 (1.952; 5.652)

FPN 340 77% 15 48% 84 85% 241 77% Ref. Ref.
5

SPN 101 23% 16 52% 15 15% 70 23% 1.903 (0.883; 4.101) 1.531 (0.735; 3.189)

Thyroid diseases (without cancer)

total

(N=591)

missing

(N=67)

no

(N=384)

yes

(N=140)

yes vs. no yes vs. no

CO 150 25% 11 16% 134 35% 5 4% Ref. Ref.
4

FPN and

SPN

441 75% 56 84% 250 65% 135 96% 15.007 (5.636; 39.954) 14.703 (5.488; 39.387)

FPN 340 77% 15 27% 208 83% 117 87% Ref. Ref.
5

SPN 101 23% 41 73% 42 17% 18 13% 0.702 (0.362; 1.361) 0.658 (0.309; 1.402)

Hypercholesterolemia

total

(N=591)

missing

(N=50)

no

(N=475)

yes

(N=66)

yes vs. no yes vs. no

CO 150 25% 13 26% 134 28% 3 5% Ref. Ref.
4

FPN and

SPN

441 75% 37 74% 341 72% 63 95% 6.836 (2.028; 23.04) 7.205 (2.126; 24.424)

FPN 340 77% 18 49% 274 80% 48 76% Ref. Ref.
5

SPN 101 23% 19 51% 67 20% 15 24% 1.215 (0.622; 2.37) 1.29 (<0.001; >999.99)

(Continued)
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TABLE 4 Continued

Cancer
status

n % n % n % n % OR (95% CI) OR (95% CI)

adjusted for matchinggroup, birth
year, and age at interview

adjusted for matchinggroup, birth year,
age at interview, and other variables

Cardiovascular diseases (hypertension, heart attack (SPN=0, FPN=4, CO=0), or stroke (SPN=2, FPN=4, CO=0))

total

(N=591)

missing

(N=53)

no

(N=469)

yes

(N=69)

yes vs. no yes vs. no

CO 150 25% 11 21% 129 28% 10 14% Ref. Ref.
4

FPN and

SPN

441 75% 42 79% 340 72% 59 86% 1.765 (0.836; 3.725) 1.487 (0.693; 3.192)

FPN 340 77% 23 55% 271 80% 46 78% Ref. Ref.
5

SPN 101 23% 19 45% 69 20% 13 22% 1.194 (0.59; 2.417) 1.006 (0.433; 2.336)

Hypertension

total

(N=591)

missing

(N=48)

no

(N=482)

yes

(N=61)

yes vs. no yes vs. no

CO 150 25% 11 23% 129 27% 10 16% Ref. Ref.
4

FPN and

SPN

441 75% 37 77% 353 73% 51 84% 1.493 (0.69; 3.229) 1.283 (0.582; 2.83)

FPN 340 77% 18 49% 282 80% 40 78% Ref. Ref.
5

SPN 101 23% 19 51% 71 20% 11 22% 1.141 (0.529; 2.465) 0.942 (0.379; 2.343)

Chronic lung diseases

total

(N=591)

missing

(N=46)

no

(N=481)

yes

(N=64)

yes vs. no yes vs. no

CO 150 25% 9 20% 121 25% 20 31% Ref. Ref.
4

FPN and

SPN

441 75% 37 80% 360 75% 44 69% 0.741 (0.394; 1.392) 0.598 (0.305; 1.176)

FPN 340 77% 18 49% 287 80% 35 80% Ref. Ref.
5

SPN 101 23% 19 51% 73 20% 9 20% 1.082 (0.485; 2.416) 0.767 (0.275; 2.137)

Inflammatory bone diseases

total

(N=591)

missing

(N=49)

no

(N=476)

yes

(N=66)

yes vs. no yes vs. no

CO 150 25% 11 22% 124 26% 15 23% Ref. Ref.
4

FPN and

SPN

441 75% 38 78% 352 74% 51 77% 0.737 (0.383; 1.421) 0.776 (0.397; 1.516)

FPN 340 77% 18 47% 280 80% 42 82% Ref. Ref.
5

SPN 101 23% 20 53% 72 20% 9 18% 0.877 (0.401; 1.919) 0.79 (0.313; 1.996)

Allergic diseases (hay fever or neurodermatitis)

total

(N=591)

missing

(N=48)

no

(N=387)

yes

(N=156)

yes vs. no yes vs. no

CO 150 25% 9 19% 100 26% 41 26% Ref. Ref.
4

FPN and

SPN

441 75% 39 81% 287 74% 115 74% 0.916 (0.572; 1.465) 0.83 (0.509; 1.352)

FPN 340 77% 21 54% 228 79% 91 79% Ref. Ref.
5

SPN 101 23% 18 46% 59 21% 24 21% 1.1 (0.63; 1.921) 0.993 (0.495; 1.994)

(Continued)
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reasons: On the one hand, with a mean age of 32 years, we have a

relatively young cohort (36). Moreover, we overall observed only

very few cardiovascular events in our cohort, of which most were

related to the presence of hypertension. However, due to the

young cohort, in the course of the advancing observation period

and the ongoing survival time, further cardiovascular diseases

could occur. It can already be seen in our cohort that CCS more

often suffer from disorders of the lipid metabolism, which is one

of the main risk factors for the development of cardiovascular

diseases (19, 45). Besides a higher prevalence of lipid metabolism

TABLE 4 Continued

Cancer
status

n % n % n % n % OR (95% CI) OR (95% CI)

adjusted for matchinggroup, birth
year, and age at interview

adjusted for matchinggroup, birth year,
age at interview, and other variables

Hay fever

total

(N=591)

missing

(N=48)

no

(N=423)

yes

(N=120)

yes vs. no yes vs. no

CO 150 25% 10 21% 109 26% 31 26% Ref. Ref.4

FPN and

SPN

441 75% 38 79% 314 74% 89 74% 0.898 (0.539; 1.494) 0.817 (0.481; 1.388)

FPN 340 77% 20 53% 248 79% 72 81% Ref. Ref.5

SPN 101 23% 18 47% 66 21% 17 19% 0.944 (0.51; 1.747) 0.88 (0.093; 8.297)

Neurodermatitis

total

(N=591)

missing

(N=46)

no

(N=492)

yes

(N=53)

yes vs. no yes vs. no

CO 150 25% 10 22% 127 26% 13 25% Ref. Ref.4

FPN and

SPN

441 75% 36 78% 365 74% 40 75% 1.264 (0.609; 2.622) 1.225 (0.577; 2.601)

FPN 340 77% 18 50% 290 79% 32 80% Ref. Ref.5

SPN 101 23% 18 50% 75 21% 8 20% 1.046 (0.445; 2.463) 0.816 (0.267; 2.493)

Infections (hepatitis (SPN=4, FPN=6, CO=1), Epstein-Barr virus, or HIV (SPN=1, FPN=0, CO=0))

total

(N=591)

missing

(N=71)

no

(N=441)

yes

(N=79)

yes vs. no yes vs. no

CO 150 25% 36 51% 103 23% 11 14% Ref. Ref.4

FPN and

SPN

441 75% 35 49% 338 77% 68 86% 1.757 (0.874; 3.533) 1.831 (0.9; 3.725)

FPN 340 77% 17 49% 272 80% 51 75% Ref. Ref.5

SPN 101 23% 18 51% 66 20% 17 25% 1.306 (0.701; 2.43) 1.43 (0.689; 2.97)

Epstein-Barr virus infection

total

(N=591)

missing

(N=70)

no

(N=453)

yes

(N=68)

yes vs. no yes vs. no

CO 150 25% 36 51% 104 23% 10 15% Ref. Ref.4

FPN and

SPN

441 75% 34 49% 349 77% 58 85% 1.637 (0.791; 3.392) 1.689 (0.805; 3.544)

FPN 340 77% 16 47% 279 80% 45 78% Ref. Ref.5

SPN 101 23% 18 53% 70 20% 13 22% 1.039 (0.529; 2.039) 1.16 (0.529; 2.543)

Adjustment variables were selected using directed acyclic graphs.

Confidence interval (CI), cancer-free control (CO), first primary neoplasm (FPN), human immunodeficiency virus (HIV), International Standard Classification for Education (ISCED),

odds ratio (OR), second primary neoplasm (SPN).
1Missing values are shown but not included in the analysis.
2DAGs identified no additional adjustment variables for this model.
3Additionally adjusted for therapy of FPN.
4Additionally adjusted for families with possible Li-Fraumeni syndrome.
5Additionally adjusted for therapy of FPN and families with possible Li-Fraumeni syndrome.

Significant values were printed in bold.
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disorders, the CCS of the KiKme study suffered from thyroid

disorders significantly more frequently than cancer-free

controls. Thyroid disorders are well-known adverse late health

effects of cancer therapies and especially of cancer therapies in

childhood (46). This known association between thyroid

diseases and cancer therapy is well illustrated in our data as

well since the strong effect observed when comparing CCS and

cancer-free controls disappears when comparing SPN and FPN,

both of whom received some type of cancer therapy.

Besides the confirmation of known associations in our data,

we attempted to generate new hypotheses on novel associations

between cancer status and adverse late health effects of

childhood cancer as well as lifestyle parameters. Within the

comparison between cases and controls, no new hypotheses

could be generated. However, to the best of our knowledge, this

study is the first one to investigate differences between CCS with

a single diagnosis in childhood and CCS with multiple

primary malignancies.

This comparison between CCS groups showed that CCS with

SPN took more medication than those with FPN. This result

complements the previously described hypothesis of reduced

alcohol consumption with regular medication intake. It was also

shown here, even if the result just exceeds the significance limit

in the adjusted model (Table 3), that CCS with SPN, who take

significantly more medication, drink alcoholic beverages (less

than 1 drink/day compared to no drink) less frequently than

CCS with FPN only. No difference was found for higher amounts

(more than one drink/day) of alcohol per day. In addition, there

TABLE 5 Multinomial logistic regression on cancer status and calculated health score1.

Cancer
status

n % n % n % n % n % OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

adjusted for matchinggroup,
birth year, and age at interview

adjusted for matchinggroup,
birth year, and age at interview2

Health score (max. 1 point (p.); all participants)

total

(N=591)

missings

(N=37)

< 0.75 p.

(N=276)

0.75 p.

(N=154)

> 0.75

p.

(N=124)

< 0.75 p. vs. > 0.75

p.

0.75 p. vs. > 0.75

p.

< 0.75 p. vs. > 0.75

p.

0.75 p. vs. > 0.75

p.

CO 150 25% 6 16% 80 29% 31 20% 33 27% Ref. Ref. Ref. Ref.

FPN and SPN 441 75% 31 84% 196 71% 123 80% 91 73% 0.745 (0.445; 1.247) 1.616 (0.871; 2.998) 0.687 (0.4; 1.181) 1.425 (0.744; 2.731)

FPN 340 77% 15 48% 152 78% 100 81% 73 80% Ref. Ref. Ref. Ref.

SPN 101 23% 16 52% 44 22% 23 19% 18 20% 1.112 (0.595; 2.078) 0.913 (0.456; 1.827) 1.06 (0.563; 1.995) 0.78 (0.382; 1.592)

Health score (max. 1 p.; females)

total

(N=301)

missings

(N=14)

< 0.75 p.

(N=134)

0.75 p.

(N=93)

> 0.75

p.

(N=60)

< 0.75 p. vs. > 0.75

p.

0.75 p. vs. > 0.75

p.

< 0.75 p. vs. > 0.75

p.

0.75 p. vs. > 0.75

p.

CO 62 21% 3 21% 31 23% 17 18% 11 18% Ref. Ref. Ref. Ref.

FPN and SPN 239 79% 11 79% 103 77% 76 82% 49 82% 0.701 (0.308; 1.598) 1.088 (0.442; 2.681) 0.597 (0.247; 1.443) 1.103 (0.412; 2.95)

FPN 189 79% 5 45% 80 78% 62 82% 42 86% Ref. Ref. Ref. Ref.

SPN 50 21% 6 55% 23 22% 14 18% 7 14% 1.681 (0.655; 4.312) 1.397 (0.514; 3.794) 1.623 (0.624; 4.22) 1.318 (0.479; 3.631)

Health score (max. 1 p.; males)

total

(N=290)

missings

(N=23)

< 0.75 p.

(N=142)

0.75 p.

(N=61)

> 0.75

p.

(N=64)

< 0.75 p. vs. > 0.75

p.

0.75 p. vs. > 0.75

p.

< 0.75 p. vs. > 0.75

p.

0.75 p. vs. > 0.75

p.

CO 88 30% 3 13% 49 35% 14 23% 22 34% Ref. Ref. Ref. Ref.

FPN and SPN 202 70% 20 87% 93 65% 47 77% 42 66% 0.812 (0.404; 1.631) 1.839 (0.759; 4.46) 0.679 (0.263; 1.752) 1.274 (0.491; 3.308)

FPN 151 75% 10 50% 72 77% 38 81% 31 74% Ref. Ref. Ref. Ref.

SPN 51 25% 10 50% 21 23% 9 19% 11 26% 0.765 (0.304; 1.926) 0.626 (0.204; 1.922) 0.739 (0.283; 1.929) 0.491 (0.152; 1.585)

Confidence interval (CI), cancer-free control (CO), first primary neoplasm (FPN), odds ratio (OR), second primary neoplasm (SPN).
1Score includes the following variables: number of diseases: 0-2 (1 point (p.)), 3 or more (0 p.); Body Mass Index: <18.5 (0 p.), 18.5-30 (1 p.), >30 (0 p.); International Standard Classification

for Education (ISCED): Sek II or academic (1 p.), no graduation or Sek I (0 p.); smoking status: never (1 p.), former or current (0 p.); alcoholic beverages/day: <1 (1 p.), 1 or more (0 p.);

consumption of soft drinks: no (1 p.), yes (0 p.); hours of physical activity/week: 5 hours or more (1 p.), 0-4 hours (0 p.); current occupation: occupied (1 p.), unemployable or pensioner (0

p.). At least 4 items of the score have to be answered. To account for missing values, the sum score was divided by the number of answered variables. Missing values are shown but not

included in the analysis.
2All models were additionally adjusted for ethnicity and families with possible Li-Fraumeni syndrome. Adjustment variables were selected using directed acyclic graphs.

Significant values were printed in bold.
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was also a difference in the consumption of more than 1 soft

drink per day, even if the significance limit in the adjusted model

was also slightly exceeded here. Again, CCS with SPN were

found to drink sugar-sweetened beverages less frequently than

CCS with FPN (Table 3). This could be an indication of a more

conscious lifestyle in general. These findings, however, need to be

confirmed in larger studies.

Regarding the associations between cancer status and a

calculated overall health score, other than expected from us,

no difference was observed by cancer status in our study. This

null result may be explained by the fact that, as our results

showed, the cases might have a higher disease burden but live a

healthier lifestyle overall. The cancer-free control group, on the

other hand, appears to be healthier but have an unhealthier

lifestyle. Thus, for the health score, which includes both health

and lifestyle factors, the total scores obtained by cases and

controls may annihilate.

Strengths and limitations

Regarding strengths and limitations, this unique cohort of

CCS with and without subsequent SPN and cancer-free controls

is the first to carry out differentiated analyzes on cancer and late

health effects as well as on differences in lifestyle, also at the level

of different numbers of cancer diagnoses.

All information for the conducted analyses was self-reported by

the participants and therefore might underlie a certain recall bias.

However, by collecting self-reported data, we were able to get

information on a large number of variables that enables us to

extensively adjust our models. Moreover, we succeeded to collect

not only information from the subjects themselves but also collected

information on the family history of severe diseases, which allows us

to adjust for familial predispositions to some extent.

As with all self-reported epidemiological studies, our study

underlies an inherent survivor bias as only living patients could

be recruited. Severe cases with high mortality (e.g. acute myeloid

leukemia after acute lymphocytic leukemia or 2 diagnoses in

quick succession) cannot be covered to a full extent by this study.

Moreover, a selection bias cannot be ruled out in this study, as

individuals with serious health problems may be less motivated

to participate and the recruitment of cancer-free controls was

regionally limited due to logistic reasons. Moreover, cancer-free

controls were found to be slightly younger then participating

CCS. In addition, the statistical power of the study is limited by

the sample size. The number of available former childhood

cancer patients was restricted by the number of CCS meeting

the inclusion criteria that were registered at the German

Childhood Cancer Registry. The sample size and the rather

short follow-up time of CCS result in a small number of adverse

health outcomes, especially for rare diseases such as heart attack,

stroke, or serious infectious diseases. However, the number of

late adverse health outcomes may increase during the further

follow-up of our cohort. The cohort thus offers the possibility for

extensive analyzes of late effects of childhood cancer in the

future. With an increasing number of outcomes, more

differentiated investigations, e.g., concerning the type, number,

and localization of received therapies, can also be considered.

Conclusion

Overall, a different general state of health and different

health behaviors could be identified between CCS and cancer-

free controls. Although CCS seem to have healthier lifestyles

than cancer-free controls, including less soft drink and alcohol

consumption as well as less tobacco smoking and lower body

mass index, they are more likely to have serious illnesses. In

detail, the results of this study conducted on German CCS and

cancer-free controls, confirm that thyroid diseases without

thyroid cancer and disorders of the lipid metabolism may be

more common in CCS than in cancer-free controls. As a

consequence of the higher disease burden, CCS, particularly

those with SPN, may take more regular medication. In

addition, CCS seem to be less physically active than cancer-

free controls, which might be explained by their higher disease

burden. The higher overall disease burden is likely related to

previous cancer therapies. Based on these findings, research

into improving cancer therapies and starting points for

reducing long-term consequences should continue in the

future. Moreover, we recommend that former childhood

cancer patients be closely monitored by their treating

physicians, not only with regard to cancer follow-up, but

especially with regard to possible potential risk factors for

the development of late adverse health effects. Here in

particular, lipid metabolism disorders should be treated to

prevent the development of cardiovascular disease. In

addition, survivors should be encouraged to achieve the

recommended time of physical activity, as this has been

identified in the past as protective for the development of

various adverse health outcomes in cancer survivors.
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Background: Childhood cancer survivors (CCS) are at particularly high risk for

therapy-related late sequelae, with secondary primary neoplasms (SPN) being

the most detrimental. Since there is no standardized questionnaire for

retrospective assessment of associations between prior cancer treatments and

late health effects, we developed a self-administered questionnaire and validated

it in a cohort of CCS.

Methods: CCS of a first primary neoplasm (FPN, N=340) only or with a

subsequent SPN (N=101) were asked whether they had received cancer

therapies. Self-reports were compared to participants’ medical records on

cancer therapies from hospitals and clinical studies (N=242). Cohen’s Kappa (k)

was used tomeasure their agreement and logistic regression was used to identify

factors influencing the concordance. Associations between exposure to cancer

therapies and late health effects (overweight/obesity, diseases of the lipid

metabolism and the thyroid gland, cardiovascular diseases, occurrence of SPN)

were analyzed in all participants by applying generalized linear mixed models to

calculate odds ratios (OR) and 95% confidence intervals (95%CI).

Results: For CCS of SPN, a perfect agreement was found between self-reports

and medical records for chemotherapy (CT, k=1.0) while the accordance for

radiotherapy (RT) was lower but still substantial (k=0.8). For the CCS of FPN the

accordance was less precise (CT: k=0.7, RT: k=0.3). Cancer status, tumors of the

central nervous system, sex, age at recruitment, vocational training, follow-up

time, and comorbidities had no impact on agreement. CCS with exposure to CT
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were found to be less often overweight or obese compared to those without CT

(OR=0.6 (95%CI 0.39; 0.91)). However, they were found to suffer more likely from

thyroid diseases excluding thyroid cancers (OR=9.91 (95%CI 4.0; 24.57)) and

hypercholesterolemia (OR=4.45 (95%CI 1.5; 13.23)). All other analyses did not

show an association.

Conclusion:Our new questionnaire proved reliable for retrospective assessment

of exposure to CT and RT in CCS of SPN. For the CCS of FPN, self-reported RT

was very imprecise and should not be used for further analyses. We revealed an

association between late health outcomes occurring as hypercholesterolemia

and thyroid diseases, excluding thyroid cancer, and the use of CT for the

treatment of childhood cancer.

KEYWORDS

childhood cancer survivors (CCS), second malignancies, radiotherapy, chemotherapy,

body mass index - BMI, thyroid diseases, lipid metabolism, validation

1 Background

Patients with childhood cancer are often treated with

radiotherapy (RT) and/or chemotherapy (CT) (1). Over the last

decades, these therapies for childhood cancer have improved

significantly, which have been accompanied by improvements in

long-term survival (2, 3). However, since these therapies not only

affect the tumor but also healthy tissues, they are known factors

associated with the development of second primary neoplasms after

childhood cancer (4) or can result in several late adverse health

effects (5). Despite similar therapies, not all childhood cancer

survivors (CCS) suffer from long-term health effects. Data from

2018 showed that around 8% of the CCS listed in the German

Childhood Cancer Registry develop a second primary neoplasm

(SPN) within the next 35 years (6). In addition to this particularly

serious late adverse health outcome after primary cancer treatment

in childhood, CCS are at increased risk for chronic cardiovascular

or lung diseases, as well as infertility (7–12). The risk of such late-

occurring health issues seems to be associated with the dose of RT

and CT (11, 13, 14).

In a large cohort of CCS it has been shown that a reduction in

radiation exposure during therapy leads to fewer cardiac events in

adulthood (2). In particular, irradiation of the mediastinum or

spinal cord, for example in the context of treatment for Hodgkin’s

lymphoma or tumors of the central nervous system (CNS), is

considered as a risk factor for the development of cardiac disease

later in life (15). Similarly, CCS are at increased risk of developing

restrictive lung diseases after thoracic RT. Due to the formation of

the lung alveoli in the first few years of life, exposure to ionizing

radiation at this age is moreover associated with reduced lung

capacity (15).

In the case of both RT and CT, the dose of therapy received is of

importance for the development of heart and lung diseases later in

life (16). While treatment with high doses of CT agents is associated

with an increased risk of cardiac events (17), lower doses are

associated primarily with conditions considered to be risk factors

for the development of late cardiac events (18).

RT and CT are used not only as definitive treatments/

monotherapy, but also as part of multimodal therapy strategies. A

combination of RT and CT has become established as the standard

treatment for many cancer sites (19), as the combination of

systemically acting CT and RT often achieves better therapeutic

results (20). In this combination, the systematically acting CT acts

by a radiosensitization mechanism that involves making tumor cells

more sensitive to RT (21, 22). Due to an additive or synergistic effect

of this multimodal therapy, CCS are at increased risk for the

development of late adverse health effects (e.g., cardiovascular,

hematological, neurological, pulmonary, and renal conditions)

compared to CCS treated with monotherapy (22).

In addition to RT and CT or the combination of these two

therapeutic strategies, childhood cancers are now also treated with

targeted and cancer-specific approaches. Immunologic and targeted

therapies are increasingly finding their way into the treatment of

pediatric cancers because, unlike CT and RT, they are cancer-

specific and not genotoxic, and thus may reduce the risk of late

effects (23).

Malignant diseases of the hematopoietic or lymphatic system,

which occur particularly frequently in childhood, are often

successfully treated with hematopoietic stem cell transplantation

(23, 24). In order to prevent rejection reactions such as graft-versus-

host diseases after transplantation, post-transplant treatments with

Abbreviations: CCS, Childhood cancer survivors; CI, Confidence interval; CO,

Cancer-free controls; CT, Chemotherapy; DAG, Directed acyclic graph; FPN,

Childhood cancer survivors with a first primary neoplasm only; GLMM,

Generalized linear mixed model; NPV, Negative predictive value; OR, Odds

ratio; RT, Radiotherapy; PPV, Positive predictive value; SPN, Childhood cancer

survivors with at least one second primary neoplasm.
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immunosuppressants are required. Due to this combination of

therapies, recipients of stem cell transplants have a further

increased risk of late adverse health effects such as diseases of the

kidney and liver, development of SPN, as well as overall reduced

quality of life (24).

Despite the important role of cancer therapies in the

development of late adverse health effects after surviving

childhood cancer, research on accurate exposure measures of

cancer therapies in childhood often remains challenging due to a

lack of valid information on cancer therapies in many

epidemiologic studies. To our knowledge, the only attempt of

asking young adults about their exposure to cancer therapies in

childhood was done via telephone interviews within the Childhood

Cancer Survivor Study in the early 2000s (25). However, until now,

there is no established self-administered questionnaire to

retrospectively assess exposures to RT, CT, or other cancer

therapies as well as to diagnostic procedures in childhood among

a population of young adults. Particularly in countries where the

linkage of different medical data (e.g., from hospitals, outpatient

care, registries, and health insurance companies) has so far only

been possible to a limited extent and often only at great expense for

reasons of data protection (26) or infrastructural issues, such a

questionnaire would be of great benefit to be able to ask study

participants in an uncomplicated way for information on cancer

therapies received. Therefore, a new self-administered

questionnaire, which consists of a total of 62 items in total, was

developed and applied within the population of the nested case-

control study KiKme (27). Nine of the questionnaire items collect

detailed information about lifetime medical exposures to radiation

and cancer therapies.

To validate this new questionnaire, this study aims, first, to

compare self-reported exposure to cancer therapies with

information on cancer treatment from medical records.

Therefore, a subsample of study participants with complete

information from both questionnaires and medical records from

hospitals and therapy-optimizing studies will be used. Secondly,

influencing factors on concordance between the questionnaire and

medical records will be analyzed. Finally, reliable self-reported

information from our questionnaire will be used to estimate

possible associations of exposure to cancer therapies with the risk

of late adverse health effects within the KiKme study population.

2 Materials and methods

2.1 Study design and participants

The study participants were recruited within the population-

based nested case-control study KiKme. Detailed information on

recruiting strategies and data collection can be found in the study

protocol (27). In brief, the KiKme study population included 441

CCS, registered at the German Childhood Cancer Registry. CCS

were grouped into survivors with a first primary neoplasm (FPN,

n=340) only and survivors with a subsequent SPN (n=101). CCS

with FPN only were used as cancer controls and were matched to

participating CCS with an SPN by age, sex, cancer site, year of

diagnosis, and age at diagnosis. In addition, the study population

includes 150 cancer-free controls that were recruited at the

Department of Orthopedics and Trauma Surgery at the Johannes

Gutenberg-University in Mainz (Germany). Cancer-free controls

were matched by sex and age to the SPN and FPN survivors.

2.2 Data collection

The data collection in the study was done using our newly

developed questionnaire which was self-administered by all

participants. In 62 questions the study participants were asked to

provide information about their demographics, health and health-

related behaviors, regular medication, as well as severe diseases in

their families. The study participants were also allowed to obtain

information from others, e.g., their parents, in order to answer

the questionnaire.

Based on anthropometric information on weight and height,

normal weight was defined as Body Mass Index (BMI) of 18.5 and <

25 kg/m2, overweight as BMI ≥25 kg/m2, and obesity as BMI ≥30

kg/m2 according to the WHO standards. To assess their medical

history and health status, participants were asked whether they had

been diagnosed wi th any severe d i sease , inc lud ing

hypercholesterolemia, hypertension, heart attack, stroke, and

thyroid diseases. Additionally, age at diagnosis was requested.

Besides the questions on anthropometric factors and health, the

questionnaire included nine questions on medical therapies and

lifetime exposure to ionizing radiation. Within these nine questions

participants were asked whether they had ever received cancer

therapy (RT, CT, or other cancer therapy). If so, they were asked in

what year, at what age, how often, and with what doses they were

treated. Also, information on affected body regions and substances

was collected. They were asked whether they had ever had

diagnostic or interventional exposures, including radiographic

examination, such as for fractures, pneumonia, surgery, or dental

examinations, computed tomography, positron and single photon

emission computed tomography, magnetic resonance imaging,

minimally invasive radiological intervention, and thyroid

radioiodine therapy.

To validate the information from the questionnaire, we used

available data frommedical records on cancer therapies recorded by

treating hospitals or therapy-optimizing studies from a subsample

of our participants and compared them with participants’ self-

reported information.

2.3 Statistical analysis

Descriptive analyses were performed on age, sex, cancer

diagnoses, subsequent therapies, and exposure to medical

diagnostics. Results were stratified by cancer status (SPN, FPN,

and cancer-free controls) and frequency (N) and proportions (%)

were provided for summary statistics.

A quality assessment was performed to determine the validity

and agreement of self-reported information on therapy (received

RT/CT: yes/no) with the information from the medical records.
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This was measured by Cohen’s kappa coefficient (k) (28).

Influencing factors (sex, age, number of neoplasms, tumors of the

CNS, vocational training, comorbidities, time since cancer

treatment) on the concordance between the questionnaire and

medical records were analyzed using logistic regression.

We applied generalized linear mixed models (GLMM) to the

self-reported information from questionnaires to analyze the

statistical association between exposure to cancer therapies and

risk of later occurring adverse health effects as well as to calculate

odds ratios (OR) and 95% confidence intervals (95%CI). For the

analysis of adverse health effects after exposure to cancer therapies,

CCS of FPN and CCS of SPN were aggregated to ensure a

sufficiently large cell population for each adverse health effect

occurring after the FPN and prior to a possible SPN. For CCS of

SPN, only therapies for the FPN were included in analyses. For the

analysis of the occurrence of an SPN later in life, cancer-free control

patients were excluded. In our models, each matching group was

treated as a random effect. Additionally, ‘age’ and ‘year of birth’

were included as fixed effects in all models to improve matching

efficiency for the variable ‘age at recruitment’ within the specified 5-

year period (27). Possible additional adjustment variables were

considered after drawing a Directed Acyclic Graph (DAG) that

was carefully developed based on prior knowledge using DAGitty

(version 3.0)1 (see Supplementary File 1).

Survival analysis using Kaplan-Meier curves was applied to

describe and compare the cumulative incidence curves of the onset

of late adverse health effects by cancer site (leukemia, lymphoma,

and tumors of the central nervous system) and stratified by self-

reported cancer therapy. For this purpose, the year of diagnosis of

the late adverse disease was subtracted from the year of reported

therapy. All statistical analyses for this publication were performed

using SAS 9.3 (SAS Institute Inc., Cary, North Carolina, USA).

3 Results

3.1 Study characteristics

This study includes 591 participants of which 51% were females

(Table 1). The mean age at the interview was 35.14 years (standard

deviation (SD): 7.14; range: 19.90-51.40 years) for CCS of SPN,

34.84 years (SD: 7.68; range: 19.60-54.50 years) for CCS of FPN, and

28.91 years (SD: 7.32; range: 18.70-48.20 years) for cancer-free

controls. The interviews were conducted on average 27.26 years

(SD: 6.90; range 5.0-38.0 years) after the first cancer diagnosis in

CCS of SPN and 26.24 years (SD: 6.93; range: 4-39 years) after the

first diagnosis in CCS of FPN. Leukemia and lymphoma were most

commonly treated with both RT and CT in our study (leukemia:

N=105, 50%, lymphoma: N=85, 47%, Supplementary Figures 1A,

B), regardless of the chronological order of the two therapies. For

tumors of the CNS either RT and CT or a combination with an

additional therapy (e.g., stem cell transplantation) was most likely

(N=17, 29% for both, Supplementary Figure 1C). Further

characteristics of the study participants including detailed

information on cancer diagnoses and treatment as well as on

exposure to medical diagnostics are summarized in Table 1.

Participants who did not provide information in self-administered

questionnaires (N=37, 6%) were excluded from the analyses. For

272 (46%, 93 CCS of SPN and 179 CCS of FPN) of the KiKme study

participants information was available from medical records

(Table 2). Of these participants, 235 (86%) had received RT or

CT, five (2%) participants had only undergone a stem cell

transplant, and for another two (1%) participants no therapy was

indicated. For the remaining 30 (11%) study participants,

information on cancer therapies from medical records was

not available.

3.2 Association between self-reported
cancer therapies and medical records

A perfect agreement (k=1.0) was found between self-reports on

CT from CCS of SPN and their corresponding information from

medical records (Table 3). Overall, 71 (97%) CCS of SPN reported

receiving CT and only two (3%) reported not receiving CT. The

agreement for RT was lower but substantial (k=0.77). Three (5%)

CCS of SPN misreported on RT, while there was an agreement

between both data sources for the remaining 59 (95%) CCS of SPN.

Overall, the group of CCS of FPN reported less accurately. For CT, a

moderate agreement was observed (k=0.66). However, only one (1%)

CCS of FPN misreported by indicating no CT in the self-reported

questionnaire whereas there was information on CT available in the

medical records. The other 140 (99%) CCS of SPN with available

information on CT reported correctly. The lowest and only fair

agreement was found for RT in CCS of FPN (k=0.31). Whereas 105

(93%) CCS of FPN reported correctly on RT, a total of eight (7%)

CCS of FPN reported that they did not receive RT while RT was

documented in their medical records. Using logistic regression, none

of the variables (cancer status, sex, age at recruitment, tumors of the

CNS, vocational training, follow-up time, and comorbidities) had

significant impact on the agreement between self-reported or

clinically documented RT (Table 4).

3.3 Exposure to cancer therapies and risk
of later occurring adverse health effects

Since CCS provided valid self-reports of CT, we analyzed

potential associations of this treatment with adverse health effects.

The results showed that CCS treated with CT were found to be less

often overweight or obese compared to CCS without CT (OR=0.6

(95%CI 0.39; 0.91), Table 5). A total of 140 (24%) of the study

participants reported on diseases of the thyroid gland (Table 1). Here,

only non-malignant diseases were considered as thyroid diseases and

malignant diseases of the thyroid gland were considered as SPN.

Thyroid diseases occurred more often in participants with CT

(OR=9.91 (95% CI 4.0; 24.57), Table 5). Similar results were

obtained for hypercholesterolemia: Participants treated with CT

were found to suffer more likely from such disorders of lipid1 http://www.dagitty.net/dags.html.
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TABLE 1 Description of the study population.

CCS of SPN (N=101) CCS of FPN (N=340)
CO

(N=150)
Total

(N=591)

n % n % n % n %

Questionnaire available

Yes 85 84% 325 96% 144 96% 554 94%

No 16 16% 15 4% 6 4% 37 6%

Sex

Female 50 50% 189 56% 62 41% 301 51%

Male 51 50% 151 44% 88 59% 290 49%

Age at interview

< 25 years 9 9% 37 11% 54 36% 100 17%

25-29 years 14 14% 55 16% 37 25% 106 18%

30-34 years 17 17% 76 22% 20 13% 113 19%

35-39 years 21 21% 70 21% 20 13% 111 19%

≥ 40 years 24 24% 87 26% 13 9% 124 21%

Cancer site of FPN

Leukemia 41 41% 166 49% – – 207 35%

Lymphoma 41 41% 135 40% – – 176 30%

Brain & CNS 15 15% 35 10% – – 50 8%

Other tumors 4 4% 4 1% – – 8 1%

Cancer site of SPN

Thyroid cancer 30 30% – – – – 30 5%

Skin carcinoma 32 32% – – – – 32 5%

Malignant melanoma 4 4% – – – – 4 1%

Leukemia 9 9% – – – – 9 2%

Lymphoma 6 6% – – – – 6 1%

Brain & CNS 9 9% – – – – 9 2%

Breast cancer 3 3% – – – – 3 1%

Other unspecific carcinoma 7 7% – – – – 7 1%

Sarcoma 2 2% – – – – 2 0%

Radiotherapy

Ever 68 67% 222 65% 3 2% 293 50%

For FPN diagnosis 62 61% 215 63% – – 277 47%

For SPN diagnosis 7 7% 2 1% – – 9 2%

For other diseases 0 0% 0 0% 3 2% 3 1%

Never 15 15% 95 28% 140 93% 250 42%

No information 18 18% 23 7% 7 5% 48 8%

Chemotherapy

Ever 82 81% 314 92% 0 0% 396 67%

For FPN diagnosis 78 77% 314 92% – – 392 66%

(Continued)
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TABLE 1 Continued

CCS of SPN (N=101) CCS of FPN (N=340)
CO

(N=150)
Total

(N=591)

n % n % n % n %

For SPN diagnosis 14 14% 0 0% – – 14 2%

Never 2 2% 7 2% 114 76% 123 21%

No information 17 17% 19 6% 36 24% 72 12%

Other cancer therapies

Ever 59 58% 79 23% 0 0% 138 23%

For FPN diagnosis 17 17% 66 19% – – 83 14%

Surgery 17 17% 56 16% - - 73 12%

Other cancer therapies1 2 2% 9 3% - - 11 2%

For SPN diagnosis 52 51% 4 1% – – 56 9%

Surgery 47 47% 4 1% - - 51 9%

Other cancer therapies1 2 2% 0 0% - - 2 0%

For further cancer diagnosis 5 5% 0 0% – – 5 1%

Surgery 3 3% 0 0% - - 3 1%

Never 23 23% 226 66% 113 75% 362 61%

No information 19 19% 35 10% 37 25% 91 15%

X-ray examinations

Ever 84 83% 310 91% 141 94% 535 91%

Never 0 0% 5 1% 3 2% 8 1%

No information 17 17% 25 7% 6 4% 48 8%

Computed tomography examinations

Ever 73 72% 237 70% 68 45% 378 64%

Never 6 6% 56 16% 67 45% 129 22%

No information 22 22% 47 14% 15 10% 84 14%

Positron emission tomography

Ever 29 29% 69 20% 0 0% 98 17%

Never 32 32% 186 55% 138 92% 356 60%

No information 40 40% 85 25% 12 8% 137 23%

Magnetic resonance imaging

Ever 75 74% 229 67% 109 73% 413 70%

Never 5 5% 56 16% 32 21% 93 16%

No information 21 21% 55 16% 9 6% 85 14%

Minimally invasive radiological intervention

Ever 13 13% 30 9% 7 5% 50 8%

Never 58 57% 261 77% 142 95% 461 78%

No information 30 30% 49 14% 1 1% 80 14%

Thyroid radioiodine therapy

Ever 22 22% 26 8% 1 1% 49 8%

(Continued)
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metabolism (OR=4.45 (95%CI 1.5; 13.23)). No difference was found

for the occurrence of cardiovascular diseases (OR=1.46 (95%CI 0.71;

3.01)) and second primary neoplasms (OR=0.28 (95%CI 0.05; 1.47)).

The association between exposure to RT and late adverse health

effects in the group of CCS of SPN could not be calculated due to

small sample sizes (Table 6).

397 CCS with RT and/or CT were included in the Kaplan-Meier

analysis. Figures 1, 2 illustrate the cumulative incidence curves for

late adverse diseases of the thyroid gland (excluding thyroid cancer)

after exposure to cancer therapy for leukemia, lymphoma, and CNS

tumors. The median follow-up time was 26.48 years (SD: 6.84 years,

range: 4.0-36.0 years). After RT or CT, 26 (25%) or 38 (23%) CCS of

leukemia, 54 (52%) or 56 (39%) CCS of lymphoma and 16 (52%) or

16 (47%) CCS of CNS tumors developed a non-malignant thyroid

disease, respectively. The 20-year disease-free survival after primary

cancer diagnosis was 54%, 64% in the group of leukemia CCS, 52%

in CCS of lymphoma and 37% in CCS of CNS tumors. There were

no remarkable differences between cancer sites in long-time survival

for the other late adverse health outcomes.

4 Discussion

This study was successful in the validation of the newly developed

self-administered questionnaire on the retrospective assessment of

exposure to cancer therapies in childhood, especially regarding CT.

Based on the data collected in this way, we demonstrated an impact of

CT on health-related late effects in the cohort of CCS of the KiKme

study. CCS with CT in childhood were found to suffer more likely

from diseases of the thyroid gland and lipid metabolism. They were

also less likely to be overweight or obese compared to CCS without

CT. Self-reporting of RT in childhood was too imprecise to investigate

associations with potential late effects.

4.1 Agreement between self-reported
exposure and medical records

Similar analyses on the agreement between self-reported cancer

therapy and medical records were previously conducted on

TABLE 1 Continued

CCS of SPN (N=101) CCS of FPN (N=340)
CO

(N=150)
Total

(N=591)

n % n % n % n %

Never 58 57% 261 77% 142 95% 461 78%

No information 21 21% 53 16% 7 5% 81 14%

Weight status

Underweight (BMI < 18.5 kg/m²) 2 2% 11 3% 3 2% 16 3%

Normal weight (BMI ≥ 18.5 - < 25 kg/m²) 45 45% 167 49% 69 46% 281 48%

Overweight (BMI ≥ 25 - < 30 kg/m²) 28 28% 93 27% 47 31% 168 28%

Obesity (BMI ≥ 30 kg/m²) 9 9% 50 15% 25 17% 84 14%

No information 17 17% 19 6% 6 4% 42 7%

Thyroid diseases (without cancer)2

Yes 18 18% 117 34% 5 3% 140 24%

No 42 42% 208 61% 134 89% 384 65%

No information 41 41% 15 4% 11 7% 67 11%

Hypercholesterolemia

Yes 15 15% 48 14% 3 2% 66 11%

No 67 66% 274 81% 134 89% 475 80%

No information 19 19% 18 5% 13 9% 50 8%

Cardiovascular diseases3

Yes 13 13% 46 14% 10 7% 69 12%

No 69 68% 271 80% 129 86% 469 79%

No information 19 19% 23 7% 11 7% 53 9%

BMI, body mass index; CCS, childhood cancer survivors; CO, cancer-free control; FPN, first primary neoplasm; SPN, second primary neoplasm.
1Other cancer therapies include stem cell transplantation and other medication.
2Malignant thyroid diseases were considered as SPN.
3Including hypertension, heart attack, or stroke.

Brackmann et al. 10.3389/fonc.2023.1150629

Frontiers in Oncology frontiersin.org07



survivors of adult breast cancer (29–35) or several other tumor

entities (25, 32, 36).

The studies from other research groups showed good to very

good agreements between self-reported exposure to CT and data

from medical records. However, the follow-up period of the other

studies was rather short. A study on breast cancer survivors by Kool

et al. (35) found a high agreement for exposure to CT (k=0.95) in a

sample of 350 study participants after a short follow-up of 9 to 18

months after tumor surgery. An even shorter follow-up period was

found in the study by Gupta and colleagues (34), where breast cancer

survivors were asked about their disease and therapy approximately

6.5 months after their diagnosis. Considering that CT starts about 1

month after diagnosis and lasts for about one month, the time

between last CT and interview was only about 4.5 months. The

authors found moderate to excellent agreement for CT (81.7-98.0%).

Besides the short time span between therapy and interview, patients

in this study were provided with detailed information about their

disease and therapy when they are discharged from the hospital,

which might have contributed to the good agreement. In our study,

study participants were asked about their exposure to CT about 27

years after the first cancer diagnosis in childhood. Nonetheless, we

found similar rates of agreement for CT using our new developed

questionnaire. The generally high compliance with CT might be

attributed to recollection of the severe acute side effects of this

treatment. This was also assumed in a recent review of self-

reported medication in cancer survivors from Brüne et al. (32).

Contrary to the good agreement for CT, the self-reported

exposure to RT was less precise in our study. Similarly, Gupta

et al. (34) also report poor agreement with respect to RT. While

32.1% of participants reported RT, it was applied in only 4.9% of

cases based on their medical records. Gupta et al. justify this

phenomenon with the fact that RT is not used as first-line

therapy in the curative treatment of breast cancer. Because RT is

only used as a palliative or second/third-line therapy when surgery

and CT were not able to control tumor growth or metastatic spread

at a later time after diagnosis, it may not have been as well

remembered by participants as CT. In contrast to our results and

the results from Gupta et al., the study on breast cancer survivors by

TABLE 2 Available therapy information from medical records of KiKme study participants.

CCS of SPN (N=93) CCS of FPN (N=179)
Total

(N=272)

n % n % n %

Radio- and/or chemotherapy 86 92% 149 83% 235 86%

Only radiotherapy 1 1% 3 2% 4 1%

Only chemotherapy 20 22% 31 17% 51 19%

Radiochemotherapy 65 70% 115 64% 180 66%

Stem cell transplantation1 10 11% 9 5% 19 7%

Only stem cell transplantation 0 0% 5 3% 5 2%

Stem cell transplantation with radio-/chemotherapy 10 11% 4 2% 14 5%

No therapy 2 2% 0 0% 2 1%

Missing data 5 5% 25 14% 30 11%

CCS, childhood cancer survivors; FPN, first primary neoplasm; SPN, second primary neoplasm.
1Information on stem cell transplantation was not actively collected, available data are incidental findings. The actual number of transplantations is probably higher.

TABLE 3 Concordance between self-reported exposure to cancer therapies and data from medical records.

Information from medical records

CCS of SPN CCS of FPN Total

Received chemo-
therapy

Received radia-
tion therapy

Received chemo-
therapy

Received radia-
tion therapy

Received chemo-
therapy

Received radia-
tion therapy

Yes No Yes No Yes No Yes No Yes No Yes No

Questionnaire data

Received therapy

Yes 71 0 53 2 139 0 103 0 210 0 156 2

No 0 2 1 6 1 1 8 2 1 3 9 8

K 1.00 0.77 0.66 0.31 0.85 0.56

CCS, childhood cancer survivors; FPN, first primary neoplasm; SPN, second primary neoplasm.
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Kool et al. (35) found a high agreement for exposure to RT (k=0.94)

9 to 18 months after tumor surgery. In addition, Roberts et al. (36)

also reported a high agreement for exposure to RT (92%). However,

they only investigated pelvic RT in the course of impact of cancer

treatments on fertility in 101 young adult female cancer survivors.

One possible cause for the differences in agreement regarding RT

between the study of Roberts et al. and our study could be their

underlying research question and the associated study population.

They examined the impact of cancer and cancer treatments on

reproductive health. In this context, pelvic RT as a potential cause of

infertility might be particularly remembered by the respondents.

However, with the exception of the study by Roberts et al. (36),

which includes survivors that were diagnosed during childhood or

early adulthood, all other beforementioned validation studies have

been conducted in adults. To the best of our knowledge, the only

other study that ever requested information from young adults

about their exposure to cancer therapies in childhood was the

Childhood Cancer Survivor Study (25). In the early 2000s they

completed telephone interviews and compared information from

their study participants to therapy information assessed at the

baseline survey. In total, they found a high agreement for

exposure to CT (94%) and RT (89%) in their survey. In their

validation study, participants who received input from others

during interviews were excluded. In contrast, we gave our self-

administered questionnaires to our study participants and gave

them as much time as they needed to fill them out. They were also

allowed to gather as much information from others as they wanted.

Likely, many of the survivors who suffered from cancer in their early

childhood cannot remember the therapy exactly when they are

adults (25). In contrast, memory is likely to be very present in

relatives, especially parents, for many years after therapy. To obtain

the most accurate information possible, we encouraged our

TABLE 4 Influencing factors on the correlation between self-reported exposure to radiotherapy and data from medical records of participants from

the KiKme study.

Total (n=175) Not concordant (n=11) Concordant (n=164)

OR (95% CI)
n % n % n %

Second primary neoplasm

No 113 65% 8 73% 105 64% Ref.

Yes 62 35% 3 27% 59 36% 1.08 (0.25; 4.75)

Sex

Female 102 58% 9 82% 93 57% Ref.

Male 73 42% 2 18% 71 43% 2.43 (0.46; 12.88)

Age

< 35 years 74 42% 5 45% 69 42% Ref.

≥ 35 years 101 58% 6 55% 95 58% 1.14 (0.16; 7.97)

Tumors of the CNS

No 152 87% 10 91% 142 87% Ref.

Yes 23 13% 1 9% 22 13% 1.35 (0.13; 13.99)

Vocational training

Non-academic 98 56% 6 55% 92 56% Ref.

Academic 64 37% 3 27% 61 37% 1.26 (0.29; 5.43)

Missing 13 7% 2 18% 11 7%

Follow-up time

< 25 years 67 38% 5 45% 62 38% Ref.

≥ 25 years 108 62% 6 55% 102 62% 2.24 (0.34; 14.54)

Comorbidities1

No 39 22% 2 18% 37 25% Ref.

Yes 136 78% 9 82% 127 75% 1.39 (0.27; 7.34)

CI, confidence interval; CNS, central nervous system; OR, odds ratio.
1Comorbidities included diabetes, hypercholesterolemia, hypertension, lung diseases such as asthma or bronchitis, hay fever, inflammatory joint or vertebral diseases including arthrosis and

rheumatism, neurodermatitis, heart attack, stroke, thyroid diseases, Epstein-Barr virus infections, HIV, Hepatitis, or any other severe disease.
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participants to also obtain information from others (e.g., from

parents). In this way, we were able to retrospectively collect

particularly accurate information about cancer therapies in

early childhood.

Regarding factors that may have an influence on the agreement

between self-reports and medical records, none of the chosen

variables in our study (cancer status, sex, age at recruitment,

tumors of the CNS, vocational training, follow-up time, and

comorbidities) were found to be associated with the agreement.

Also, Kool and colleagues investigated factors influencing

concordance. In line with our findings, age had no significant

impact on agreement for RT and CT in their study. Moreover,

they could not demonstrate any influence of CT and endocrine

therapy (35). In addition, in three studies (29, 30, 33) included in

the review by Brüne et al. (32) neither age nor education had a

significant effect on agreement regarding CT. Only the group by

Roberts et al. (36) found significant associations between agreement

and age as well as cancer recurrence. Here, younger age at diagnoses

and cancer recurrence was associated with a higher risk of

misreporting. These identified influencing factors seem reasonable

to us since memory may not be as good for diagnoses at a younger

age and therapies may have been mixed up by participants with

multiple diagnoses. By encouraging our study participants to obtain

information from others, we seemed to be able to successfully

circumvent this effect in our study.

4.2 Late adverse health effects after
cancer therapy

Previously, we investigated associations between cancer status

and the occurrence of tumor therapy-related late adverse health

effects in CCS of the KiKme study (37). In these analyses, however,

cancer therapies were only considered as potential confounders. We

found associations between cancer status and individual diseases

including body mass index, hypercholesterolemia, and thyroid

diseases excluding thyroid cancer. In detail, we observed that CCS

of FPN and SPN were less likely to be overweight or obese than

TABLE 5 Self-reported exposure to chemotherapy and risk of later adverse health effects in participants of the KiKme case-control study.

n % n % n %
OR (95% CI)

Weight status

Total (N=538) Underweight or normal weight (N=292) Overweight or obese (N=246) Overweight/obesity vs. underweight/normal weight

Chemotherapy 388 72% 215 74% 173 70% 0.60 (0.39; 0.91)

No chemotherapy 150 28% 77 26% 73 30% Ref.

Thyroid diseases (without cancer)

Total (N=497) Yes (N=117) No (N=380) Yes vs. no

Chemotherapy 354 71% 111 95% 243 64% 9.91 (4.00; 24.57)

No chemotherap 143 29% 6 5% 137 36% Ref.

Hypercholesterolemia

Total (N=520) Yes (N=56) No (N=464) Yes vs. no

Chemotherapy 377 73% 52 93% 325 70% 4.45 (1.50; 13.23)

No chemotherapy 143 28% 4 7% 139 30% Ref.

Cardiovascular diseases

Total (N=519) Yes (N=60) No (N=459) Yes vs. no

Chemotherapy 374 72% 49 82% 325 71% 1.46 (0.71; 3.01)

No chemotherapy 145 28% 11 18% 134 29% Ref.

Second primary neoplasm1

Total (N=398) Yes (N=81) No (N=317) Yes vs. no

Chemotherapy 392 98% 78 96% 314 99% 0.28 (0.05; 1.47)

No chemotherapy 6 2% 3 4% 3 1% Ref.

All analyses were adjusted for the matching group, birth year, and age at the interview. For CCS of SPN only chemotherapy for the first primary neoplasm was included in analyses. Participants

with missing information were excluded from analysis.

CCS, childhood cancer survivors; CI, confidence interval; OR, odds ratio; SPN, second primary neoplasm.
1Cancer-free control patients were excluded from this analysis.
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cancer-free controls. In an analysis of individual diseases, it was

found that CCS suffer more frequently from thyroid diseases other

than thyroid cancer and hypercholesterolemia compared to

controls. Since these strong effects were only observed when

comparing CCS to cancer-free controls and disappeared when

comparing CCS of SPN to CCS of FPN, we hypothesized that the

effect may be driven by cancer therapies and conducted the

present study.

Our current analyses show that thyroid disease was significantly

more common in CCS with CT than in CCS without CT. A recent

literature review on thyroid disease after childhood cancer therapy

concludes that it is unclear whether CT itself is a risk for the

TABLE 6 Self-reported exposure to radiotherapy and late adverse health effects in CCS of SPN from the KiKme case-control study.

n % n % n %

Weight status

Total (N=80) Underweight or normal weight (N=46) Overweight or obese (N=34)

Radiotherapy 62 78% 36 78% 26 76%

No radiotherapy 18 23% 10 22% 8 24%

Thyroid diseases (without cancer)

Total (N=54) Yes (N=15) No (N=39)

Radiotherapy 38 70% 15 100% 23 59%

No radiotherapy 16 30% 0 0% 16 41%

Hypercholesterolemia

Total (N=73) Yes (N=9) No (N=64)

Radiotherapy 56 77% 9 100% 47 73%

No radiotherapy 17 23% 0 0% 17 27%

Cadiovascular diseases

Total (N=76) Yes (N=9) No (N=67)

Radiotherapy 58 76% 6 67% 52 78%

No radiotherapy 18 24% 3 33% 15 22%

For CCS of SPN only radiotherapy for the first primary neoplasm was included in analyses. Participants with missing information were excluded.

CCS, childhood cancer survivors; SPN, second primary neoplasm.

FIGURE 1

Time between self-reported radiotherapy and onset of late adverse

diseases of the thyroid gland by cancer site in participants of the

nested case-control study KiKme. Participants were included, if they

received radiotherapy for a first primary cancer diagnosis (n=277).

Thyroid cancers occurring as second primary neoplasms were

excluded for this analysis. CNS, central nervous system.

FIGURE 2

Time between self-reported chemotherapy and onset of late

adverse diseases of the thyroid gland by cancer site in participants

of the nested case-control study KiKme. Participants were included,

if they received radiotherapy for a first primary cancer diagnosis

(n=392). Thyroid cancers occurring as second primary neoplasms

were excluded for this analysis. CNS, central nervous system.
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development of thyroid disease or whether it adds to the well-

known risk of RT (38). Thyroid disorders are most frequently

observed after irradiation of the neck or spinal cord (15) with the

highest risk after childhood exposure (38). Due to a large number of

CCS in our study population who received both RT and CT, we are

unfortunately not able to differentiate our results in this regard

either. Moreover, we were unable to unravel an effect of RT on the

risk of thyroid diseases due to the lack of precise information from

the CCS of FPN and a limited case number.

We were also able to assign the previously observed association

between cancer status and dyslipidemia as therapy-related.

Prolonged CT or overall reduced physical fitness due to disease

and therapy were previously discussed as possible causes of such

metabolic changes (18, 39). In the long term, the presence of

disorders of lipid metabolism is one of the main risk factors for

the development of cardiovascular diseases later in life (40, 41).

Therefore, the analysis of cardiovascular outcomes after cancer

therapy in childhood was particularly important to us, even if we

could not observe a significant association between childhood

cancer and the occurrence of cardiovascular diseases in our

previously published analysis (37). In addition, in the present

study, we observed no association between cardiovascular diseases

and CT in childhood although such an association was reported by

several other studies (17, 41, 42). As different cytostatic drugs could

have different cardiotoxic effects (12, 17), the cause of this

unobserved effect in our study could be the imprecision of our

data. In the present study, moreover, the risk of cardiovascular

diseases after RT in childhood could not be estimated due to the low

number of cases. However, with regard to the latency of

cardiovascular diseases and second primary malignancies, we

expect an increase in these therapy-related sequalae with

extended follow-up and older age.

4.3 Strengths and limitations

This study has several strengths. Hitherto, to the best of our

knowledge, only one other validation study on retrospective

assessment of cancer therapies in childhood was conducted (25).

Contrary to their methods, we allowed our participants to obtain as

much information as possible about previous cancer therapies

before answering our self-administered questionnaire. In addition,

we had access to valid information on cancer therapies from the

treating hospitals of the participants as well as from therapy-

optimizing studies. Therefore, this unique study sample provides

the basis for the first validation of therapy information from self-

administered questionnaires. The newly developed questionnaire

enables in particular researchers who cannot link their study data to

clinical or registry data due to infrastructural or data protection

reasons to collect valid information for important research

questions in the field of tumor therapy-related late sequelae in a

cost-effective and efficient way. In the long term, information

obtained with this questionnaire can be used to forward research

on therapy-associated late effects.

However, because we used self-administered data from long-

term survivors of CCS, our analysis is subject to inherent survivor

bias. Severe cancer cases with high mortality, e.g., acute myeloid

leukemia following acute lymphoblastic leukemia or with two

consecutive cancer diagnoses in a very short time, could not be

considered. Moreover, a surveillance bias cannot be excluded in our

study, as former cancer patients may be diagnosed more frequently

with late sequelae due to regular follow-up examinations. Since we

used information from the self-reports of the participants our

results might be subject to a certain recall bias, especially

regarding the information on occurred adverse health effects. In

addition, a selection bias cannot be ruled out and the sample size

was not sufficient enough to provide enough statistical power for

specific research questions, in particular regarding late adverse

health effects after RT in CCS of FPN. Due to the short follow-up

period and the corresponding young age of our CCS cohort, only a

small number of health-related late effects have occurred so far.

However, prolonged follow-up of this unique cohort of CCS and

cancer-free control subjects will ensure an important and highly

relevant increase in knowledge about treatment-related late effects

in long-term CCS.

5 Conclusion

Our new self-reported questionnaire for CCS is reliable for a

retrospective assessment of a general exposure to tumor therapies in

childhood, particularly for CT and RT in CCS with at least one SPN.

However, the self-reported information on RT provided by study

participants in the FPN group was too imprecise and could not be

used. Nevertheless, our questionnaire offers a simple and cost-

effective way to collect valid therapy information from long-term

cancer survivors. This allowed us to demonstrate an association

between CT in childhood and the occurrence of some late health

effects, including thyroid and lipid metabolism disorders.

Data availability statement

The datasets presented in this article are not readily available

because of ethic and data protection reasons. We are happy to

support other research groups in their research projects by

providing the newly developed questionnaire. Requests to access

the questionnaires should be directed to the Leibniz Institute for

Prevention Research and Epidemiology – BIPS, Bremen, Germany.

Ethics statement

The studies involving human participants were reviewed and

approved by the Ethik-Kommission of the Landesärztekammer

Rheinland-Pfalz, Mainz, Germany. The patients/participants

provided their written informed consent to participate in this study.

Brackmann et al. 10.3389/fonc.2023.1150629

Frontiers in Oncology frontiersin.org12



Author contributions

MM is the principal investigator of the KiKme study and

developed the study design and the questionnaires. The study was

implemented and monitored by MM and LB. CS supported the

development of strategies for the recruitment of childhood cancer

survivors. MM, LB, DG, and SZ conducted the recruitment of the

participants, which was organized and planned by MM and LB.

MM, LB, and HSchm monitored the recruitment of controls. LB,

MM, RF, and AP developed the analyses pipelines for the project.

HSchw, DG, SZ, TH, AP, CS, MB, and HSchm contributed to the

writing process, which was initially prepared by LB, MM, and RF.

All authors contributed to the article and approved the

submitted version.

Funding

This work was supported by the Federal Ministry of Education

and Research in Germany (Grants 02NUK016A, 02NUK042A,

02NUK042B, 02NUK042C, and 02NUK042D). The study is

funded among other research projects as part of the ISIMEP

(Intrinsic radiation sensitivity: Identification, mechanisms and

epidemiology, principal investigator: MB) and the ISIBELa

(Intrinsic radiation sensitivity: Identification of biological and

epidemiological long-term effects, principal investigator: MB and

HSchm) consortium.

Acknowledgments

The authors especially thank Peter Kaatsch from the German

Childhood Cancer Registry for his assistance in developing

strategies and materials for the recruitment of childhood cancer

survivors with his long-standing experience in conducting register-

based studies in Germany. In addition, we gratefully acknowledge

the assistance from Franziska Himmelsbach, Cornelia Becker, Ilona

Kerenyi, and Marianne Brömmel from the German Childhood

Cancer Registry who identified, matched, and made the first

contact with childhood cancer survivors. We are thankful for the

central support of Patricia Sadre Fischer during the start of the

recruitment and the excellent laboratory assistance of Ursula

Disque-Kaiser and Iris Schmitt. We further thank Caine Lucas

Grandt, Willempje Hummel-Bartenschlager, Claas Sontag,

Katharina Musiolik, and Christin Goldbaum for their meticulous

work on the databases.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fonc.2023.1150629/

full#supplementary-material

SUPPLEMENTARY FIGURE 1

Type of self-reported cancer therapy by cancer site and year of diagnosis in

participants of the nested case-control study KiKme.

References

1. American Cancer Society. Cancer facts & figures 2016. Atlanta: Ga: American
Cancer Society (2016).

2. Mulrooney DA, Hyun G, Ness KK, Ehrhardt MJ, Yasui Y, Duprez D, et al. Major
cardiac events for adult survivors of childhood cancer diagnosed between 1970 and
1999: report from the childhood cancer survivor study cohort. BMJ (2020) 368:l6794.
doi: 10.1136/bmj.l6794

3. Armstrong GT, Chen Y, Yasui Y, Leisenring W, Gibson TM, Mertens AC, et al.
Reduction in late mortality among 5-year survivors of childhood cancer. N Engl J Med
(2016) 374(9):833–42. doi: 10.1056/NEJMoa1510795

4. Choi DK, Helenowski I, Hijiya N. Secondary malignancies in pediatric cancer
survivors: perspectives and review of the literature. Int J Cancer (2014) 135(8):1764–73.
doi: 10.1002/ijc.28991

5. Landier W, Armenian S, Bhatia S. Late effects of childhood cancer and its
treatment. Pediatr Clin North Am (2015) 62(1):275–300. doi: 10.1016/j.pcl.2014.09.017

6. Scholz-Kreisel P, Kaatsch P, Spix C, Schmidberger H, Marron M, Grabow D, et al.
Second malignancies following childhood cancer treatment in germany from 1980 to
2014. Dtsch Arztebl Int (2018) 115(23):385–92. doi: 10.3238/arztebl.2018.0385

7. Newhauser WD, Berrington de Gonzalez A, Schulte R, Lee C. A review of
radiotherapy-induced late effects research after advanced technology treatments. Front
Oncol (2016) 6:13–3. doi: 10.3389/fonc.2016.00013

8. Nurgali K, Jagoe RT, Abalo R. Editorial: Adverse effects of cancer chemotherapy:
Anything new to improve tolerance and reduce sequelae? Front Pharmacol (2018)
9:245–5. doi: 10.3389/fphar.2018.00245

9. Baker KS, Syrjala KL. Long-term complications in adolescent and young adult
leukemia survivors. Hematol Am Soc Hematol Educ Program (2018) 2018(1):146–53.
doi: 10.1182/asheducation-2018.1.146

10. Robison LL, Hudson MM. Survivors of childhood and adolescent cancer: life-
long risks and responsibilities. Nat Rev Cancer (2014) 14(1):61–70. doi: 10.1038/
nrc3634

11. van den Berg MH, van Dijk M, Byrne J, Berger C, Dirksen U, Winther JF, et al.
Treatment-related fertility impairment in long-term female childhood, adolescent and
young adult cancer survivors: investigating dose-effect relationships in a european case-
control study (PanCareLIFE). Hum Reprod (2021) 36(6):1561–73. doi: 10.1093/
humrep/deab035

12. Ahmad SS, Reinius MA, Hatcher HM, Ajithkumar TV. Anticancer
chemotherapy in teenagers and young adults: managing long term side effects. Bmj
(2016) 354:i4567. doi: 10.1136/bmj.i4567

13. Bhatti P, Veiga LH, Ronckers CM, Sigurdson AJ, Stovall M, Smith SA, et al. Risk
of second primary thyroid cancer after radiotherapy for a childhood cancer in a large

Brackmann et al. 10.3389/fonc.2023.1150629

Frontiers in Oncology frontiersin.org13



cohort study: an update from the childhood cancer survivor study. Radiat Res (2010)
174(6):741–52. doi: 10.1667/RR2240.1
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