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High doses of ionizing radiation are an established cause of childhood leukemia. However, substantial uncertainty remains

about the effect of low doses of radiation, including background radiation and potential differences between genetic sub-

groups of leukemia have rarely been explored. We investigated the effect of the background gamma radiation on childhood

leukemia using a nationwide register-based case-control study. For each of the 1,093 cases, three age- and gender matched

controls were selected (N53,279). Conditional logistic regression analyses were adjusted for confounding by Down syndrome,

birth weight (large for gestational age), and maternal smoking. Complete residential histories and previously collected survey

data of the background gamma radiation in Finland were used to assess the exposure of the study subjects to indoor and out-

door gamma radiation. Overall, background gamma radiation showed a non-significant association with the OR of childhood

leukemia (OR 1.01, 95% CI 0.97, 1.05 for 10 nSv/h increase in average equivalent dose rate to red bone marrow). In subgroup

analyses, age group 2–<7 years displayed a larger effect (OR 1.27, 95% CI 1.01, 1.60 for 1 mSv increase in equivalent cumu-

lative dose to red bone marrow). Suggestive difference in OR by genetic subtype was found. Our results provide further sup-

port to the notion that low doses of ionizing radiation increase the risk for childhood leukemia, particularly at age 2–<7
years. Our findings suggest a larger effect of radiation on leukemia with high hyperpdiploidy than other subgroups, but this

result requires further confirmation.

Childhood leukemia is a heterogeneous disease consisting of
distinct clinical subtypes and characterized by specific chro-
mosomal translocations or mutations.1 Acute lymphoblastic
leukemia (ALL), which encompasses around 85% of all child-
hood leukemias, has two major genetic subtypes both com-
prising �25–30% of the cases: high hyperdiploid (HeH) and
TEL-AML1 (TA) fusion precursor B-ALL.1

The etiology and environmental risk factors for childhood
leukemia remain largely unknown. The few established risk
factors include high doses of ionizing radiation, Down syn-
drome, and large birth weight for ALL.2–5

Based on studies of atomic bomb survivors and other pop-
ulations, radiation is known to cause leukemia.2 In general,

children have a larger risk per dose unit than adults.2 While
the leukemogenic effect of moderate-to-high-dose radiation is
well established, low doses of background radiation have also
been suggested to increase leukemia risk though the shape of
the dose-response remains uncertain implying a small incre-
mental risk from the natural background gamma radiation.6,7

We set out to investigate the relationship between back-
ground gamma radiation and risk of childhood leukemia
based on a nationwide register-based case-control study. We
hypothesized that low-dose radiation from background gam-
ma radiation will pose a risk of childhood leukemia in accor-
dance with the linear no-threshold model.8 We also evaluated
potential differences in risk (effect modification) by age group
and the genetic subtypes of ALL. We estimated lifetime
cumulative doses and average dose rates to the red bone mar-
row (RBM) from background radiation using information on
indoor and outdoor survey data and housing types during
the lifespans of the children. Different subtypes of leukemia
in terms of cell type, genetic aberrations and age at diagnosis
were separately analyzed.

Methods
Study design

We used a matched, register-based case-control study
design. Cases included all children diagnosed with leukemia
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(M9800–M9948 in ICD-O-3) in Finland in 1990–2011, iden-
tified from the Finnish Cancer Registry (N5 1100). Each
case was matched by gender and year of birth to three con-
trols at the Population Register Center. Each control was
assigned a reference date identical to the diagnosis date of
the respective case, so that the controls were of similar age as
their case at the date up to which exposure was analyzed
(end of the exposure period). A 2-year minimum latency
period was assumed in the main analysis based on previous
knowledge resulting in zero exposure for subjects younger
than 2 years at the reference date.

Data collection

The data obtained from the Finnish Cancer Register con-
tained the diagnosis (ICD-O-3 code), month and year of the
diagnosis and date of birth. The diagnosis was classified into
three categories: acute lymphoblastic leukemia (ALL), acute
myeloid leukemia (AML), and others. Seven cases without a
valid personal identification number or prohibiting the use of
their information at the population register were excluded
(31 45 7) (Fig. 1), leaving 1093 cases for the analysis. For
the matched cases and controls, Population Register Center
provided complete residential histories from birth to the ref-
erence date, including moving dates, municipalities of resi-
dence, as well as coordinates and building identification
codes for each residence. Of the study subjects, 51.9% (52.1%
of cases and 51.9% of controls) had lived in only one dwell-
ing and 10.1% of study subjects (9.5% of cases and 10.3% of
controls) in 4 or more dwellings (Supporting Information
Fig. S1). Building codes were missing for 3.6% (4.4% for
cases and 3.3% for controls) of the buildings and in such
cases; the typical building type of the municipality was
assigned (Supporting Information Fig. S2).

Data on diagnosis of Down syndrome were obtained from
Register of Congenital Malformations by the National Insti-
tute of Health and Welfare. Data on gestational weeks and
birth weights were obtained from the Medical Birth Register
for all but 184 (18.6%) cases and 511 (15.6%) controls. Large
for gestational age (LGA) was defined as birth weight exceed-
ing the 90th percentile given the gestational weeks.9 Maternal
smoking data was obtained from the Medical Birth Register
and data was missing for 200 cases (18.3%) and 563 controls
(17.2%). The implications of these missing data can be visual-
ized in Figure 1.

Genetic data for cases were obtained from the university
hospitals in charge of treatment of all childhood leukemias in
Finland (Helsinki, Tampere, Turku, Oulu, and Kuopio). The
genetic aberrations were classified as TEL-AML1, high hyper-
diploid (HeH), other abnormalities and normal (no detected
abnormalities). Data were missing or unavailable for 146
(13.3%) patients, mostly due to limited availability of genetic
tests during the early study period. The relatively low propor-
tion of TEL-AML1 cases in our material (9.2%) resulted from
the fact that testing for this genetic subtype began in Finland
after year 1998. The proportion of TEL-AML1 cases remains
relatively stable (14.1%) from the year 1998 onwards.

The data on dose rates of natural background gamma
radiation outdoors was obtained from STUK—Radiation and
Nuclear Safety Authority, encoded in a map of 8 km 3 8 km
squares based on a nationwide mobile survey carried out in
1978–198010 (Fig. 2). We also obtained dose rates calculated
for each of the 355 Finnish municipalities from STUK. The
nationwide average dose rate outdoors was 51 nSv/h. For the
residencies abroad (n5 63, 0.8% of all residencies), we used
world’s average natural background radiation value reported
by UNSCEAR (55.3 nSv h21 effective dose rate).8 The doses
of gamma radiation indoors are based on measurements in
346 randomly chosen dwellings. The national average dose
rate in houses was 41 nSv h21 and in flats 70 nSv h21.10 The
difference is mainly due to the concrete used as the building
material in blocks of flats increasing gamma radiation levels.
The indoor rates correlate with local outdoor gamma radia-
tion levels. These correlations were utilized for converting
local outdoor dose rates to indoor dose rates.

The data on Chernobyl fallout was collected by a nation-
wide mobile survey in 1986–1987.11 A square map of the
Chernobyl fallout representing the Cs-137 activity in October
1, 1986 was transformed into dose rates (Supporting Infor-
mation Fig. S3). Doses were calculated with a function of
dose rate consisting of three individual parts. The first ranged
2 weeks from the initial fallout and, like the second part, was
fitted strictly on measured data. Correction for radioactive
decay of all relevant short-lived radionuclides was also
applied. The third part continued from 18 months after the
accident based on exponential decay representing the effec-
tive decay and washout of the fallout nuclides, mainly Cs-
137. Results from fixed radiation monitoring stations were
utilized. Concerning the doses from Chernobyl fallout

What’s new?

While exposure to moderate and high levels of ionizing radiation is an established risk factor for childhood leukemia, whether

low-level exposure also contributes to this risk remains uncertain. In this investigation of more than 1,000 Finnish patients

with complete residential histories, no significant association was observed between background radiation and overall risk of

childhood leukemia. Subgroup analyses, however, revealed a significant elevation in risk for individuals age 2–<7 years, the

age group with the highest incidence of acute lymphocytic leukemia (ALL) in Finland. Of genetic subtypes of ALL, risk

appeared to be highest for high hyperdiploidy.
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received indoors, separate shielding factors for houses and
blocks of flats were used. The shielding factor for blocks of
flats (0.04) is markedly higher than that for houses (0.37).10

Cosmic radiation was not included in our analysis, because
Finland is a fairly flat country with little variation in dose
rate. Thus, it would have introduced no variation between
cases and controls. The altitudes of the residencies of study
subjects were analyzed to confirm the assumption.

To account for the markedly different dose rates and
shielding effect by dwelling type, we classified each residential
building as a house (single family and terraced houses) or a
block of flats. The Population Register Center provided the
information for 95% (94% for cases and 95% for controls) of
the dwellings, and the classification was based on available
documentation on the type of the dwelling or on the number
of floors and dwellings in the building, and the presence of
an elevator. We obtained data on the types of dwellings of
children from Statistics Finland to model the residencies,
which could not be classified. With these data, we could
define average dwelling type coefficient for children of differ-
ent ages during different calendar years and therefore better
approximate the conversion from outdoor absorbed dose
rates to the indoor dose rates.

The percentage of time spent indoors (occupancy) was
modeled according to a Finnish study providing age group

Figure 2. Natural background radiation outdoors in Finland. Color

coded intervals depict effective dose rate outdoors and the values

are in nSv/h.

Figure 1. Flow chart depicting the choice of cases and controls and the necessary exclusions. The boxes at the bottom represent the sce-

nario in which adjusting was possible.
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specific estimates.12 For foreign residencies, we used occupan-
cy estimates by UNSCEAR (0.8).8

Data analysis

We used a coefficient of 0.7 Sv/Gy to convert absorbed dose
rates from environmental measurements (from natural back-
ground radiation and Chernobyl fallout) to effective dose
rates.8 We then applied the occupancy coefficient and coeffi-
cient of dwelling type to obtain effective dose rates for each
residency by area and age.10 Cumulative effective doses for
each residential period were calculated as time integrals of
dose rates, and summed to obtain lifetime cumulative effec-
tive doses. The average effective dose rates for each person
was calculated by dividing cumulative dose by total residen-
tial history up to a date 2 years prior to diagnosis or refer-
ence date.

We calculated equivalent RBM doses from effective doses
in the same manner as Kendall et al. based on the results
published by Saito et al and Petoussi et al.13–15 We assumed
a linear relationship with age by converting adult effective
dose rates to children of different ages instead of assuming a
cubic root function in relation to the weight of the growing
child.

Statistical methods

Odds ratios and their confidence intervals were calculated
using conditional logistic regression. We used 5% as the level
of significance and all p values are two-sided. Crude ORs
were used if adjustment did not alter the OR more than 0.05
U. Smoothed dose-response plots are plotted with B�ezier
splines and the point estimates were calculated with the float-
ing absolute risk method.16 Eight subgroup analyses were

Table 1. Characteristics of cases and controls

Cases (n51,093) Controls (n53,279) Total (n54,372)

Gender

Male 568 (52.0%) 1,704 (52.0%) 2,272 (52.0%)

Female 525 (48.0%) 1,575 (48.0%) 2,100 (48.0%)

Large for gestational age

Yes 121 (13.3%) 275 (9.9%) 396 (10.8%)

No 788 (86.7%) 2,493 (90.1%) 3,281 (89.2%)

Missing 184 511 695

Smoking during pregnancy

Yes 151 (16.9%) 420 (15.5%) 571 (15.8%)

No 742 (83.1%) 2,296 (84.5%) 3,038 (84.2%)

Missing 200 563 763

Down syndrome

Yes 40 (3.7%) 2 (0.1%) 42 (1.0%)

No 1,053 (96.3%) 3,277 (99.9%) 4,330 (99.0%)

Age at diagnosis, years

0–<2 156 (14.3%)

2–<7 605 (55.5%)

7–<15 332 (33.4%)

Leukemia type

ALL 885 (81.1%)

AML 142 (13.0%)

Other 66 (5.9%)

Genetic subtype

TEL-AML1 87 (9.2%)

HeH1 227 (24.0%)

Other abnormalities 382 (40.3%)

Normal 251 (26.5%)

Missing 146

1Cases with both HeH and TEL-AML1 properties were included in the HeH category.
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performed and no correction for multiple testing was used.
Effect modification i.e., difference between subgroups was
assessed based on the significance of an interaction term
added to a model with the main effects. Statistical power cal-
culations indicated that the material was sufficient for detect-
ing a linear dose-response with OR of 1.06 or greater per 10
nSv h21 increase in dose rate with statistical power of 80%.17

Ethical approval

The ethical committee of Pirkanmaa Hospital District
reviewed the study protocol (tracking number R14074) and
in accordance with the Finnish regulation, no informed con-
sent was required for a register-based study. We obtained the
permission to use data from Finnish Cancer Register and
Medical Birth Register from the National Institute of Health
and Welfare.

Results
In a nationwide register-based study, we identified a total of
1,093 leukemia cases diagnosed between 1990 and 2011 in
Finland. The majority of the cases were acute lymphoblastic

leukemias (81.1%), followed by acute myeloid leukemia
(13.0%) (Table 1). The median age at diagnosis was 4.52
years (IQR 2.72, 8.23 years) and for study subjects with non-
zero radiation exposure, 5.23 years (IQR 3.44, 9.05) (Support-
ing Information Fig. S4). Of the specific genetic alterations,
high hyperdiploidy (HeH) and TEL-AML1 (TA) fusion gene
were the most common abnormalities.

The median equivalent dose rate to red bone marrow
(from natural background radiation and Chernobyl fallout
combined) was 67.2 nSv h21 for cases and 66.4 nSv h21 for
controls. The average equivalent dose rate to red bone mar-
row (Fig. 3) showed peaks at 67 and 94 nSv h21, due to the
large number of houses and flats in the Helsinki metropolitan
area (19.4% of the dwellings). The distribution of cumulative
equivalent dose to RBM (Fig. 3) followed a log-normal distri-
bution, with the smoother shape due to contribution from
several past dwellings. The median cumulative equivalent
dose to RBM for the cases was 1.96 mSv and for the controls
1.90 mSv. The median dose received only from Chernobyl
fallout was 0.1 mSv for both the cases and the controls and
the corresponding average dose rate was 2.0 nSv h21. The
distributions of the dose rates from the Chernobyl fallout
and natural background gamma both followed a log-normal
distribution. The median altitude for the cases’ residences
was 82 m (IQR 23 m, 108 m) and for the controls 74 m
(IQR 21 m, 104 m).

A very high leukemia OR was observed for children with
Down syndrome (OR 60.0, 95% CI 14.5, 248) and an
increased OR was also related to LGA (OR 1.44, 95% CI
1.14, 1.81). For maternal smoking during pregnancy, a non-
significantly elevated OR was found (OR 1.15, 95% CI 0.94,
1.42).

The overall OR for leukemia was 1.01 (95% CI 0.97, 1.05)
for each 10 nSv h21 increase in the equivalent dose rate to
RBM, and for a 1 mSv increase in cumulative equivalent
dose to RBM, the OR was 0.97 (95% CI 0.89, 1.06) (Table 2).
When divided into exposure quartiles, the main OR increase
was between the lowest quarter (reference) and the two inter-
mediate fourths (Fig. 4).

There was no statistically significant difference between the
major cell types of leukemia in OR related to background
radiation, though a higher point estimate was seen for ALL
than AML. However, OR related to background radiation var-
ied significantly by age at reference date (interaction
p5 0.005). In the analysis by age group, a significantly elevat-
ed OR (OR 1.05 per 10 nSv h21, 95% CI 1.00, 1.10 for dose
rate and OR 1.27, 95% CI 1.01, 1.60 per 1 mSv for cumulative
dose) was found for ages 2–<7 years, the time of the peak in
incidence of ALL and largest numbers of cases. The dose-
response for the younger age group is shown in Figure 4.

For the major genetic subtypes of ALL, cases with a HeH
genotype showed a significant increase in OR with dose rate
from background radiation (OR 1.11 per 10 nSv h21, 95% CI
1.02, 1.21), though not with cumulative dose (OR 1.30, 95%
CI 0.94, 1.80 per mSv). Yet, the risk estimates did not vary

Figure 3. Average equivalent dose rates (a) and Cumulative equiva-

lent doses (b) to RBM from natural background radiation and Cher-

nobyl fallout.
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significantly between the genetic abnormalities (interaction
p5 0.10).

In exploratory analyses by age and genetic aberration,
cases aged 2–<7 years with HeH genetic subtype showed the
most elevated ORs (OR 2.00, 95% CI 1.10, 3.65 for 1 mSv
increase in cumulative equivalent dose to RBM).

A total of 26 (2.8%) of the cases and 36 (1.3%) controls
with non-zero radiation exposure had lived abroad and the
uncertainty in their exposure assessment could affect the
results. However, excluding these subjects did not yield dif-
ferent results compared with the primary analysis (OR 1.01
per 10 nSv h21, 95% CI 0.97, 1.06 for all cases) nor did
adjustment for residence abroad in the regression model.
Similarly, exclusion of subjects with missing data on birth
weight (184 cases and 511 controls) did not alter the results
for background radiation (OR 1.02 per 10 nSv h21, 95% CI
0.97, 1.06 for all cases). In addition, we approximated expo-
sure in utero by assuming a 9-month exposure for each case
and control in the residence at birth (Supporting Information
Table S1). The effect of the 2-year minimum latency period
was also approximated and Supporting Information Table S2

displays the results ignoring any latency. Neither these
approaches yielded materially different results.

The potential effect of CT-imaging was evaluated in vari-
ous hypothetical bias scenarios: cases receiving 20% larger
dose from CT than controls (OR 1.03 per 10 nSv h21, 95%
CI 0.99, 1.07), all subjects in the highest (OR 1.01 per 10
nSv h21, 95% CI 0.97, 1.05) or the lowest (OR 1.01 per 10
nSv h21, 95% CI 0.97, 1.05) quartile of background radiation
receiving 20% larger doses, cases in the highest (OR 1.02 per
10 nSv h21, 95% CI 0.98, 1.06) or the lowest (OR 1.02 per
10 nSv h21, 95% CI 0.98, 1.06) quartile of background radia-
tion receiving 20% larger dose.

Discussion
We estimated the contribution of background gamma radia-
tion on risk for childhood leukemia based on a nationwide
register-based case-control study in Finland. Overall, a small,
non-significant excess risk was found for dose rate, while the
point estimate for cumulative dose was below unity. Howev-
er, the confidence intervals include the risk estimates
obtained by extrapolation from higher dose levels, and are

Table 2. Odds ratios for the relationship between incremental increases in average dose rate and cumulative dose to red bone marrow and
childhood leukemia

Average equivalent dose
rate—Increase of 10 nSv/h

Cumulative equivalent
dose—Increase of 1 mSv

n (nadj) OR (95% CI) p OR (95% CI) p

Total 937 1.01 (0.97, 1.05) 0.97 (0.89, 1.06)

Leukemia subtypes 0.20 0.28

ALL 786 1.02 (0.98, 1.07) 0.99 (0.90, 1.09)

AML 101 0.95 (0.84, 1.08) 0.92 (0.75, 1.15)

Other 54 1.00 (0.86, 1.17) 0.94 (0.73, 1.19)

Age groups, years 0.005** 0.007**

2–<7 605 1.05 (1.00, 1.10)* 1.27 (1.01, 1.60)*

7–<15 332 0.93 (0.86, 1.00) 0.93 (0.85, 1.02)

ALL 0.10 0.22

TEL-AML1 82 0.97 (0.83, 1.12) 0.90 (0.53, 1.52)

HeH 190 (145) 1.11 (1.02, 1.21)* 1.30 (0.94, 1.80)1

Other abnormalities 233 1.01 (0.93, 1.09) 1.04 (0.89, 1.22)

Normal 202 1.00 (0.92, 1.08) 0.96 (0.81, 1.14)

ALL, 2–<7 years 0.30 0.50

Total 533 1.06 (1.00, 1.11)* 1.25 (0.98, 1.60)

TEL-AML1 68 0.99 (0.85, 1.15) 1.07 (0.54, 2.13)

HeH 147 (127) 1.16 (1.05, 1.28)** 2.00 (1.10, 3.65)1*

Other abnormalities 143 (134) 1.19 (0.62, 2.11) 1.14 (0.82, 1.59)1

Normal 121 (109) 1.05 (0.95, 1.17) 1.12 (0.66, 1.90)1

Crude ORs were used if adjusting for Down syndrome, smoking during pregnancy and being large for gestational age (LGA) did not alter the result
more than 0.05 U. Adjusted ORs are marked with 1Statistically significant results are marked with an asterisk (a5 0.05) and highly significant results
are marked with two asterisks (a50.01). All cases and controls with LGA or smoking during pregnancy missing were first excluded (n5774, 203
cases and 571 controls) to make crude and adjusted ORs comparable when deciding if adjusting is necessary. If adjusting was not needed all cases
and controls were used in the crude model. Shown p values represent testing for heterogeneity among adjusted coefficients in the subgroups.
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consistent with earlier studies of background radiation. Fur-
thermore, a significant effect was observed for the age group
2–<7 years at diagnosis. In addition, we observed suggestive
differences in OR by genetic subtype, but heterogeneity
between these groups was not significant. Likewise, no signifi-
cant heterogeneity was observed between different cell types
(ALL, AML, others).

Our risk estimates were more stable for dose rate than
cumulative dose, partly reflecting the exposure distribution
(most subjects with dose rates 40–100 nSv h21 and cumula-
tive doses 0–10 mSv). Furthermore, the dose rate does not
accumulate with age, though some regression towards the
mean with age is expected due to increasing moves and num-
ber of residences. Therefore, in the analyses of dose rate,
cases at all ages contribute with equal weight, while for
cumulative doses, cases diagnosed at older ages show the
highest exposures and hence have more influence on the
effect at highest doses, which drive the linear risk estimates.

The anticipated effect size is small, as in the Life Span
Study of atomic bomb survivors; the excess relative risk esti-
mate for leukemia for children exposed at ages 0–9 years is
of the order of 10 per Sv, corresponding to RR 1.01 per
mSv.18 Our results are largely in this range, though the confi-
dence intervals are generally wide enough to cover ORs rang-
ing from no effect to risks that are an order of magnitude
higher. Our results are also compatible with other studies of
background radiation and childhood leukemia.6,7 The risk
estimate was 1.12 per mSv (95% CI 1.03, 1.22) in the British
study and 1.04 (1.00, 1.08) in the Swiss study. The highest
ORs we found for the age group 2–<7 years, as well as the
high hyperdiploids are well above the anticipated level, and
may partly reflect chance variation.

We evaluated the risk related to background gamma radi-
ation in relation to specific ALL subtypes, with the rationale
that they represent different disease entities with potentially
differing pathogenetic processes and contrasting roles for
varying etiologic agents. There is little evidence to demon-
strate differences in etiology between leukemia subtypes.2,19,20

Our study has several strengths. Our material includes a
comprehensive and representative roster of all childhood leu-
kemia cases diagnosed in Finland and the controls were iden-
tified from the population registry with complete
enumeration of all residents of Finland, thus avoiding any
selection bias. Unlike previous studies on the subject, we
were able to construct complete residential histories for all
subjects including both place of residence and type of dwell-
ing, with register-based data eliminating recall bias. For expo-
sure assessment, we compiled dose rates from both natural
sources and the transient increase due to the Chernobyl fall-
out. For converting outdoor to indoor dose rates, we used
experimental conversion factors by type of dwelling, taking
into account the effect of building materials, while also fac-
toring in occupancy of Finnish children and varying body
composition by age during childhood. Our results also
showed the effects of known risk factors for childhood leuke-
mia, reaffirming the validity of the data and minimizing con-
founding. Furthermore, this is the first study in exploring the
role of background radiation in relation to various genetic
subtypes of leukemia.

Some shortcomings may limit our ability to precisely cap-
ture the effect of background radiation on leukemia risk.
Long-term individual-level dose monitoring would provide
the ideal exposure estimates, but it is not feasible. Recon-
structing exposure from surveys providing estimates by geo-
graphic area induces inevitably some misclassification. Some
variation can be expected to occur even between similar
dwelling types within an 8 km 3 8 km square used as a geo-
graphical unit in our analysis, and with children with con-
trasting occupancy. Such misclassification can be expected to
be nondifferential, i.e., affect the cases and controls similarly,
and hence attenuate the observed effect from the true one.
This very likely also applies to radiation exposure from other
sources, notably medical diagnostic radiation. The mean

Figure 4. Dose-response relationship between increasing average

equivalent dose rate and leukemia diagnoses among all cases (a)

and among 2–<7 year age group (b). Cut-off values for groups are

defined as quartiles of average equivalent dose rate to red bone

marrow to controls. The point estimates represent medians in each

group accordingly. The group formed by the lowest quartile is com-

pared to other groups.
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annual effective dose from medical radiation in Finland is 0.45
mSv (2012), but for children it is markedly lower due to strict
imaging guidelines especially with CT scans, which have the
largest contribution to the annual dose from medical expo-
sure.8,21 Also, CT usage on Finland is less frequent than many
other industrialised countries and only 1.7% of CT scans in
Finland were performed on children.22 Hence, medical radia-
tion exposure is relatively small compared to annual doses
observed in our study (0.59 mSv to RBM). In addition, CT-
imaging would cause confounding only if it is associated with
natural background gamma radiation exposure.

We evaluated the potential impact of CT examinations
through quantitative bias analyses. We obtained estimates of
effective dose from the literature23 and computed average
annual doses using data on the use of diagnostic imaging
obtained from Finnish radiation and nuclear safety authori-
ty.22 The average effective dose per CT examination in Fin-
land was 2.75 mSv, corresponding to an annual average
effective dose of 0.02 mSv per child, which is minimal com-
pared to background radiation. We also evaluated various
hypothetical bias scenarios: cases receiving 20% larger dose
from CT than controls, all subjects in the highest or the low-
est quartile of background radiation receiving 20% larger
doses, cases in the highest or the lowest quartile of back-
ground radiation receiving 20% larger dose. Overall, these
analyses revealed no material confounding indicating the
robustness of our estimates in relation to CT examinations.

The statistical power was relatively low, given the small
expected effect size. The minimum sample size for studies of
natural background radiation has been calculated as 7,800
cases with five times as many controls to reach a statistical
power of 80%.24 These power calculations do not, however,
take into account the precision and validity of the exposure
assessment, which is also an important determinant of the
amount of information that a study can contribute. For our
study, improvement in these aspects is the most important
addition to the evidence, compared with earlier publications.

Conclusions
Overall, we found no significant increase in OR of childhood
leukemia with dose or dose rate from background radiation.
However, in subgroup analyses, we observed a significantly
increased OR in relation to both dose rate and cumulative
dose in the agegroup 2–<7 years. In addition, leukemia with
high hyperdiploidy showed a significant association with
background gamma radiation, unlike other genetic subtypes,
but this requires further confirmation.
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A B S T R A C T

When evaluating environmental exposures, residential exposures are often most relevant. In most countries, it is
impossible to establish full residential histories. In recent publications, childhood leukaemia and background
radiation have been studied with and without full residential histories. This paper investigates the consequences
of lacking such full data.

Data from a nationwide Finnish Case-Control study of Childhood Leukaemia and gamma rays were analysed.
This included 1093 children diagnosed with leukaemia in Finland in 1990–2011. Each case was matched by
gender and year of birth to three controls. Full residential histories were available. The dose estimates were
based on outdoor background radiation measurements. The indoor dose rates were obtained with a dwelling
type specific conversion coefficient and the individual time-weighted mean red bone marrow dose rates were
calculated using age-specific indoor occupancy and the age and gender of the child. Radiation from Chernobyl
fallout was included and a 2-year latency period assumed.

The median separation between successive dwellings was 3.4 km and median difference in red bone marrow
dose 2.9 nSv/h. The Pearson correlation between the indoor red bone marrow dose rates of successive dwellings
was 0.62 (95% CI 0.60, 0.64). The odds ratio for a 10 nSv/h increase in dose rate with full residential histories
was 1.01 (95% CI 0.97, 1.05). Similar odds ratios were calculated with dose rates based on only the first dwelling
(1.02, 95% CI 0.99, 1.05) and only the last dwelling (1.00, 95% CI 0.98, 1.03) and for subjects who had lived
only in a single dwelling (1.05, 95% CI 0.98, 1.10).

Knowledge of full residential histories would always be the option of choice. However, due to the strong
correlation between exposure estimates in successive dwellings and the uncertainty about the most relevant
exposure period, estimation of overall exposure level from a single address is also informative. Error in dose
estimation is likely to cause some degree of classical measurement error resulting in bias towards the null.

1. Introduction

Environmental exposure is often determined by location. Because chil-
dren typically spend most of their time at home (UNSCEAR, 2000), re-
sidential exposures, also known as domestic exposures, are often most re-
levant. Examples include residential exposure to background radiation for
residential radon and terrestrial gamma rays, electromagnetic fields and air
pollution (Kroll et al., 2010; Raaschou-Nielsen et al., 2001; UK Childhood
Cancer Study Investigators, 1999).

Children are more susceptible to the carcinogenic effects of ionising
radiation than adults, andmany studies of natural radiation and cancer have
focused on children (Demoury et al., 2017; Kendall et al., 2013; Nikkilä
et al., 2016; Raaschou-Nielsen et al., 2008; Spix et al., 2017; Spycher et al.,
2015). Such studies must include thousands of cases in order to achieve
sufficient statistical power to detect the small effects expected from ambient
exposures, as extrapolated from high dose levels (Little et al., 2010).
However collecting information on such large samples through interview or
direct measurement is expensive and prone to selection bias. In most
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countries, it is impossible to establish full residential histories, i.e. a list of
dwellings occupied with dates of moving in and out, without individual
contact with study subjects. Only few countries, including the Nordic
countries, have nationwide registries that provide such data. For this reason,
many such studies have limited exposure assessment to a single dwelling,
for example that occupied at diagnosis (UK Childhood Cancer Study
Investigators, 2002a, 2002b; Demoury, 2017) or that at birth (Kendall et al.,
2013).

Because direct measures of natural radiation are impracticable, exposure
is usually estimated frommodels. The indoor dose rates of terrestrial gamma
radiation depend on outdoor dose rates, the shielding effect of the material
of the house, and the radiation emitted by the building materials.
Reasonable predictions of indoor gamma-ray dose rates can be made based
on location and factors such as geology and socioeconomic status of the area
(Chernyavskiy et al., 2016; Kendall et al., 2016; Warnery et al., 2015).
Nevertheless, considerable inter-house variation remains. In the British
studies, the residual Mean Square Error (MSE) was 378 (nGy/h)2 on a mean
estimate of 96 nGy/h; in France MSE=407 (nSv/h)2 with a mean of 76
nSv/h. Such significant uncertainties can be avoided only by direct mea-
surement in the house in question or, potentially, by modelling using more
detailed information, in particular on the radioactive content of all sig-
nificant building materials used in each dwelling (European Commission,
1997). Similar considerations apply, perhaps with even more force, to in-
door radon concentrations – neighbouring houses can differ greatly in a
random, time varying and unpredictable way, but models can make rea-
sonable predictions for areal averages (Miles and Appleton, 2005).

In studies of the effects of protracted exposures to ionising radiation (or
other agents) it is necessary to consider how susceptibility varies over the
exposure period. This is particularly important in the context of background
radiation, as doses are accumulated throughout life and children are known
to be more susceptible (UNSCEAR, 2008a). The extent to which suscept-
ibility varies throughout childhood is unknown though there is evidence
that susceptibility is greatest at younger ages (National Research Council
NRC, 2006; UNSCEAR, 2008a, 2013). A reasonable approach is to use total
cumulative dose or time-integrated dose rates from birth or conception to
diagnosis as exposure measure. However, it is possible that, for example,
exposures around the time of birth or during pregnancy are dis-
proportionately important (ICRP: International Commission on Radiological
Protection, 2003; National Research Council NRC, 2006; UNSCEAR, 2013).

A recent publication from the Finnish Register-based Case-Control study
of Childhood Leukaemia (FRECCLE) (Nikkilä et al., 2016), on the effect of
natural gamma rays on risk of childhood leukaemia made use of a nation-
wide population registry in order to obtain complete residential histories for
the study subjects. The present paper analyses these data in more detail to
obtain insights for the interpretation of similar epidemiological studies,
which lack the richness of the data available in Finland.

It is the aim of this paper

i) to investigate patterns of residential mobility, or migration, in fa-
milies with young children,

ii) to investigate the extent to which doses in successive dwellings vary and
iii) to examine the implications of residential mobility for epidemio-

logical studies of natural gamma rays and childhood cancers in
general and leukaemia in particular.

2. Materials and methods

FRECCLE includes 1093 children diagnosed with leukaemia in Finland
in 1990–2011, identified from the Finnish Cancer Registry. Each case was
matched by gender and year of birth to three controls at the Population
Register Centre. For the matched cases and controls, the Population Register
Centre provided complete residential histories from birth to the reference
date (date of diagnosis for cases; for controls, date when an exposure period
of similar length is reached). These residential histories included moving
dates and municipalities of residence, as well as coordinates, building type
and identification codes for each residence.

The ambient dose estimates are based on an 8×8km gridded map of
outdoor natural background radiation from the Finnish Radiation and
Nuclear Safety Authority. This map is based on the measurements from a
mobile survey carried out between 1978 and 1980 in Finland (Arvela et al.,
1995). The indoor dose rates were obtained with a conversion coefficient
specific to the dwelling type and the individual time-weighted red bone
marrow dose rate averages were calculated using age-specific indoor oc-
cupancy coefficients and the age and gender of the child (Arvela et al.,
1995; Kendall et al., 2009; Mäkeläinen et al., 2005). Radiation from Cher-
nobyl fallout was also modelled, though its contribution to the total dose
estimates was small (~3%) (Nikkilä et al., 2016). The median dose rate to
red bone marrow (Chernobyl and natural background radiation) was
67.2 nSv/h for cases and 66.4 nSv/h for controls.

Based on previous studies, Nikkilä et al. (2016) assumed a 2-year
minimum latency period in their main analysis resulting in zero exposure
for subjects younger than 2 years at the reference date (in utero exposure
was ignored) (UNSCEAR, 2008b). The odds ratio (OR) of childhood leu-
kaemia was calculated for every 10 nSv/h increase in time-weighted
average indoor gamma-ray dose-rate over the period from birth to the re-
ference date. For the present work other measures of exposure were in-
vestigated as described in the Results section.

Statistical analyses were done using R (3.4.0) and conditional lo-
gistic regression was used for matched case-control data. The ethical
committee of Pirkanmaa Hospital district reviewed the study protocol
(tracking number R14074). According to Finnish regulations, no in-
formed consent was required for a register-based study.

3. Results

Table 1 shows the number of dwellings occupied by cases and by con-
trols in the Finnish study (Nikkilä et al., 2016). These numbers take into
account the two-year latency period, so that subjects aged less than 2 years
at their reference date (156 cases and 468 controls) were excluded, leaving
937 cases and 2811 controls for analysis. About 48% of both cases and
controls had lived at only one address between birth and the reference date.
Five percent of both cases and controls had lived in five or more dwellings
during the exposure period. The mean number of addresses occupied be-
tween birth and the reference date was approximately 1.9 for both cases and
controls. In total, there were 63 (0.8%) residencies abroad. The percentage
of cases who moved during the two-year latency period preceding the re-
ference date was 26.0% and 26.2% for controls.

Table 2 shows the separation (km) and mean difference in dose rate for
different pairs of addresses for cases and controls separately. The first of
these is equivalent to the separation of two randomly chosen dwellings in
our Finnish dataset; the median is similar to the mean for cases and controls
(cases: 233 km vs. 267 km, controls: 230 km vs. 264 km). Successive homes
of the same family are, on average, much closer together, with a median
separation of only 3.4 km (cases: 3.6 km, controls: 3.3 km). The mean dis-
tance between successive dwellings of the same family is an order of
magnitude larger than the median, because of the influence of relatively
uncommon long-distance moves (i.e. the distribution is highly skewed). The
separation of the first and last dwellings occupied by a family is a little
larger than the separation of successive homes, but broadly similar. The
dose rates varied as might be expected, with successive dwellings of the
same family having the lowest changes in dose rate.

The Pearson correlation coefficients with their 95% confidence intervals
for four selected pairs of dose-rate variables (“scenarios”) are presented in
the Table 3. For all scenarios, the indoor and outdoor dose rates for all study
subjects were analysed separately. The correlation coefficient between in-
door gamma dose rates for two successive dwellings occupied by study
subjects was 0.62 (95% CI 0.60, 0.64). The correlation between the dose
rates at the first and the last dwelling occupied by the study subjects was
0.67 (95% CI 0.65, 0.70). The correlation between the indoor dose rate
averaged over all the subject's dwellings and the dose rate inside the first
dwelling was 0.78 (95% CI 0.76, 0.80). The respective values of these
correlation coefficients for outdoor dose rates were higher. The Pearson
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correlation between the separation and difference in the indoor effective
dose rate for pairs of successive dwellings was quite low (0.32, 95% CI 0.29,
0.35). In all these analyses, results for cases were similar to those for con-
trols.

Nikkilä et al. (2016) reported that the odds ratio of childhood leukaemia
for every 10 nSv/h increase in dose rate based on the time-weighted average
indoor gamma-ray dose rate over all residences in the time window was
1.01 (95% CI 0.97, 1.05). The corresponding OR, based on the dose rate in
only the first and the last dwelling, are 1.02 (95% CI 0.99, 1.05) and 1.00
(95% CI 0.98, 1.03), respectively, for every 10 nSv/h increase. When the
subgroup of subjects with only one residence in their history (488 cases and
1458 controls) was analysed, we observed an OR of 1.05 (95% CI 0.98,
1.11) for every 10 nSv/h increase. When we modelled the indoor dose rates
naively as the outdoor dose rates, neglecting the effects of the dwelling type,
we observed an OR of 1.04 (95% CI 1.00, 1.08) for every 10 nSv/h increase
using the full residential histories.

When the cumulative RBM dose is considered, with full residential
histories an OR of 0.97 (95% CI 0.89, 1.06) per 1mSv was previously re-
ported (Nikkilä et al., 2016). In analyses considering only the first and only
the last dwelling the ORs per 1mSv were respectively: 1.04 (95% CI 0.99,
1.10) and 1.00 (95% CI 0.95, 1.06). For the subset of subjects with only one
dwelling in their history we observed OR of 1.20 (95% CI 0.94, 1.52) and if
the analysis is completed based on outdoor dose rates with full residential
histories an OR of 0.98 (95% CI 0.90, 1.08) was observed. The results based
on average dose rate and cumulative RBM dose with a two-year latency
period are presented in Fig. 1.

When the more mobile subjects, with at least two dwellings in their
residential history (425 cases and 1304 controls), were analysed sepa-
rately we observed an OR of 0.97 (95% CI 0.90, 1.05) for every 10 nSv/
h increase. To explore the effect of our chosen latency period, we cal-
culated odds ratios for cumulative RBM for no latency period and for a
latency period of five years (Supplementary table 1).

4. Discussion

Residential mobility, that is the movement of study subjects from one
residential address to another, is a challenge for epidemiological studies,
where exposure to the agent of interest depends on place of residence. The
data of the Finnish study (Nikkilä et al., 2016) demonstrate that, in their
study subjects, about half the children diagnosed with leukaemia had not
moved from the birth address by the time of diagnosis. Those who had
moved generally had not moved far; the median separation of successive
dwellings being 3.4 km.

A recent paper (Kendall et al., 2015) examined residential mobility in a
case-control study, in which addresses were available for both the residence
at birth and the residence at diagnosis of cases. Kendall et al. reported that
44% of all cases of childhood cancer had not moved by the time of diag-
nosis. For leukaemias, the figure was 45%. Those who had moved to a new
house did not, on average, move far: median distance 3.1 km for both
childhood leukaemia and all childhood cancers. In consequence, the esti-
mated indoor gamma ray dose rates in the house at birth were strongly
correlated with those in the house at diagnosis. These results are consistent
with those from the Finnish data.

In a recent nationwide study on childhood cancer and background ra-
diation in Switzerland (Spycher et al., 2015), residential locations were
available for all children at the time of national censuses. In analyses using
cumulative doses since birth, the hazard ratio for childhood leukaemia was
higher in a sub-cohort with stable place of residence for at least 5 years
before census (excess relative risk per mSv: 4.6%, 95% CI: −0.1–9.6%)
compared to the full cohort (3.6%, −0.3–7.7%), in which mobility was

Table 1
Number of dwellings occupied by study subjects.

1 2 3 4 5 ≥ 6 Total max

Controls 1459 (52%) 721 (26%) 342 (12%) 150 (5%) 72 (3%) 67 (2%) 2811 11
Cases 488 (52%) 257 (27%) 103 (11%) 44 (5%) 25 (3%) 20 (2%) 937 16

Note that account has been taken of a two year latency period in these figures.
Note that the data of Table 1 are reproduced by permission from the International Journal of Cancer.

Table 2
Mean separation (km) and mean absolute difference in dose rate (nSv/h) be-
tween two random addresses and between addresses for the same family for
cases and controls.

Median Mean Q1 Q3 Max

Any two addressesa

Separation (km)
Cases 233 267 135 371 1144
Controls 230 264 133 370 1179
Absolute difference in dose rate (nSv/h)
Cases 14.5 17.2 6.2 25.5 102
Controls 14.4 17.4 6.1 26.0 102
Successive addresses
Separation (km)
Cases 3.6 36.0 1.0 12.1 792
Controls 3.3 29.9 0.9 13.6 760
Absolute difference in dose rate (nSv/h)
Cases 2.4 8.7 0 16.5 96.1
Controls 3.3 9.2 0 17.7 78.7
First and last address
Separation (km)
Cases 4.3 37.2 1.16 15.0 713
Controls 4.2 33.3 1.19 16.3 760
Absolute difference in dose rate (nSv/h)
Cases 4.7 8.9 0 17.0 39.7
Controls 3.8 9.0 0 17.4 74.5
Difference in dose rate (nSv/h)b

Cases − 0.1 − 4.6 − 14.5 0 39.5
Controls − 0.1 − 5.1 − 15.3 0 47.1

a All pairs of addresses in the dataset, not necessarily from the same subject.
b The difference is calculated by substracting the dose rate in the last

dwelling from the dose rate in the first dwelling.

Table 3
Pearson correlation coefficients with 95% confidence intervals between various
In- and Outdoor gamma-ray dose rate quantities.

Indoors Outdoors

r 95% CI r 95% CI

Dose rates in successive dwellings
Cases 0.59 0.55–0.64 0.85 0.83–0.87
Controls 0.64 0.62–0.67 0.89 0.88–0.89
Dose rates in first and last dwellinga

Cases 0.67 0.61–0.71 0.91 0–89–0.92
Controls 0.67 0.64–0.70 0.88 0.87–0.89
Dose rate in first vs mean for all dwellings
Cases 0.77 0.73–0.81 0.99 0.98–0.99
Controls 0.78 0.76–0.80 0.98 0.98–0.98
Change in dose rate vs separation of

successive dwellings
Cases 0.31 0.24–0.37 0.68 0.63–0.71
Controls 0.22 0.18–0.26 0.60 0.58–0.63

a If only subjects with three or more dwellings are included, the correlation
for indoor values lower for cases (0.54, (0.43, 0.63)) than for controls (0.63
(0.58, 0.68)).
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Fig. 1. Odds ratios for 10 nSv/h increase in average red bone marrow dose rate (A) and for 1mSv increase in cumulative red bone marrow dose (B) for childhood
leukaemia and terrestrial background radiation (width: 1 column). Different scenarios were chosen to approximate exposure assessment based on residential his-
tories. Full history: Full residential histories. First address: Only first dwelling was included. Last address: Only last dwelling was included. Subjects with a single
dwelling: Only subjects with one residence in their history were included.
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more common. For cases, full residential histories were available from the
national childhood cancer registry. These data show that 34% of leukaemia
cases moved house at least once between birth and diagnosis (Kreis et al.,
2016), somewhat fewer than in the present study.

Demoury et al. (2017) note that in the ESCALE interview-based
study of childhood cancers and leukaemia in France, 66% of the chil-
dren had been living in the same municipality (Commune) since birth.
The correlations between exposure estimates at birth and at diagnosis
(cases) or inclusion (controls) were 0.86 for radon exposure and 0.89
for gamma radiation exposure. A Danish study by Raaschou-Nielsen
et al. (2008) reported that in their data 58% of the families had lived in
a single-family dwelling throughout their childhood.

In their published paper, Nikkilä et al. (2016) chose as their principal
exposure measure the indoor gamma-ray dose rate averaged over all
dwellings. Here, the effect of not having complete residential histories is
explored by using several other exposure indicators (based on only first
dwelling, only last dwelling, subgroup of subjects with only one dwelling
and dose-rate estimated neglecting the dwelling type). The confidence in-
tervals of the ORs overlap markedly with results for the average dose rate,
though the central estimates ranged from 1.00 to 1.05, while the published
result was 1.01. A similar picture is seen for results based on cumulative
dose for which the point estimates were more dispersed: from 0.97 to 1.20.
The sensitivity analyses with differing length latency periods reflected the
previously reported results – in our material, the age of the subject appears
to be an effect modifier (higher ORs were observed for younger children).

Patterns of migration may vary from country to country and from time
to time. Further, exposure difference between successive homes may de-
pend on the size of the country and spatial variation of dose rates.
Childhood leukaemia peaks at a younger age than most other paediatric
cancers and therefore residential histories are likely to be somewhat shorter
and involve fewer residencies (although Kendall et al. (2015) reported that
such differences were not great). Hence, there will always be uncertainties
in extrapolating from one set of circumstances to others.

Interestingly, it has been hypothesized that a particular migration pat-
tern characterised by rapid population influx into isolated rural areas might
play a role in the aetiology of childhood leukaemia (Kinlen et al., 2012).
Hence, in such specific instances, moving might not only induce exposure
measurement error, but also confounding. Thus, having complete residential
histories might enhance control of confounding besides producing more
accurate estimates of exposure.

Considerable uncertainty remains about the most important time
window for leukaemogenesis in childhood. If study subjects move house
between birth and the start of the latency period then adequate residential
histories are needed to establish the precise mean dose rate or integrated
dose over this exposure period. However, if susceptibility varies with age,
such time-weighted averages based on subjects’ whole residential histories
are not necessarily the most relevant. Different weights should perhaps be
given to the birth address for example (ICRP: International Commission on
Radiological Protection, 2003; National Research Council NRC, 2006;
UNSCEAR, 2013). If latency plays an important role, modelling exposure by
the dwelling at diagnosis is not optimal. That is because a proportion (in our
dataset a fourth, assuming two-year latency) of study subjects will have
moved during their latency period. For these subjects, there would be no
relevant information available about their exposure during the (presumed)
etiologically relevant time window. Of course, with full residential histories
it is theoretically possible to explore sensitivity during different time win-
dows using the data themselves. However, this would require a larger study
with greatly increased statistical power.

The ORs observed in the present study were somewhat higher for
cases who had lived in only a single dwelling in history compared to
those with two or more. This reflects the previously reported difference
in leukaemia risk by age group as the mean number of dwellings in-
creases with age.

With dose metrics averaged over the exposure periods of subjects,
such as the average dose rate, regression towards mean with an in-
creasing number of dwellings in history will occur, and it is likely to

decrease variation between subjects and hence diminish exposure
contrast and dilute the extremes. However, the extent of regression
toward mean depends correlation between successive dwellings which
was found to be high.

How much will exposures in successive dwellings vary? Clearly this
depends on the agent in question. However, for natural gamma rays there is
good evidence that dose rates in adjacent locations tend to be similar. In
consequence, indoor gamma-ray doses in successive dwellings are highly
correlated. This is supported by the present study and by Kendall et al.
(2015) who reported, for Great Britain, a correlation in estimated indoor
gamma rate between birth and diagnosis locations of 0.48 for cases who had
moved County District and of 0.90 for all cases (Kendall et al., 2015).
However, the reasons for this correlation may be complex; the data of
Table 3 suggest that it is not just a proximity effect as the correlation be-
tween separation and difference in effective indoor dose rate was not as
high as was expected.

So far as other exposures are concerned, our results should be
generalised only with caution. It will remain true that successive family
dwellings will tend to be close together. It is plausible that exposures to
many agents of interest will therefore tend to be similar, but this jud-
gement must be made on a case-by-case basis.

5. Summary

Knowledge of full residential histories would always be the op-
tion of choice. If dose estimates are constructed for the full exposure
periods, having full residential histories results in less exposure
misclassification. However, there is considerable evidence that fa-
milies with young children who move house generally do not move
far. In consequence exposures to indoor gamma rays (and possibly
to other agents) in successive homes are correlated. Given this
strong correlation between exposure estimates in successive
dwellings and the uncertainty about the most relevant exposure
period, estimation of overall exposure level from a single address,
in particular that at birth, will also be informative. It remains true
that comparisons of results across studies using different time
points of exposure (e.g. birth and diagnosis) could indicate periods
of increased susceptibility provided that the studies have adequate
power. As noted in the introduction there is often substantial
random variation between practical dose estimates from modelling
and the (unknown) true residential doses. Thus, there is likely to be
a degree of classical measurement error in the dose estimates,
which will bias risk estimates towards the null.
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The only well-established risk factors for childhood leukemia are
high-dose ionizing radiation and Down syndrome.
Computerized tomography is a common source of low-dose

radiation. In this study, we examined the magnitude of the risk of
childhood leukemia after pediatric computed tomography examina-
tions. We evaluated the association of computed tomography scans
with risk of childhood leukemia in a nationwide register-based case-
control study. Cases (n=1,093) were identified from the population-
based Finnish Cancer Registry and three controls, matched by gender
and age, were randomly selected for each case from the Population
Registry. Information was also obtained on birth weight, maternal
smoking, parental socioeconomic status and background gamma radi-
ation. Data on computed tomography scans were collected from the
ten largest hospitals in Finland, covering approximately 87% of all
pediatric computed tomography scans. Red bone marrow doses were
estimated with NCICT dose calculation software. The data were ana-
lyzed using exact conditional logistic regression analysis. A total of 15
cases (1.4%) and ten controls (0.3%) had undergone one or more com-
puted tomography scans, excluding a 2-year latency period. For one or
more computed tomography scans, we observed an odds ratio of 2.82
(95% confidence interval: 1.05 – 7.56). Cumulative red bone marrow
dose from computed tomography scans showed an excess odds ratio
of 0.13 (95% confidence interval: 0.02 – 0.26) per mGy. Our results are
consistent with the notion that even low doses of ionizing radiation
observably increase the risk of childhood leukemia. However, the
observed risk estimates are somewhat higher than those in earlier
studies, probably due to random error, although unknown predispos-
ing factors cannot be ruled out.

Introduction

Leukemia is the most common childhood malignancy.1 The incidence rates of
childhood leukemia in Finland are comparable to those in other European coun-
tries and show a slight increasing trend up to the 1990s.2 Acute lymphoblastic
leukemia accounts for approximately 85% of all childhood leukemias. The major
histological subtype of acute lymphoblastic leukemia is precursor B-cell acute lym-
phoblastic leukemia (~85%).1

Well-established risk factors for childhood leukemia include high doses of ion-
izing radiation, alkylating chemotherapy agents, as well as Down syndrome and
some rare congenital syndromes such as Fanconi anemia, Bloom syndrome and
ataxia telangiectasia.1,3-6 A number of genetic variants have also been associated
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with increased risk of leukemia.7,8 Furthermore, there is
reasonably consistent evidence of a slightly increased risk
associated with large birth weight relative to gestational
time.9 A higher risk has also been suggested for older
parental age, delivery by Cesarean section, and paternal
smoking.10–13 However, daycare attendance, allergic dis-
eases, maternal folic acid supplementation before birth,
and early immune stimulation have been suggested to
reduce the risk of leukemia.14–17

Although high doses of ionizing radiation increase the
risk of childhood leukemia, the magnitude of any effect
from low doses remains uncertain. Some studies have
suggested increased risks associated with background
radiation and following x-ray examinations in utero and
post-natally.18–22 Computed tomography (CT) imaging has
been used for almost four decades and its frequency of
utilization increased greatly during the 1980s-1990s. The
annual number of scans peaked around year 2002; more
recently CT scans have been partly replaced by magnetic
resonance imaging in pediatric imaging, partly because of
the risk of cancer from ionizing radiation.23 In 2015, 5,311
pediatric CT scans were performed in the Finnish popu-
lation of 1,024,000 children under 17 years old, which is
a low rate compared to that in many other countries.23,24

Four high-quality studies have investigated the associa-
tion of pediatric CT scans and childhood leukemia.25–28

The interpretation of the findings must include an evalu-
ation of confounding by indication, i.e. underlying condi-
tions predisposing children to both CT scans and
leukemia.28–30 Nevertheless, the evidence is still limited
and the magnitude of the risk needs to be characterized
further.

In this study, we examined the magnitude of the risk of
childhood leukemia after pediatric CT examinations
using a nationwide case-control design with efforts to
avoid reverse causation.

Methods

We used a register-based, case-control study with individually
matched controls. The key characteristics of the material have
been presented previously.10 Briefly, all cases of childhood
leukemia (M9800–M9948 in ICD-O-3) diagnosed in Finland dur-
ing 1990–2011 (n=1,100) before the age of 15 years were identi-
fied from the Finnish Cancer Registry (Figure 1). Three controls
were individually matched, by sex and year of birth, for each
case from the Population Register Center. In all analyses, a 2-
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Figure 1. Flow chart depicting the selection of study
subjects. The flow of cases is represented on a white
background and the controls on a light gray background.
The necessary exclusions are shown in red boxes.
Dashed lines represent the linking of the study subjects
with the CT scans collected.



year latency period was used, in part to deal with reverse causa-
tion due to confounding by indication.31 Also, multiple predis-
posing factors (Online Supplementary Table S1) were accounted
for with outpatient register data. The methods are described in
more detail in the Online Supplementary Material.

We obtained data on all CT scans performed on pediatric
patients (<15 years) from all five university hospitals and the five

largest central hospitals in Finland (Table 1, Figure 2). The period
of data availability varied between hospitals, because radiologi-
cal databases with information on each CT scan for individual
patients were introduced at different times. We estimated that
the data from the study hospitals covered 87% of all pediatric
CT scans performed in Finland during 1975–2011 (see the Online
Supplementary Material for details). For each CT scan, we

Pediatric CT scans and childhood leukemia
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Figure 2. Flow chart linking the collected computed
tomography scans to the study subjects The flow
of the CT scans is represented on a white back-
ground and the CT scans to different body parts on
a light gray background. The necessary exclusions
are shown in red boxes. 

Table 1. The collection and availability of electronically stored computed tomography scans.
Hospital                                                                City                                                       Data availability                               Number of CT scans

Helsinki University Hospital                                       Helsinki                                                                    1990–2011                                                         31,825
Tampere University Hospital                                     Tampere                                                                    1978–2011                                                          9,236
Oulu University Hospital                                                Oulu                                                                       1993–2011                                                          7,513
Turku University Hospital                                              Turku                                                                       1996–2011                                                          7,360
Kuopio University Hospital                                          Kuopio                                                                     1996–2011                                                          5,408
Central Finland Central Hospital                              Jyväskylä                                                                    2002–2011                                                          2,571
Satakunta Central Hospital                                             Pori                                                                        1995–2011                                                          1,948
Seinäjoki Central Hospital                                         Seinäjoki                                                                    1999–2011                                                          1,759
Päijänne Tavastia Central Hospital                              Lahti                                                                       2000–2011                                                          1,597
North Karelia Central Hospital                                  Joensuu                                                                    1993–2011                                                          1,191
TOTAL                                                                                                                                                                                   80,783

All Finnish university hospitals are listed first followed by the five chosen central hospitals.



obtained the parameters used for dose assessment including
year, body part, use of contrast medium and the number of
sequences. Manufacturers and models of CT scanners in each
hospital were acquired from the Radiation and Nuclear Safety
Authority (STUK). For dose calculations, we assumed in the
main analysis that each CT scan was performed using the latest
CT scanner available at the hospital. 

Data on a total of 80,783 pediatric CT scans were obtained and
of those, 49 CT scans were performed on the study subjects,
excluding the 2-year latency period (Table 1). Half (n=25) were
head scans, and 19 were lung scans. Of the CT scans, 36 were per-
formed on 15 (1.4%) cases and 13 scans on 10 (0.3%) controls. 

The CT scan parameters were obtained based on expert opin-
ion of an experienced hospital physicist (Online Supplementary
Table S2). The doses were estimated using the NCICT software
(v1.2).32 Age- and sex-specific pediatric software phantoms (for
neonates, and children aged 1, 5, 10, and 15 years) were used.
The input for dose calculation also included the scanner manu-
facturer and model. If data were available only on the manufac-
turer, a manufacturer-specific average was used. It was assumed
that a head or body filter was used, based on the target body
part. The cumulative absorbed red bone marrow (RBM) doses
were obtained as the sums of absorbed RBM doses from all CT
scans for each study subject. The dose from a scan was multi-
plied by 1.5 if contrast medium was used, consistent with tissue-
specific coefficients suggested for other tissues.33 Alternative
dose estimates were obtained based on values reported in the lit-
erature.34

We identified subjects with Down syndrome (40 cases and 2
controls) from the Congenital Malformation Register and Care
Register for Health Care, and those with a previous malignancy
(2 cases) from the Finnish Cancer Registry. They were excluded
to avoid confounding by indication (reverse causation). We also
collected information on birth weight (large for gestational age)
and maternal smoking during pregnancy from the Medical Birth
Register, as well as socioeconomic status and education of the
parents from Statistics Finland. Residential exposure to back-
ground gamma radiation, including natural terrestrial radiation
and Chernobyl fallout, was estimated as described previously.8

Due to small frequencies, exact conditional logistic regression
in SAS 9.4 was used for estimating odds ratios (OR), excess odds
ratios and their confidence intervals (CI).35 Statistical power cal-
culations indicated that the sample size is sufficient for detecting
a linear dose-response with an OR of 1.05 or greater per 1 mGy
increase in cumulative RBM dose with a statistical power of
80% using asymptotic conditional logistic regression.36

The ethical committee of Pirkanmaa Hospital district
reviewed the study protocol (tracking number R14074) and, in
accordance with Finnish regulations, no informed consent was
required for this register-based study. In addition, each hospital
approved our study protocol before delivering the data on CT
scans. We obtained permission to use data from the Finnish
Cancer Registry, the Medical Birth Register, Care Register for
Health Care and Congenital Malformation Register from the
National Institute of Health and Welfare (1774/5.05.00/2014), as
well as census data on socioeconomic status from Statistics
Finland (TK-52-306-16).

Results

In our nationwide register-based study, after excluding
cases with an incorrect personal identification number or
prohibition to use their data, we identified 1,093 cases of
childhood leukemia diagnosed in 1990-2011. Most of the

cases were acute lymphoblastic leukemia (81.1%) or
acute myeloid leukemia (13.0%). The median age at diag-
nosis among cases was 4.52 years (interquartile range,
IQR 2.72 – 8.23). Of the cases and controls, 52% were
male (Table 2). The criteria for large for gestational age
were met by 121 (13.3%) of the cases and 275 (9.9%) of
the controls. 
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Table 2. The characteristics of cases and controls before any exclusions.
                                                 Cases (n=1,093)   Controls (n=3,279)         P

Gender                                                                                                                                    
Female                                                 48.0% (525)               48.0% (1575)                  
Male                                                      52.0% (568)                52.0% (1704)                  

Large for gestational age                                                                                                  
No                                                          86.7% (788)                90.1% (2493)                  
Ys                                                           13.3% (121)                  9.9% (275)                0.001
Missing                                                        184                                511                           

Mother’s smoked during 
pregnancy                                                                                                                              

No                                                          83.1% (742)                84.5% (2296)                  
Yes                                                        16.9% (151)                 15.5% (420)               0.096
Missing                                                        200                                563                           

Down syndrome                                                                                                                   
No                                                         96.3% (1053)               99.9% (3277)                  
Yes                                                          3.7% (40)                      0.1% (2)                <0.001

Parents’ education                                                                                                              
Mother                                                                                                                                 

Upper secondary                             48.5% (530)                50.6% (1659)               ref
Bachelor’s degree                           22.3% (244)                 23.1% (756)               0.869
Master’s or doctor’s degree         10.2% (112)                  9.8% (321)                0.406
Missing                                              18.9% (207)                 16.6% (543)                   

Father                                                                                                                                  
Upper secondary                             52.0% (568)                51.4% (1685)               ref
Bachelor’s degree                           15.2% (166)                 16.2% (532)               0.423
Master’s or doctor’s degree         10.0% (110)                 10.2% (334)               0.880
Missing                                               22.8% (249)                 22.2% (728)                   

Parents’ socioeconomic status                                                                                       
Mother                                                                                                                                 

Self-employed                                    7.7% (84)                    8.3% (273)                  ref
Upper level employee                    16.1% (176)                 15.7% (514)               0.477
Lower level employee                    34.8% (380)                34.5% (1130)              0.521
Manual worker                                 21.4% (231)                 20.6% (674)               0.490
Other                                                  18.2% (199)                 20.3% (664)               0.859
Missing                                                 2.1% (23)                     0.7% (24)                     

Father                                                                                                                                  
Self-employed                                  13.9% (152)                 12.0% (395)                 ref
Upper level employee                    17.6% (192)                 18.2% (596)               0.178
Lower level employee                    18.3% (197)                 17.9% (587)               0.273
Manual worker                                 34.0% (372)                35.0% (1148)              0.170
Other                                                  12.4% (135)                 14.3% (469)               0.036
Missing                                                 4.1% (45)                     2.6% (84)                     

Age at leukemia diagnosis, years                                                                                     
0 – 2                                                      14.3% (156)                                                          
2 – 7                                                      55.5% (605)                                                          
7 – 15                                                    33.4% (332)                                                          

Leukemia type                                                                                                                      
Pre-B-ALL                                            75.6% (826)                                                          
Pre-T-ALL                                               5.9% (64)                                                            
Unclassified ALL                                  1.8% (20)                                                            
Acute myeloid leukemia                   13.6% (149)                                                          
Other                                                      3.1% (34)                                                            

The reported P-values are from an univariate conditional logistic regression model. The non-
binary variables were treated as factors and the reference categories are marked with “ref”. ALL:
acute lymphoblastic leukemia.



After exclusions, eight cases (0.7%) and nine controls
(0.3%) had undergone at least one CT scan. The median
RBM dose was 10.1 mGy (IQR 4.79 – 13.6) for the
exposed cases and 6.29 mGy (IQR 5.69 – 7.14) for the
exposed controls (Figure 3). The corresponding literature-
based values were 26.5 mGy and 17.6 mGy. The RBM
doses calculated with NCICT from thoracic CT scans var-
ied between 1.8 and 6.8 mGy (median 4.0 mGy) and sim-
ilarly, the doses for head CT scans varied between 1.6 and
10.7 mGy (median 6.6 mGy).

The OR for any versus no CT was 2.82 (95% CI: 1.05 –
7.56). For two or more pediatric CT scans, the OR was
5.22 (95% CI: 0.89 – 69.9). For any head CT scans, an OR
of 4.00 (95% CI: 1.39 – 11.5) was obtained. 

The overall excess OR of childhood leukemia was 0.13
(95% CI: 0.02 – 0.26) per mGy of absorbed RBM dose cal-
culated with the NCICT software (Table 3). Using the
cumulative RBM dose estimates from the literature, an
excess OR of 0.05 (95% CI: 0.01 – 0.10) per mGy was
obtained. In an analysis by dose tertile calculated with

NCICT, the excess OR relative to zero dose were 1.26 (95%
CI: -0.50 – 10.1) for the first group, 0.09 (95% CI: -0.89 –
10.5) for the second, and 5.00 (95% CI: 0.10 – 31.7) for the
last (Figure 4). 

For the most common subtype, precursor B-cell acute
lymphoblastic leukemia, the excess OR per mGy was
0.14 (95% CI: 0.02 – 0.29) using estimates from NCICT
and 0.06 (0.01 – 0.11) for literature-based estimates. The
excess OR for any versus no CT scans was 2.25 (95% CI:
0.08 – 8.75) for acute lymphoblastic leukemia and 2.88
(95% CI: 0.22 – 11.4) for precursor B-cell acute lym-
phoblastic leukemia. In the analysis by age at
diagnosis/reference date, the excess OR for any versus no
CT scans was 3.50 (95% CI: -0.25 – 25.9) for children
aged 2 – <7 years and 1.27 (95% CI: -0.32 – 6.54) for
those aged 7 – <15 years.

Covariate (confounder) adjustments (large for gesta-
tional age, maternal smoking during pregnancy, parental
education and parental socioeconomic status) did not
alter the OR for CT exposure by more than 0.05 units,
with the exception of maternal smoking, which increased
the OR related to the number of pediatric CT scans (0 ver-
sus 1 or more) (approximately 0.10 units). Nevertheless,
we preferred the unadjusted model, as missing data on
maternal smoking resulted in wider confidence intervals
for the main variables. 

The OR were higher when the subjects with Down
syndrome were not excluded (for 1 or more CT scans
OR=5.21, 95% CI: 2.19 – 12.4 and for cumulative RBM
dose excess OR=0.19 per mGy, 95% CI: 0.07 – 0.32). No
evidence of a different effect of the RBM doses on
leukemia risk for subjects with or without Down syn-

Figure 3. Histograms of (A) the ages of the subjects at the time of computed
tomography scan and (B) the cumulative doses received by the subjects, calcu-
lated with NCICT.

A

B

Table 3. The frequencies of computed tomography scans for subjects >2
years old at the reference date and odds ratios calculated with exact condi-
tional logistic regression.
                                                          Cases             Controls          OR (95% CI)

                                                                         911                       2730
CT scans                                                                                                                         

0                                                                   903                      2721                           
1                                                                     4                            7                 1.85 (0.39, 7.36)
2 or more                                                     4                            2                 6.22 (0.89, 68.9)

by type (1 or more)                                                                                               
ALL                                                         7                            7                 3.25 (1.08, 9.75)
pre-B-ALL                                             7                            6                 3.88 (1.22, 12.4)

by age-group (1 or more)                                                                                    
2 - <7 years                                          3                            2                 4.50 (0.75, 26.9)
7 - <15 years                                        5                            7                 2.27 (0.68, 7.54)

by dose index (NCICT/literature)                                                                      
low, 4.79a/11.6b mGy                             3                            4                 2.26 (0.50, 10.1)
medium, 6.72a/19. 8b mGy                   1                            3                 1.09 (0.11, 10.5)
high, 13.8a/33.2b mGy                           4                            2                 6.00 (1.10, 32.8)

per 1 mGy (NCICT)                                                                                               
TOTAL                                                                                                     1.13 (1.02, 1.26)
pre-B-ALL                                                                                              1.14 (1.02, 1.29)

per 1 mGy (literature)                                                                                          
TOTAL                                                                                                     1.05 (1.01, 1.10)
pre-B-ALL                                                                                              1.06 (1.01, 1.11)

The reference group for all calculated odds ratio (OR) is zero CT scans for categorical vari-
ables. Study subjects with Down syndrome or cancer diagnoses were excluded. All reported
OR are from an unadjusted model. The median doses for dose-index classes calculated with
NCICT are marked with a. The respective class medians based on literature are marked with b.
ALL: acute lymphoblastic leukemia; pre-B-ALL: precursor B-cell acute lymphoblastic
leukemia.
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drome was found to suggest effect modification (interac-
tion P=0.99).

When the oldest possible CT scanner (at maximum, 10
years old) at the hospital was used in dose estimation
instead of the most modern CT scanner, the median
cumulative RBM dose for cases was 9.71 mGy (IQR 7.09
– 18.7) and for controls 7.14 mGy (IQR 5.71 – 12.6), with
an excess OR of 0.11 (95% CI: 0.02 – 0.22) per mGy. 

When the cumulative RBM dose from terrestrial
gamma radiation and Chernobyl fallout was included in
the model, the OR for cumulative RBM dose from pedi-
atric CT scans remained unchanged. The median cumula-
tive dose from residential gamma radiation was 1.96 mSv
for cases and 1.90 mSv for controls.

The distributions of cities of the last addresses of cases
and controls were analyzed to evaluate whether cases
and controls belonged to catchment populations of differ-
ent hospitals, which might have caused differential mis-
classification due to contrasting data availability. No dif-
ference in the distributions was noted (chi-squared test,
P=0.30). The age and CT scan years of the subjects are
reported in Online Supplementary Table S3.

Discussion

We estimated the impact of radiation exposure from
pediatric CT scans on risk of childhood leukemia in a
nationwide register-based case-control study in Finland.
Overall, a statistically significant increase in risk per mGy
of RBM absorbed dose was found. The central estimate is
larger than in previous studies, but the confidence inter-
vals overlap with earlier results, and the effect size is
compatible with extrapolation from high-dose studies.
The higher main point estimate is likely influenced by
random error, as the dose estimates were imprecise due
to lack of detail in dosimetric data, including parameter
values used for the scanner. It is also possible that the typ-
ical values based on expert opinion are representative of
current procedures, but may underestimate doses from
older examinations, which could inflate the risk estimates
per unit dose. However, our site-specific dose estimates
calculated with NCICT were quite comparable with
those reported in the British study.25 We minimized the
potential for systematic error by adjusting for several con-
founders and used consistent procedures for the cases and
controls. The risk estimates were slightly higher for pre-
cursor B-cell acute lymphoblastic leukemia than for other
leukemias, but the difference was not statistically signifi-
cant.

Two large studies have been published on the subject
prior to ours. The cohort studies from the United
Kingdom and Australia reported a significant risk of child-
hood leukemia associated with RBM dose from pediatric
CT scans.25,26 Pearce et al. found an excess relative risk of
0.04 per mGy and Mathews et al. reported a relative risk
of 1.2 for one or more CT scans with an excess relative
risk of 0.04 per mGy. The Australian cohort had 211
exposed leukemia cases and the UK study 74. A smaller
German cohort study reported an increased leukemia
incidence following two or more CT scans, but a non-sig-
nificant dose-response based on 12 exposed cases.27 Based
on the Life Span Study in Japan, the extrapolated excess
relative risk for childhood exposure would be approxi-
mately 0.05 per mGy.37

Other major sources of ionizing radiation were taken
into consideration by including cumulative RBM doses
from terrestrial gamma radiation and Chernobyl fallout,
and this did not affect the results. In our data, the average
cumulative RBM dose from CT for the controls was only
0.002 mGy, which is approximately 0.1% of the average
annual RBM dose in Finland.38 We accounted for medical
use of radiation, to which tomography scans make the
largest contribution, and terrestrial gamma radiation,
which accounts for nearly two-thirds of average annual
radiation to the RBM in Finland.23,39 In addition, there is
little evidence to assume that other sources of ionizing
radiation, such as cosmic radiation or internal exposure to
natural radioisotopes, would distribute unequally among
the cases and controls.

The coefficient 1.5 for incremental dose due to CT
imaging with contrast medium was chosen pragmatically
based on the coefficients for other body parts, as the
effects on RBM dose were not reported separately.33

Based on limited population statistics available from
the Radiation and Nuclear Safety Authority,23 roughly 30
CT scans were expected for the controls. However, only
13 scans were recorded among them. This might partly
reflect incomplete availability of data, but the estimate of
the expected numbers is highly uncertain because of lack
of data on pediatric CT scans prior to 2008. It is also
worth noting that pediatric CT scans are performed less
frequently in Finland than in several other countries.24

Our material consists of a comprehensive set of child-
hood leukemia cases and representative controls, which
should eliminate selection bias by virtue of a register-
based approach, which required no consent or informa-
tion from the study subjects or their families. The study
period covers the years in which the use of pediatric CT
scans was most frequent, as the annual number of pedi-
atric CT scans has been decreasing in Finland since the
year 2000.23 The data on CT scans were obtained from
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Figure 4. Dose-response curve of cumulative red bone marrow dose from pedi-
atric computed tomography scans and childhood leukemia. The point esti-
mates with 95% confidence intervals are for the three dose index levels and the
fitted curve is for the cumulative RBM dose calculated with NCICT. The shaded
area represents the 95% confidence interval for the continuous dose-response.
The vertical axis is on a binary logarithm scale.



hospital databases to avoid recall bias, and also included
the scanner model and use of contrast medium. As in
other studies, the most common single CT scan in our
analysis was a head scan.23

Radiation doses to RBM from the CT scans were calcu-
lated using the best available methods, employing NCICT
software, with age- and sex-specific phantoms and taking
into account the scanner model. The scanning parameters
entered into the software were based on the settings and
procedures commonly used in Finland, although data were
not available for each scan. We also evaluated the effects of
choosing the most modern CT scanner at each imaging site
and the OR showed robust behavior.

We also had data on several important risk factors includ-
ing Down syndrome, parental socioeconomic status, large
for gestational age and maternal smoking. We were able to
incorporate data on cancer predisposing factors, which
have been shown to be of importance recently.28,30 Inclusion
of cases with Down syndrome would have increased the
risk estimates, possibly because Down syndrome is associ-
ated with increased risks of both leukemia and infections.4,40

We also explored the joint effect of Down syndrome and
cumulative RBM dose and found no interaction. Subgroup
analyses of exploratory nature were carried out by subtype
of childhood leukemia and age at diagnosis, although
these were underpowered. 

Our study has some shortcomings. We were able to
obtain data from all ten hospitals only after 2002, thus
exposure assessment is not uniformly complete for sub-
jects born prior to that year. Only a minor improvement
in statistical power would have been reached by collect-
ing pediatric CT scans from the rest of the imaging cen-
ters in Finland. In addition, there is no reason to assume
that the missed CT scans would have been unequally dis-
tributed for the cases and controls, i.e. result in differen-

tial misclassification. For dose estimation, complete infor-
mation on the scanning parameters is included in the
modern picture archiving systems, but was not available
before the year 2000. Use of parameters for each individ-
ual scan would have provided more accurate dose esti-
mates. The unexpectedly lower median dose of cases for
older scanners found in our sensitivity analysis may be
due to random error. The number of different CT scan-
ners in our analysis was limited and thus the estimates of
average dose were imprecise. 

Our results support the notion that even small doses of
radiation from pediatric CT scans produce a small, but
detectable increase in leukemia risk. In the subgroup
analyses, we observed no substantial differences by age
or leukemia subtype, although slightly higher risks were
found for precursor B-cell acute lymphoblastic leukemia. 
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