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Abstract

Background: Computed tomography (CT), a strong diagnostic tool, delivers higher radiation doses than most imaging
modalities. As CT use has increased rapidly, radiation protection is important, particularly among children. We evaluate
leukemia and brain tumor risk following exposure to low-dose ionizing radiation from CT scans in childhood.
Methods: For a nationwide retrospective cohort of 168 394 children who received one or more CT scans in a Dutch hospital
between 1979 and 2012 who were younger than age 18 years, we obtained cancer incidence, vital status, and confounder
information by record linkage with external registries. Standardized incidence ratios were calculated using cancer incidence
rates from the general Dutch population. Excess relative risks (ERRs) per 100 mGy organ dose were calculated with Poisson
regression. All statistical tests were two-sided.
Results: Standardized incidence ratios were elevated for all cancer sites. Mean cumulative bone marrow doses were 9.5 mGy
at the end of follow-up, and leukemia risk (excluding myelodysplastic syndrome) was not associated with cumulative bone
marrow dose (44 cases). Cumulative brain dose was on average 38.5 mGy and was statistically significantly associated with
risk for malignant and nonmalignant brain tumors combined (ERR/100 mGy: 0.86, 95% confidence interval ¼ 0.20 to 2.22,
P ¼ .002, 84 cases). Excluding tuberous sclerosis complex patients did not substantially change the risk.
Conclusions: We found evidence that CT-related radiation exposure increases brain tumor risk. No association was observed
for leukemia. Compared with the general population, incidence of brain tumors was higher in the cohort of children with CT
scans, requiring cautious interpretation of the findings.

The use of computed tomography (CT) scans among children
has increased dramatically in Western countries (1,2), including
the Netherlands (3). CT scans greatly improve diagnostic capa-
bilities but deliver higher radiation doses than many other diag-
nostic radiation procedures (4). Therefore, radiation protection
is a concern, especially among children, who may receive
higher radiation doses, are more susceptible to radiation-
related malignancies than adults, and have a longer lifespan to
express late effects. The most common radiogenic malignancies

among children and young adults are leukemia and brain
tumors (5). Although the thyroid gland is exquisitely sensitive
to radiation carcinogenesis in children (5,6), background rates in
children and young adults are too low to allow for detection of
excess risk associated with radiation exposure from CT scans in
the follow-up period that can be studied.

Epidemiological studies have demonstrated an increased
cancer risk associated with pediatric CT scans (7–12). The UK-
NCI study found a statistically significant positive association
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between radiation dose from CT scans and brain tumors but not
leukemia (excluding myelodysplastic diseases) (7,8). Australian
investigators showed a higher risk of several types of cancer, in-
cluding leukemia and brain tumors, for subjects with CT scans
compared with unexposed persons (9). Moreover, Taiwanese
children with at least one head CT had statistically significantly
higher benign brain tumor risk than a matched comparison
group, in particular four to five years after a first head CT scan
(10). Two substantially smaller studies from France (11) and
Germany (12) also suggested elevated cancer risks.

This pattern of excess cancer risk may be partly due to con-
founding by indication, that is, if the reason for conducting a CT
is associated with cancer risk (13–15). Two main sources of con-
founding are of concern: subclinical tumors and cancer suscep-
tibility syndromes (CSS). Although data from two cohort studies
(8,11) and our own theoretical assessment (16) suggest that
unmeasured CSS are not a major confounder for leukemia and
brain tumors, little empirical information is available on slow-
growing brain tumors that cause symptoms leading to CT
scans (12).

We present data from the nationwide Dutch Pediatric CT
Study on the association between childhood radiation exposure
from CT scans and subsequent risk of leukemia and brain
tumors in Dutch children and young adults (17).

Methods

Study Design

The study was conducted under the common procedures and
methodology of the EPI-CT consortium. Details about the study
design and the consortium are described elsewhere (17,18). In
brief, this retrospective cohort includes children (aged <18
years) who received one or more electronically archived CT
scans in any participating Dutch hospital. We surveyed all
Dutch hospital-based radiology departments (n ¼ 94) to ascer-
tain eligibility and participation. We excluded 34 hospitals that
conducted fewer than 10 pediatric CT scans annually. Eighteen
hospitals declined participation, leaving 34 general and all eight
academic hospitals (17). Individual consent requirements were
waived; institutional review board review for observational
studies, where required, was obtained from participating
institutions (17).

Exposure Assessment

Participating hospitals queried their Radiology Information
System (RIS) for CT scans among children and provided the fol-
lowing for each CT conducted before age 18 years among eligible
patients: name, address, date of birth, sex, date of examination,
and scanned body region. Patients who were scanned in differ-
ent hospitals were identified by pairwise linkage of all data sets
from participating hospitals. Scans were assigned to the appro-
priate patient, and duplicate scans were eliminated. Twenty-
one hospitals (six academic) additionally queried their Picture
Archiving and Communication System (PACS) for all accession
numbers from the RIS query. Performance and Monitoring
Server for Medical Data (PerMoS) (19) software retrieved the
Digital Imaging and Communications in Medicine (DICOM)
objects and extracted scanned body region, number of x-ray
images (series), CT scanner manufacturer/model, tube poten-
tial, tube current-time product, pitch, and volumetric CT Dose

Index (CTDIvol). Topograms or reconstructions were identified
by PerMoS and excluded.

In the absence of comprehensive organ dose surveys for
children in the Netherlands, we calculated absorbed doses to
the red bone marrow (RBM) and the brain for CT scans with
PACS information using the program NCICT (20). We assigned
CT-specific RBM and brain doses from a predictive model based
on 36 944 and 25 992 CT scans with PACS information, respec-
tively (Supplementary Methods, available online). Models for
dose to the RBM and the brain explained 80% and 84% of the
variation, respectively, were well calibrated (average differences
of 0.4 mGy at a mean RBM dose of 4.5 mGy and 0.8 mGy at a
mean brain dose of 27.5 mGy, respectively), and were similar to
published estimates for the UK-NCI study (Supplementary
Tables 1 and 2, available online) (21,22).

Outcome Assessment

Cancer incidence among cohort members was determined by
linkage with the Netherlands Cancer Registry (NCR), which
includes all malignancies since 1989, and myelodysplastic syn-
drome and nonmalignant brain tumors since 2001 (23). Childhood
leukemia incidence before 1989 was ascertained through linkage
with the Dutch Childhood Oncology Group (complete since 1973)
(24). All cancer diagnoses were recoded according to the World
Health Organization’s International Classification of Diseases for
Oncology, third edition, topography codes (Supplementary Tables
3 and 4, available online). Vital status and date of death were
obtained from the Central Bureau of Genealogy.

Assessment of Potential Confounders

Six-digit postal codes (average population, 40 persons) of cohort
members’ residential addresses were linked with data on
household income and house value from Statistics Netherlands
(25). Prevalence of tuberous sclerosis complex (TSC), a brain tu-
mor susceptibility syndrome and potential confounder as
patients undergo routine brain imaging from time of diagnosis,
was obtained by linkage with patient lists from two hospitals
where the majority of Dutch TSC patients have been treated
since 1995. We did not collect information on the (clinical) indi-
cations for the CT scans.

Statistical Analysis

To avoid inclusion of CT scans related to cancer diagnosis, ac-
crual of person-time started two years after the first CT for anal-
yses of leukemia incidence and five years after the first CT or
1989, whichever occurred later, for solid tumors. Follow-up
ended at the first diagnosis of a registry-recorded tumor, death,
or December 31, 2014, whichever came first. Cumulative radia-
tion doses (in mGy) to the RBM (lagged by two years) and the
brain (lagged by five years) were calculated time-dependently
based on estimated doses for each CT scan. Standardized inci-
dence ratios (SIRs) were calculated using sex-, age-, and calendar
year–specific Dutch cancer incidence rates. Relative risks and
95% likelihood ratio confidence intervals (CIs) were estimated
using ungrouped Poisson regression (26) stratified by calendar
year (1980–<1985, 1985–<1990, 1990–<1995, 1995–<2000, 2000–
<2005, 2005–<2010, �2010), age (for brain: 5–<10, 10–<15, �15
years; for leukemia: 2–<5, 5–<10, 10–<15, �15 years), and sex.

Dose–response was evaluated by categories of cumulative
dose, using less than 5 mGy as the reference and equal numbers

A
R

T
IC

LE

J. M. Meulepas et al. | 257

https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djy104#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djy104#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djy104#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djy104#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djy104#supplementary-data


of cases in the remaining categories. The excess relative risk
(ERR) per 100 mGy was estimated as RR ¼ EXP(

P
jaj Xj)[1þbD],

with D being cumulative radiation dose in 100 mGy, b being the
ERR/100 mGy, and Xj being other covariates with corresponding
log RRs aj. Departure from linearity was evaluated by a likeli-
hood ratio test of the null hypothesis c ¼ 0 in a model including
dose as an exponential factor RR ¼ EXP(

P
jaj Xj)[1þbD*EXP(cD)],

where c indicates downward (c < 0) or upward curvature (c > 0)
in the ERR/100 mGy (27). Heterogeneity among ERR estimates
was assessed by likelihood ratio tests. Tests were two-sided at a
5% statistical significance level.

We performed sensitivity analyses 1) excluding patients
with a confirmed diagnosis of TSC (brain tumor analyses), 2)
adjusting for quartiles of income and house value, 3) varying lag
intervals, 4) further delaying the start of follow-up after the first
CT scan (exclusion period) and evaluating the incidence of ma-
lignant tumors of the central nervous system (CNS) relative to
the general population by time since first (head) CT scan, 5)
starting follow-up in 2001 when nonmalignant brain tumors
and myelodysplastic syndrome (MDS) were completely ascer-
tained, 6) excluding subjects born before 1989 because of more
uncertain dose estimates and potentially unknown solid—in-
cluding brain—tumor diagnoses, 7) excluding children who had
CT scans in participating hospitals close to Belgium or Germany
because of the possibility of additional CT scans conducted
there, 8) fitting a threshold model with the linear dose–response
relationship starting at the threshold dose Dt, that is, ERR ¼ b(D-
Dt)þ, where (D-Dt)þ ¼ max(0, D-Dt), and 9) excluding the 2%
person-years with the highest cumulative brain dose to elimi-
nate outliers. SAS (version 9.2; SAS Institute Inc., Cary, NC) and
EPICURE (version 2.00.02; Risk Sciences International, Metcalfe,
Canada) software were used for the analysis.

Results

We collected data on 262 227 pediatric CT scans performed on
168 394 children in 42 hospitals between 1979 and 2014. After
exclusions due to foreign addresses, age restrictions, incomplete-
ness or data errors, and follow-up of less than two years (leuke-
mia) or five years (solid tumors) after the first scan, we included
140 612 patients in the leukemia analyses and 106 530 patients in
solid tumor analyses. Four percent of individuals alive two years
after their first CT had CT scans in multiple participating hospi-
tals. Patient characteristics are presented in Table 1.

Among the 208 709 CT scans eligible for leukemia analyses,
65.5% were of the head, 8.3% of the extremities, 8.1% of
the chest, and 7.6% of the abdomen. For brain tumor analyses

Table 1. Patient characteristics by outcome in the Dutch Pediatric CT
Study

Charateristics No. of cases Person-years

Leukemia*
Overall 44 1 201 357
Sex

Male 26 659 532
Female 18 541 825

Years since first exposure
2 to <5 14 370 679
5 to <10 17 403 544
10 to <15 9 220 758
�15 4 206 376

Attained age, y
2 to <20 24 689 812
20 to <30 18 408 901
30 to <35 1 63 192
�35 1 39 452

Birth cohort
<1980 10 200 644
1980 to <1990 11 430 513
1990 to <1995 12 262 089
�1995 11 307 958

Calendar year
<1985 0 2268
1985 to <1990 1 14 675
1990 to <1995 2 45 682
1995 to <2000 3 91 148
2000 to <2005 9 174 886
2005 to <2010 12 317 837
�2010 17 554 862

No. of CT scans
1 26 924 523
2 11 166 093
�3 7 110 741

Mean bone marrow
dose (IQR), mGy

9.5 (2.0–11.8)

Mean follow-up (IQR), y 8.5 (3.1–12.3)
Brain tumors†

Overall 84 827 261
Sex

Male 49 456 892
Female 35 370 368

Years since first exposure
5 to <10 41 400 126
10 to <15 24 220 758
�15 19 206 376

Attained age, y
5 to <20 44 365 387
20 to <30 27 359 230
30 to <40 10 90 671
�40 3 11 972

Birth cohort
<1980 25 172 160
1980 to <1990 31 339 872
1990 to <1995 15 160 091
�1995 13 155 031

Calendar year
1989 to <1990 0 1800
1990 to <1995 8 25 430
1995 to <2000 6 60 729
2000 to <2005 23 118 361
2005 to <2010 17 222 020
�2010 30 398 920

(continued)

Table 1. (continued)

Charateristics No. of cases Person-years

No. of head CT scans
0 13 176 419
1 49 527 350
2 to <4 14 96 137
�4 8 27 354

Mean brain dose (IQR), mGy 38.5 (1.5–49.4)
Mean follow-up (IQR), y 7.8 (2.5–11.4)

*Follow-up started two years after the first recorded scan and included 140 612

patients. CT ¼ computed tomography; IQR ¼ interquartile range.

†Follow-up started five years after the first recorded scan and included 106 530

patients.

A
R

T
IC

LE

258 | JNCI J Natl Cancer Inst, 2019, Vol. 111, No. 3



(n ¼ 158 843 CT scans due to the longer exclusion period), the
distribution across body parts was similar (Table 2). The mean
cumulative RBM dose at the end of follow-up was 9.5 mGy, and
for 75% of patients it was less than 12 mGy. The mean brain
dose was 38.5 mGy (Table 1).

Overall cancer incidence (starting five years after the first
CT) was 1.5 times higher than expected (SIR ¼ 1.47, 95% CI ¼
1.34 to 1.61, 454 observed cases) including malignant CNS
tumors (SIR ¼ 2.05, 95% CI ¼ 1.48 to 2.83, 37 observed cases) and
hematolymphoproliferative cancers (HLP; SIR ¼ 1.39, 95% CI ¼
1.13 to 1.70, 93 observed cases) (Table 3). Statistically significant
excesses were also noted for cancers of the colon, bone, large
bowel, soft tissues, thyroid, and for nonmelanoma skin cancer.

Risk for all leukemia combined (44 cases) was not associated
with bone marrow dose (ERR/100 mGy ¼ 0.21, 95% CI ¼ –0.12 to
2.40, P ¼ .68) (Table 4), including all leukemia and MDS (ERR/100
mGy ¼ 0.04, 95% CI ¼ –0.12 to 1.61, P ¼ .92). For all brain tumors
combined, and for malignant and nonmalignant brain tumors
separately, relative risks increased to between two and four for
the highest dose category (�120 mGy), with ERRs of 0.86 (95% CI ¼
0.20 to 2.22, 84 cases), 1.02 (95% CI ¼ 0.01 to 4.30, 37 cases), and
0.78 (95% CI ¼ 0.07 to 2.58, 47 cases) per 100 mGy and no evidence
of nonlinearity (P ¼ .72, .45, .92) (Table 5). The dose–response for
brain tumors and for leukemia did not vary according to sex, num-
ber of CT scans, years since exposure, or age at exposure (Table 6).

Several factors potentially biasing risk estimates were
assessed in sensitivity analyses, including—sometimes sub-
stantially—reduced numbers of patients, CT scans, and/or can-
cer cases. Adjustment for household income and exclusion of
82 patients with confirmed TSC did not materially affect brain
tumor risks (Supplementary Table 5, available online) whereas
they were attenuated with a 10-year lag instead of five years
(Supplementary Table 6, available online). Reducing the exclu-
sion period from five to two years did not change results,
whereas increasing it to eight years somewhat attenuated radi-
ation risks. Consistent results were obtained for nonmalignant

brain tumors in analyses limited to the post-2001 period with
complete registration of nonmalignant brain tumors. Further,
results were generally similar (with reduced precision) when ex-
cluding subjects with a first CT before 1989 or born before 1989
(Supplementary Table 6, available online). Incidence of CNS
cancers vs the general population remained elevated 10 or more
years after the first (head) CT (Supplementary Tables 7 and 8,

Table 2. Distribution of eligible pediatric CT scans across age and body part: the Dutch Pediatric CT Study

Outcome

Age at CT, y

0 to <5 5 to <10 10 to <15 15 to 18
No. (%) No. (%) No. (%) No. (%) Total

Leukemia*
Head 37 778 (76.3) 28 866 (71.5) 37 018 (62.7) 32 958 (55.2) 136 620
Neck 1973 (4.0) 1984 (4.9) 2894 (4.9) 3714 (6.2) 10 565
Chest 4400 (8.9) 3298 (8.2) 4325 (7.3) 4882 (8.2) 16 905
Abdomen 1950 (3.9) 2521 (6.3) 4676 (7.9) 6662 (11.2) 15809
Pelvis 895 (1.8) 646 (1.6) 1426 (2.4) 1789 (3.0) 4756
Extremities 680 (1.4) 2092 (5.2) 7082 (12.0) 7551 (12.6) 17 405
Multiples 1864 (3.8) 993 (2.5) 1591 (2.7) 2201 (3.7) 6649
Total 49 540 (100.0) 40 400 (100.0) 59 012 (100.0) 59 757 (100.0) 208 709
Brain tumor†
Head 31 884 (78.6) 23 579 (73.7) 28 888 (66.0) 24 458 (57.5) 108 809
Neck 1437 (3.5) 1383 (4.3) 1815 (4.1) 2309 (5.4) 6944
Chest 3143 (7.8) 2440 (7.6) 3100 (7.1) 3414 (8.0) 12 097
Abdomen 1632 (4.0) 2018 (16.7) 3550 (8.1) 4908 (40.5) 12 108
Pelvis 711 (1.8) 508 (1.6) 1079 (2.5) 1405 (3.3) 3703
Extremities 557 (1.4) 1452 (4.5) 4420 (10.1) 4754 (11.2) 11 183
Multiples 1200 (3.0) 603 (1.9) 938 (2.1) 1258 (3.0) 3999
Total 40 564 (100.0) 31 983 (100.0) 43 790 (100.0) 42 506 (100.0) 158 843

*Follow-up started two years after the first recorded scan. CT ¼ computed tomography.

†Follow-up started five years after the first recorded scan.

Table 3. Overall and site-specific standardized incidence ratios of
tumors in the Dutch Pediatric CT Study*

Cancer site Observed cases† SIR (95% CI)

All sites (C00-96) 454 1.47 (1.34 to 1.61)
All sites excluding skin

(C00-96, excl. C44)
379 1.25 (1.13 to 1.38)

Lip, oral cavity, and
pharynx (C00-14)

6 1.15 (0.52 to 2.57)

Colon (C18) 13 1.95 (1.13 to 3.36)
Large bowel (C18-21) 21 2.02 (1.32 to 3.10)
Bone (C40-41) 22 2.05 (1.35 to 3.11)
Melanoma of skin (C43) 57 1.18 (0.91 to 1.53)
Nonmelanoma skin (C44) 18 3.36 (2.11 to 5.33)
Connective tissue (C47þC49) 16 2.03 (1.24 to 3.31)
Breast (C50) 38 1.11 (0.81 to 1.52)
Cervix uteri (C53) 13 1.27 (0.74 to 2.19)
Testis (C62) 56 1.22 (0.94 to 1.58)
Kidney (C64-66, C68) 6 1.94 (0.87 to 4.32)
CNS (C70-72) 37 2.05 (1.48 to 2.83)
Thyroid (C73) 17 1.64 (1.02 to 2.63)
Hematolymphoproliferative

cancers (C81-88, C90)
93 1.39 (1.13 to 1.70)

*Follow-up started five years after the first CT scan. CI ¼ confidence interval;

CNS ¼ central nervous system; SIR ¼ standardized incidence ratio.

†Thyroid: zero medullary, 17 papillary/follicular/mixed; colon: six carcinoid,

seven adenocarcinomas; nonmelanoma skin: 11 BCC/SCC, three dermatofibro-

sarcoma, four other skin cancers.
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Supplementary Figures 1 and 2, available online). Leukemia
results did not change substantially during comparable sensi-
tivity analyses (Supplementary Tables 9 and 10, available on-
line). Excluding patients scanned in hospitals near the German
or Belgian border did not change the results (not shown). A
threshold at 20 mGy resulted in the best goodness of fit for all
brain tumors combined, although the deviance was only mar-
ginally (and statistically nonsignificantly) reduced compared
with the no-threshold model and any other threshold level
between 5 and 120 mGy (not shown). Excluding the 2% person-
years with the highest cumulative brain dose (exceeding 220
mGy) resulted in a similar and significant ERR for all brain
tumors as in the main analysis (based on 78 cases).

Discussion

In the Dutch Pediatric CT study, we observed a statistically sig-
nificant dose–effect relationship for brain tumors and found no

association between the estimated cumulative RBM dose and
incidence of leukemia.

Many published studies with empirical data have noted a
positive association between radiation dose from CT scans and
brain tumor (5,7,12) and leukemia (excluding MDS) risks (8,12).
In these studies, radiation dose estimates were based on 1) ex-
ternal estimates stratified by sex, age, calendar period and body
part (7–9), 2) number of CT scans (8,10,12), or 3) protocol-based
doses (11). None of these studies estimated doses based on
PACS data for a sizeable subset of CT scans from the cohort and
predicted doses for all CT scans in the cohort, as done here.

Further strengths of our study include the representative-
ness and completeness of the cumulative exposure estimates.
The coverage of the previously published cohorts varies from a
few hospitals to a nationwide health care system. Our study
includes the majority of all pediatric CT scans conducted annu-
ally in the Netherlands (42 of 60 eligible hospitals performing
pediatric CT scans and 84% of all Dutch pediatric CT scans for
the period 1990–2012) (3). Moreover, we had the ability to com-
bine CT scans of the same patients in multiple hospitals for
complete cumulative exposures. The average follow-up time in
our study was about eight years (maximum ¼ 21 years), which
is close to the largest studies published to date (7,9).

The absence of a statistically significant association between
radiation dose and leukemia in our data is not inconsistent with
other studies. After exclusion of MDS, the ERR from the UK-NCI
study was no longer statistically significantly elevated (ERR/100
mGy: 1.9, 95% CI ¼ –1.2 to 7.9) (7). Smaller studies from France
and Germany also observed statistically nonsignificantly ele-
vated risks (11,12). We chose not to include MDS in the main
leukemia outcome definition because only 3%–7% of MDS prog-
ress to acute myeloid leukemia (28).

The ERR/100 mGy of 1.02 (95% CI ¼ 0.01 to 4.30) for brain can-
cer observed in our data is compatible with the estimate for a
comparable sample of atomic bomb survivors (<20 years of age
at exposure, during �20 years of follow-up: 0.61, 95% CI ¼ 0.012
to 6.39) (29), and also similar to the corrected estimate from the
UK-NCI study (1.3 per 100 mGy) (8).

Our study has some limitations. Most importantly, we did
not have information on the (clinical) indications for the CT
scans to, for example, limit analyses to children with trauma.

Although pediatric CT scans are not performed outside hos-
pitals in the Netherlands, we might have missed some CT
scans, for example, CT scans in one of the 18 nonparticipating
hospitals, or CT scans in radiology practices or hospitals across
the border in Germany or Belgium, or CT scans in participating
hospitals before electronic recording was introduced. However,
excluding children with CT scans performed in Dutch border-
region hospitals or excluding children born before electronic re-
cording was available yielded similar results.

Socioeconomic status is associated with childhood leukemia
incidence (30,31) and with the likelihood of having a CT scan
(2,32), but it did not confound our results. Excluding TSC
patients did also not change the results. For other syndromes,
we were not able to obtain individual information. We showed
in a theoretical assessment that CSS are unlikely to be major
confounders for brain tumor and leukemia risks (16). The brain
tumor dose–response in the UK-NCI study was attenuated after
exclusion of subjects with a previous cancer diagnosis, that is,
patients for whom the cancer ascertained in the study, in fact,
was a subsequent primary tumor. After exclusion of subjects
born before 1989, the first year that solid cancer registration
was complete in the Netherlands, our results were based on a

Table 6. Linear excess relative risk per 100 mGy for leukemia and
brain tumors by sex, number of CT scans, years since exposure and
age at exposure

Outcome ERR per 100 mGy* P†

Leukemia‡
Sex

Male 0.40 .54
Female –0.17

No. of CT scans
1 –0.12§ .31
2 3.13
�3 1.04

Years since exposure
5 to <10 –0.12§ .50
10 to <15 1.33
15þ –0.12§

Age at exposure, y
0 to <10 0.44 .83
10 to <15 –0.12§
15þ –0.12§

Brain tumorsk
Sex

Male 0.68 .62
Female 1.16

No. of head CT scans
1 0.78 .71
2 to 3 1.09
�4 1.02

Years since exposure
5 to <10 1.56 .13
10 to <15 0.80
15þ 0.10

Age at exposure, y
0 to <10 0.44 .43
10 to <15 1.44
15þ 0.88

*Stratified for sex, calendar year, and attained age. CT ¼ computed tomography;

ERR ¼ excess relative risk.

†Likelihood ratio test of homogeneity of ERRs.

‡Without myelodysplastic diseases, including two-year cancer-free survivors of

first recorded CT scan, cumulative dose lagged by two years.

§Estimate was constrained at –1/max(dose) to avoid negative relative risk.

kMalignant and nonmalignant combined, including five-year cancer-free survi-

vors of first recorded CT scan, cumulative brain dose lagged by five years.
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substantially smaller database and were attenuated, although
still generally consistent with the results of the main analyses.

It has been questioned whether epidemiological cohort stud-
ies of children who received CT scans for medical reasons can
provide unbiased insights into the low excess risks expected
from the relatively low CT-related radiation doses, particularly
if the reasons for the CT scans are unknown (13,14,33). These
concerns are more relevant for brain tumors than for leukemia
because CT scans are not routinely used for diagnosing leuke-
mia, and the onset of predominantly acute leukemias among
children and young adults is generally rapid. For brain tumors,
concerns raised include slow-growing tumors in the brain lead-
ing to symptoms for which CT scans are used long before clini-
cal diagnosis, or accidents leading to head CT scans while brain
trauma might increase long-term brain tumor risk (34). The crit-
ics did not provide any data, however, to support their claims.
To address the issues, we, and others, started follow-up five
years after the first CT scan and included only children without
a cancer diagnosis at that time (two years for leukemia). Results
changed relatively little when the period was extended.
However, the interpretation of small radiation-related excess
risks is complicated by two observations. Brain cancer incidence
in the study population is twofold higher than expected, even
10þ years after a first head CT, although the numbers are small.
Also, the absence of clearly increased risks for leukemias is puz-
zling because these malignancies originate in the RBM, a tissue
more radiosensitive than the brain. At the same time, the risk
estimates for leukemias are likely less affected by indication
bias and reverse causation. These considerations necessitate a
cautious interpretation of the brain tumor findings. The ob-
served general excess cancer risk (SIR ¼ 1.47) is unlikely to be
radiation-related but, rather, due to an over-representation of
young patients who had diagnostic/screening CT scans for dis-
orders related to genetic syndromes (eg, bone/soft tissue sar-
coma, CNS tumors, nonmelanoma skin cancer) or other
underlying medical conditions (eg, colon carcinoid detection
during abdominal imaging for other reasons).

In summary, our results indicate that the relatively high
brain doses from head CT scans (20–50 mGy) may increase brain
tumor risk, whereas RBM doses generally under 10 mGy per CT
and often under 5 mGy do not lead to an observable risk in-
crease (Supplementary Tables 1 and 2, available online, for CT
scans after 2001). The brain tumor findings may reflect a causal
relationship because 1) our study is large and has almost na-
tionwide coverage, 2) the exposure assessment is based on a
large internal sample of CT scans with dosimetric information,
3) cancer registration in our study goes back to 1973 (leukemia)
and 1989 (solid cancer) with high completeness, 4) the brain
cancer results are very similar to those in the Life Span Study, 5)
we could rule out confounding by TSC, the most common brain
tumor susceptibility syndrome for which children have been ex-
posed to CT scans, and 6) adjustment for socioeconomic status
in our study is one of the most detailed ones so far.
Nevertheless, the results need to be interpreted with caution be-
cause 1) the RBM is known to be more radiosensitive than the
brain, 2) leukemia risk estimates are less prone to reverse cau-
sation and indication bias in CT studies than brain tumor risk
estimates, 3) the number of cases in our study is too small for
subgroup analyses, and 4) the increased brain tumor risk in our
study is observed earlier after low-dose radiation exposure than
current knowledge on latency for solid tumors suggests.

From a clinical perspective, we observed an excess absolute
risk for all brain tumors of 1.3 (95% CI ¼ 0.4 to 2.2) per 100 000
person-years per 20 mGy, the average brain dose among head

CT scans during 2012–2014 in our study. This means that during
the decade after the first head CT scan, one excess case per
10 000 head CT scans is estimated to occur. We estimate the
number of annual head CT scans among Dutch children to be
around 10 000 (3), leading to one brain tumor case annually at-
tributed to radiation. In the Dutch population, nearly 120 pediat-
ric brain tumors are diagnosed annually (35).

CT scans (for children) represent a potentially life-saving
and quality of life–improving technique for many patients. In
addition, the tumors evaluated here are associated with small
absolute excess risks. Nonetheless, careful justification of pedi-
atric CT scans and dose optimization, as are customary in many
hospitals, are essential to minimize risks.
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