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increased risk of childhood leukaemia remains unclear.

This case—control study included children aged 0-14 vyears
diagnosed with acute lymphoid leukaemia (ALL, »=711) or acute
myeloid leukaemia (AML, n=116) from 1995 to 2008. Controls
were randomly selected from the California birth registry and
individually matched to cases with respect to date of birth, sex,
Hispanic ethnicity and maternal race. Conditional logistic regression
analyses were performed to assess whether ALL or AML was
associated with self-reported child’s X-rays after birth (post-natal),
including number of X-rays, region of the body X-rayed and age at
first X-ray, as well as maternal X-rays before and during pregnancy
(preconception and prenatal).

After excluding X-rays in the year prior to diagnosis (reference date
for matched controls), risk of ALL was elevated in children exposed
to three or more post-natal X-rays [odds ratio (OR)=1.85,
95% confidence interval (CI) 1.12-2.79]. For B-cell ALL specifically,
any exposure (one or more X-rays) conferred increased risk
(OR=1.40, 95% CI 1.06-1.86). Region of the body exposed was
not an independent risk factor in multivariable analyses. No asso-
ciations were observed between number of post-natal X-rays and
AML (OR=1.05, 95% CI 0.90-1.22) or T-cell ALL (OR=0.84,
95% CI 0.59-1.19). Prevalence of exposure to prenatal and precon-
ception X-rays was low, and no associations with ALL or AML were
observed.

The results suggest that exposure to post-natal diagnostic X-rays is
associated with increased risk of childhood ALL, specifically B-cell
ALL, but not AML or T-cell ALL. Given the imprecise measures of
self-reported X-ray exposure, the results of this analysis should be
interpreted with caution and warrant further investigation.

Childhood leukaemia, diagnostic X-rays, California
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Introduction

Leukaemia is the most common childhood cancer, ac-
counting for nearly one-third of all cancers among
children aged <15 years." Acute leukaemia accounts
for the majority of paediatric cases, with 80% acute
lymphoid leukaemia (ALL) and ~20% acute myeloid
leukaemia (AML).?

Only a few risk factors for childhood leukaemia
have been identified, including genetic disorders
such as Down syndrome, some chemotherapeutic
agents and exposure to ionizing radiation.’ Although
the association between high doses of ionizing radi-
ation and leukaemia is well established, influences of
low-dose sources such as diagnostic X-ray exposures
remain disputed.*> The risk of childhood leukaemia
associated with in utero exposure from maternal ab-
dominal diagnostic X-rays has been studied
extensively. The results of several case—control studies
from the 1950s to 1980s°® showed a ~1.3- to 1.5-fold
increased risk of leukaemia. Cohort studies from
the same time period, which showed mixed results,
were generally composed of small case series.”*'° The
largest of these reported risk estimates differing from
those in case control studies, but results were thought
to be unreliable.'? Two systematic reviews of the lit-
erature published after 1990 obtained summary risk
estimates that were non-elevated'® or attenuated
compared with prior estimates,* perhaps because of
the marked decline of both prevalence and dose of
prenatal diagnostic irradiation since the mid-20th
century* or because of design limitations of recent
studies.'> Maternal preconception diagnostic X-ray
exposures have been studied less commonly, and
findings in the literature are inconsistent."
Generally, there is little evidence to support a rela-
tionship between maternal preconception exposure
to ionizing radiation and childhood leukaemia.'®
More attention has been focused on paternal occupa-
tional exposure,'” but early findings have not been
reproduced.'®

With respect to post-natal diagnostic X-ray exposures
in childhood, early studies reported greater exposure
among cases than controls,*'*?° but studies from the
past 20 years have produced inconsistent results.
Several found no increased risk associated with post-
natal X-rays, even for multiple exposures, or among
different study populations.'®?!'** Conversely, others
found a slightly elevated risk for childhood ALL, specif-
ically pre-B-cell ALL,?* associated with exposure to two
or more X-rays.** To our knowledge, only one study has
assessed risk of childhood AML associated with
post-natal diagnostic X-ray exposures,” and no
increased risk was observed.

The objective of this study was to examine the
association of childhood leukaemia subtypes (ALL
overall and by immunophenotype, and AML) and
diagnostic irradiation in an individually matched
case—control study conducted in Northern and
Central California. Exposures included maternal
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preconception and pregnancy diagnostic X-rays and
child’s diagnostic X-rays after birth (post-natal
X-rays). Child’s X-rays were assessed by number of
X-rays received, region of the body exposed and age
at first X-ray exposure.

Methods

Study population

The Northern California Childhood Leukemia Study
(NCCLS) is a population-based, matched case—control
study. Phase I of the study (1995-99) included
17 counties in Northern California and Phase II
(1999-2008) an additional 18 counties (35 counties
in total); therefore, Phase II comprises a larger
study area than Phase I. Cases were ascertained
within 72h after diagnosis at seven (Phase I) or
nine (Phase II) Northern and Central California
hospitals. Case subjects were considered eligible for
participation if they were <15 years of age at diag-
nosis, had an English- or Spanish-speaking parent or
guardian, lived in one of the 35 counties that com-
prised the population base at the time of diagnosis
and had never been previously diagnosed with leu-
kaemia. Comparison of case ascertainment in the
35-county study area with the California Cancer
Registry (1997-2003) showed that the NCCLS ascer-
tained 96% of children diagnosed with leukaemia in
the seven Phase I participating hospitals and 93% in
the nine Phase II hospitals. When considering both
participating and non-participating hospitals within
the 35 study counties, cases ascertained represented
76% of all diagnosed cases. A total of 86% of case
subjects determined eligible consented to participate.
The control subjects were randomly selected from
groups of four birth certificates obtained through
the California Office of Vital Records, and one
(Phase I) or two (Phase II) control subjects were
matched to case subjects on child’s date of birth
(within 10 days), sex, Hispanic status (defined as
either one or both parents being Hispanic, as indi-
cated on the birth certificate record) and maternal
race (as indicated on the birth certificate record).
The control selection process is presented in
Figure 1, and is also described elsewhere.”> Among
those contacted and considered eligible, 86% partici-
pated; 45% were first-choice control subjects, meaning
that they were the first control identified in the
random sampling of four birth certificate records. If
the first-choice control subject was not available to
participate, another birth certificate from the remain-
ing three was chosen. Additional sets of four birth
certificates were requested if there were no available
participants in the first set. Of the ‘other’, non-first-
choice control subjects, 90% were identified from the
first group of four birth certificates sampled, whereas
an additional 8% came from the second group of four
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Total — all potential

Not found
n=288 (12%)

controls searched
n=2407

Found and eligibility

Refused
n=488 (20%)

Ineligible

assessed

n=1631(68%)

Eligible

n=368 (23%)

Refused

n=1263 (77%)

Enrolled
n=1089 (86%)

[ ]

n=174 (14%)

First-choice controls
n=492 (45%)

Other controls
n=597 (55%)

Figure 1 Selection of controls for the NCCLS from August 1995 to July 2008. In instances when first-choice controls were
not available, i.e. they refused, were ineligible or could not be located, alternative controls were selected (indicated with
shading in the flow diagram). If controls refused participation after enrolment or were later found to be ineligible,
additional controls were not identified (7 =26, or 2% of enrolled subjects)

sampled and the remaining 2% came from groups
three (1.87%) and four (0.13%).

Using NCCLS study data, Ma et al. compared birth
certificate control subjects with ‘ideal” control subjects
(California birth certificated records that were exactly
population based, for individuals that did not need to
be traced) and found little difference in demographic
characteristics between the two, suggesting that the
NCCLS is approximately population based.*® In the
present analysis, case and control participants are
similar with respect to matching characteristics, but
differ by household income, maternal education and
maternal age at birth, all higher among controls
(Table 1). The study was approved by the University of
California Committee for the Protection of Human
Subjects, the California Health and Human Services
Agency Committee for the Protection of Human
Subjects and the institutional review boards of all
participating hospitals. Written, informed consent was
obtained from the parents of all participating subjects.

The present analysis includes all NCCLS study par-
ticipants (Phases I and II, 1995-2008). Excluded from
analysis were nine subjects with missing X-ray expos-
ure data, and 31 subjects with Down syndrome, as
Down syndrome was associated with both case
status and increased exposure to X-rays. After the

application of these exclusionary criteria, 711 ALL
and 116 AML matched case—control sets (pairs and
trios) were available for analysis (Phase 1: 363 ALL
and 56 AML cases; Phase II: 348 ALL and 60 AML
cases).

Data collection

X-ray exposure information was collected through
home-based, in-person interviews. The median time
between date of diagnosis for cases and interview
was slightly more than 4 months (range 1-35
months). For controls, the average time between
reference date (comparable with date of diagnosis of
corresponding matched case) and interview was
~14 months (range 1-73 months). A total of 98% of
respondents were the biological mothers of the
children, who provided information about their own
X-ray exposure(s) during the year prior to conception
and pregnancy, and their child’s X-ray exposure(s)
prior to the date of diagnosis, or corresponding refer-
ence date for matched controls (post-natal X-rays). If
the biological father was the respondent (20 cases and
21 controls), information on maternal X-rays received
prior to conception and during pregnancy was not
collected. For post-natal X-rays, all exposures, with
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ALL AML
Cases Controls Cases Controls
n="711 n=960 n=116 n=147
n (%) n (%) (%) 1 (%)
Child’s sex®
Male 406 (57.1) 558 (58.1) 63 (54.3) 79 (53.7)
Female 305 (42.9) 402 (41.9) 53 (45.7 68 (46.3
Child’s ethnicity®
Hispanic 326 (45.6) 433 (44.8) (38.7) 49 (36.8)
Non-Hispanic 387 (54.1) 534 (55.2) 65 (61.3) 84 (63.2)
Don’t know 2 (0.3) 0 (0) 0 (0) 0 (0)
Age in years at diagnosis/reference date®
0.0-1.0 17 (2.4) 20 (2.1) 11 (9.5) 14 (9.5)
1.1-5.0 392 (55.1) 532 (55.4) 37 (31.9) 51 (34.7)
5.1-14.9 302 (42.5) 408 (42.5) 68 (58.6) 82 (55.8)
Annual household income in $
<15000 115 (16.2) 5 (9.9) 23 (19.8) 12 (8.2)
16 000-29 000 122 (17.2) 118 (12.3) 23 (19.8) 20 (13.6)
30 000—44 000 112 (15.8) 123 (12.8) 13 (11.2) 16 (10.9)
45 000-59 000 5 (11.9) 102 (10.6) 0 (8.6) 18 (12.2)
60 000~74 000 3 (7.5) 106 (11.1) 11 (9.5) 15 (10.2)
>75 000 201 (28.3) 387 (40.3) 33 (28.5) 63 (42.9)
Don’t know 3 (3.23) 9 (2.1) 3 (2.6) 3 (2.1)
Maternal education
Less than high school 0 (12.7) 1(7.4) 2 (10.3) 15 (10.2)
High school/some college 218 (30.7) 270 (28.1) 40 (34.5) 37 (25.2)
Bachelor’s degree 200 (28.1) 295 (30.7) 26 (22.4) 37 (25.2)
Post-baccalaureate degree 203 (28.6) 323 (33.7) 38 (32.8) 58 (39.5)
Don’t know 0 (0) 1 (0.1) 0 (0) 0 (0)
Maternal age in years at child’s birth
<20 0 (9.9) 4 (7.8) 3 (11.4) 9 (6.2)
20-24.9 168 (23.9) 175 (18.5) 5 (21.9) 16 (11.1)
25-29.9 175 (24.9) 253 (26.8) 1 (35.9) 48 (33.1)
30-34.9 180 (25.6) 262 (27.7) 0 (17.5) 44 (30.3)
>35 110 (15.7) 181 (19.2) 5 (13.2) 28 (19.3)
Don’t know 8 (0.01) 15 (0.02) 2 (0.02) 2 (0.01)
Mean (SD) 283 (6.3) 2 (6.1) 27.1 (5.7) 29.8 (5.7)
Median (IQR) 28.5 (23.1-32.9) 29.2 (24.7-33.8) 27.3 (23.2-30.9) 29.9 (26.6-33.8)

IQR: inter-quartile range.
“Matching variables.

the exception of dental X-rays, were reported by the
following broadly defined regions of the body: chest,
skull, broken bone and ‘other’. In Phase II, X-ray ex-
posure questions were refined to better capture region
of the body exposed for broken bone and ‘other’
X-rays, and were reported by region of the body
exposed (abdomen, extremities, chest, back, head or

whole body). In Phase II, 85% of ‘broken bone” X-rays
were to the extremities, whereas ‘other’” X-rays were
mixed, with no one region of the body predominantly
represented. In order to assess the impact of exposure
misclassification, we conducted a sensitivity analysis
where broken bone X-rays given to the chest were
re-classified into the chest X-ray group, those given
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to the head re-classified into the skull group etc. As
a result, the following revised categories of region
exposed were created: chest, head/skull, extremities
and ‘other’. The point estimates using original vs
revised categories (i.e. all broken bone vs extremities
only) varied by <10%. Therefore, findings were
reported using the original categories by which the
information was obtained in both phases of
the study. Respondents were also asked the age of
the child when the first exposure occurred and the
number of X-rays that the child received, for each
region exposed. X-ray exposures that occurred after
the date of diagnosis or reference date were not
included in the analysis.

Immunophenotype classification

Immunophenotype was determined for ALL using
flow cytometry profiles (CD10 and CDI19 for B-cell
lincage and CD2, CD3, CD4, CD5, CD7 or CD8 for
T-cell lineage) and has been described previously.*”
In the present study, there were 469 B-cell ALL
cases and 50 T-cell ALL cases. This represents a
subset of the total ALL cases in the study because
immunophenotype classification was not readily
available for all cases at the time of analysis.

Statistical analysis

Analyses were conducted separately for ALL and
AML, and for immunophenotypes of ALL. Conditional
estimation was used to obtain the parameters of logistic
regression models for estimated odds ratios (ORs) and
95% confidence intervals (CIs) measuring the frequency
of X-rays among cases and controls. Demographic
characteristics, including household income, maternal
age, maternal education, illness during pregnancy
and child’s early life health characteristics (infections
during the first year of life, visits to the paediatrician
for assessment of infection) were assessed as confoun-
ders but not included in the final models because they
did not affect the OR by >10% and did not improve
the fit of the models, assessed using chi-square log
likelihood ratio tests (P>0.10).

We conducted statistical analyses to assess the risk of
childhood leukaemia by: (i) any exposure to X-rays
during the preconception, pregnancy or post-natal per-
iods, e.g. mother or child received >1 X-ray during
these time windows; (ii) for the post-natal period, the
number of X-rays received and (iii) for the post-natal
period, risk by the region of the body exposed.

Any exposure to X-rays during the preconception,
pregnancy or post-natal periods was modelled as a
binary variable (yes/no). Because of the scarcity of ex-
posures during the preconception and prenatal periods,
there were few subjects with both prenatal or precon-
ception, and post-natal X-rays, and the joint effect of
exposures during these time periods could not be
assessed. Therefore, any exposure to X-rays was
modelled separately by each exposure period.

X-rays by the region of the body were grouped in
the following manner, to create mutually exclusive
exposure categories: (i) only one region of exposure
(chest only, broken bone only, skull only or ‘other’
exposures only); (ii) multiple regions with at least
one chest X-ray and (iii) multiple regions but no
chest X-rays (e.g. ‘broken bone” and ‘skull’). The
multiple exposure groups were constructed in this
manner because univariate analyses suggested that
chest X-rays conferred greater risk than X-rays at
other regions of the body.

Total number of X-rays was modelled both as a
categorical variable (zero, one to two and three or
more X-rays) and directly as a count. For number of
X-rays, we assessed departure from linearity by adding
a quadratic term to the regression model and comparing
the models with and without the quadratic term. There
was no evidence of a departure from linearity.

Interaction between matching covariates and selected
demographic characteristics on the relationship
between X-ray exposure and childhood leukaemia was
also assessed using likelihood ratio tests. Interaction
terms of all matching covariates (age at diagnosis, sex,
child’s Hispanic status and maternal race) and X-ray
exposure, and selected demographic characteristics
(income, maternal age and maternal education) did
not improve model fit, so no interaction terms were
included in the final models. Therefore, all final
models are unadjusted, with confounding by age, sex,
Hispanic ethnicity and maternal race addressed through
the individual matching process.

X-ray exposures that occurred <1 year prior to the
date of diagnosis or reference date for controls were
excluded from analysis. There is no consensus in the
literature regarding an appropriate length for an
‘exclusionary period’, and recent studies have used
periods of 1 month up to 2 years prior to diagnosis
(reference date).'®**?* Therefore, we examined the
influence of excluding diagnostic X-ray exposures
given before the diagnostic/reference date from
1 month up to 2 years on the risk estimates for child-
hood ALL (Figure 2). As the exclusionary period
lengthened, the OR for X-ray exposure decreased
from ~1.7-fold at 1 month to 1.2-fold at 1 vyear,
where it remained constant. We chose 1 year as the
appropriate exposure exclusionary length because this
period excludes any X-rays case children may have
received as part of the leukaemia diagnostic process,
and is sufficiently long enough to partially account for
latency, which, for childhood leukaemia, is unknown.

Results

Selected demographic characteristics by leukaemia
subtype are presented in Table 1. Overall, the distri-
butions of ALL cases and controls differed with
respect to distribution of maternal age at birth
(P=0.02), maternal education (P=0.001) and house-
hold income (P < 0.001). In contrast, the distributions
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Figure 2 Exposure to post-natal diagnostic X-rays and risk
of ALL; ORs and 95% CIs for different length of exclusion-
ary period

Table 2 Characteristics of diagnostic X-ray exposure among
cases and controls participating in the NCCLS, by leukaemia
subtype®

ALL AML
Cases Controls Cases Controls
n="711 n =960 n=116 n=147
n (%) n (%) n (%) n (%)
Preconception 99 (12.9) 100 (11.2) 20 (15.2) 16 (10.6)
Pregnancy 32 (4.2) 33 (3.4) 7 (5.3) 8 (5.3)
Post-natal 278 (39.1) 301 (31.4) 41 (353) 46 (31.5)
Body region
Chest 128 (17.9) 119 (12.4) 18 (17.0) 18 (13.7)
Broken bone 82 (11.5) 101 (10.5) 12 (11.3) 22 (l6.5)
Skull 38 (53) 58 (6.0) 3(28) 8 (6.0)
Other 47 (6.6) 46 (4.8) 3(28) 4 (3.0)
Number of X-rays
Zero 495 (69.3) 701 (72.7) 74 (69.8) 83 (78.3)
One to two 155 (21.7) 210 (21.8) 23 (21.7) 31 (23.3)
Three or more 62 (8.7) 50 (5.2) 9 (8.5) 10 (7.5)
Mean (SD) 0.7 (1.8) 0.5 (1.2) 0.8 (2.2) 0.7 (1.4)
Range 0-20 0-10 0-10 0-9

4Excludes X-rays that were received <1 year prior to diagnosis
for cases and the corresponding reference date for controls.

of AML cases and controls only differed by distribu-
tion of maternal age at birth (P=0.01). Distribution
of X-ray exposure (number of X-rays) by leukaemia
subtype is presented in Table 2. For children with
ALL, the number of X-rays ranged from 0 to 20 in
cases, compared with 0 to 10 in controls. Among
the AML group, the distribution of X-ray exposure
was similar for cases and controls.

Maternal preconception and in utero

X-ray exposures

The ORs and 95% CIs for the risk of leukaemia asso-
ciated with X-ray exposures during the preconception
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Table 3 Exposure to diagnostic X-ray and risk of ALL by
immunophenotype and period of exposure

Discordant
Number pairs/triplets
of cases n (%) OR (95% CI)
All ALL combined
Preconception 649 167 (25.7) 1.17 (0.85-1.61)
Pregnancy 652 60 (9.2) 1.20 (0.71-2.04)
Post-natal 711 318 (44.5)  1.21 (0.96-1.51)
Number of X-rays
(category)
Zero 313 (44.0) 1.00
One to two 284 (40.0)  1.06 (0.83-1.36)
Three or more 100 (14.0) 1.85 (1.22-2.79)
Number of X-rays 1.10 (1.03-1.18)
(continuous)
B-cell ALL 472
Post-natal 205 (43.5)  1.40 (1.06-1.86)
Number of X-rays 1.13 (1.04-1.23)
(continuous)
T-cell ALL 52
Post-natal 21 (40.4)  0.54 (0.21-1.35)

Number of X-rays
(continuous)

0.84 (0.59-1.19)

Table 4 Exposure to diagnostic X-ray and risk of AML by
period of exposure

Discordant
Number pairs/triplets
of cases n (%) OR (95% CI)
Preconception 111 26 (23.4) 1.94 (0.80—4.69)
Pregnancy 111 13 (11.8) 0.85 (0.26-2.78)
Post-natal 116 36 (31.0) 0.78 (0.38-1.61)
Number of
X-rays (category)
Zero 36 (35.0) 1.00
One to two 35 (33.0) 0.89 (0.43-1.84)
Three or more 19 (18.0) 0.95 (0.36-2.49)

Number of X-rays -
(continuous)

1.05 (0.90-1.22)

and pregnancy periods are presented in Tables 3 and 4
for ALL and AML, respectively. No association
between maternal history of diagnostic X-rays and
ALL was observed. A 2-fold increased risk for AML
associated with exposures during the preconception
was noted; however, the CI for this estimate
overlapped the null.

Post-natal X-ray exposures

Matched analyses for risk of childhood ALL associated
with post-natal X-ray exposure are presented in Table 3.
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Figure 3 ORs and 95% CIs for ever X-ray exposure, by region of the body exposed for the following, mutually exclusive,
combinations of exposure: (i) chest only; (ii) broken bone only; (iii) skull only; (iv) ‘other” only; (v) multiple regions

exposed, including chest and (vi) multiple regions exposed, not including chest. The estimates are for ever exposure, not
for numbers of X-rays, e.g. ‘chest only” includes all subjects who received at least one chest X-ray and no other types of

X-rays

Although having any exposure to X-rays (e.g. one or
more X-ray) was not associated with increase in risk
of ALL (OR=1.21, 95% CI 0.96-1.51), children who
had ever received three or more X-rays at any body
region had a 1.85-fold elevated risk of ALL (95% CI
1.22-2.79). An increased OR was observed for B-cell
ALL subjects who had received one or more X-rays
(OR=1.40, 95% CI 1.06-1.86) but not for T-cell ALL
subjects (OR=0.54, 95% CI 0.28-1.70). The disparity
in point estimates and range of CIs suggests a difference
in the influence of X-ray exposure by immunopheno-
type, despite the smaller number of subjects in the T-cell
ALL group. The distribution of age at first X-ray was
similar between cases and controls for ALL (data
not shown).

In univariate analysis, we observed suggested
elevated risks of ALL associated with chest X-rays
only (OR=1.36, 95% CI 0.99-1.89) and chest X-rays
combined with other regions exposed (OR=1.94, 95%
CI 1.13-3.34), indicating that risk of exposure may
differ by region of body exposed (Figure 3). In multi-
variable analysis adjusting for number of X-rays, the
association with chest X-rays only or in combination
with other X-rays remained elevated, with a CI over-
lapping the null (OR=1.46, 95% CI 0.83-2.59).
Therefore, there was a slight indication that the
dose relationship observed with number of X-ray
differed between children who had received chest
X-rays and those who did not.

In contrast to ALL, post-natal X-ray exposure was
not associated with AML (Table 3). Like ALL, the
distribution of age at first exposure was similar for
AML cases and controls, and the effect did not
differ by region of the body exposed (data not
shown). Overall, the results for ALL and AML were
similar in Hispanic and non-Hispanic White children,
the two largest racial/ethnic groups in our study.

Discussion

In the current analysis, we found an association
between exposure to >3 X-rays and ALL and an
association between B-cell ALL and ever exposure.
Using an additive model, number of X-rays was
associated with ALL. Although history of chest
X-rays was associated with elevated risk of ALL in
univariate analyses, this association diminished after
accounting for number of X-rays. We did not observe
associations between post-natal X-rays and AML or
T-cell ALL, nor between maternal diagnostic X-rays
before and during pregnancy and risk of ALL or AML.

The current literature is not consistent with regard to
an association between post-natal X-rays and childhood
leukaemia. A case—control study conducted in Shanghai
among 172 ALL cases and 92 acute non-lymphocytic
leukaemia cases (primarily AML) and 618 controls
diagnosed from 1974 to 1986 did not report elevated
risk with ever exposure or by number of X-rays.** A
US case—control study with 1842 cases (diagnosed
1989-93) and 1986 controls found no overall associ-
ation between post-natal X-ray exposure and ALL, but
an increased risk of pre-B cell ALL was reported follow-
ing exposure to three or more X-rays received >2 years
prior to the date of diagnosis, among children aged
>6 years (OR=3.8, 95% CI 1.1-13.3).”> However,
given the acute nature of ALL and AML, an exclusionary
period of 2 years may be conservative, excluding
etiologically important exposures. Another large case—
control study from the German Childhood Cancer
Registry (1184 cases diagnosed 1992-94, and 2588 con-
trols) reported a reduced risk for leukaemia (all types)
among subjects exposed to three or fewer X-rays, parti-
cularly for children born between 1975 and 1987
(OR=0.67, 95% CI 0.53-0.85), but no test for trend
was indicated.'® In the German study, X-rays given
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during the year prior to diagnosis were excluded from
analysis; however, all leukaemia subtypes were ana-
lysed together, which may have obscured differences
by subtype. In a Canadian case—control study (491
cases diagnosed from 1980 to 1993, and 491 controls)
exposure to two or more X-rays was associated with
increased risk of ALL, but this effect was limited to
girls (OR=2.26, 95% CI 1.20-4.23).>* In the present
analysis, we did not observe a difference in the associ-
ation between X-ray exposure and case—control status
by sex. Finally, a large cohort study of children exposed
to diagnostic X-rays in Germany (n# =92 957) between
1976 and 2003 identified 33 incident leukaemia cases
(24 ALL, 5 AML). This study did not find an increased
risk for either leukaemia subtype (combined standar-
dized incidence ratio (SIR)=1.08, 95% CI 0.74-1.52)
or any trend associated with magnitude of exposure.>”
Consistent with two studies examining leukaemia
risk for ALL immunophenotype?> and acute non-
lymphocytic leukaemia (ANLL),** we did not observe
associations between post-natal X-ray exposures and
T-cell ALL or AML. Given the small numbers of cases
with these subtypes, we are unable to state definitively
whether the observed negative association for T-cell
ALL is due to differing susceptibility by immunopheno-
type or insufficient sample size to detect exposure dif-

ferences by case status. Further investigation is
warranted.
The dose of diagnostic organ-specific radiation

received differs by region of the body exposed and
by procedure®? and these factors were not accurately
captured in the present analysis. Here, the regions of
the body exposed were broadly defined and misclassi-
fication in self-reports may have occurred. For
example, an X-ray to a broken clavicle or rib could
have been interpreted by a respondent as a chest
X-ray or a broken bone X-ray. Further, information
about the specific type of X-ray received was not
collected in this analysis. A recent report of the
National Council for Radiation Protection and
Measurements (no. 160) indicates that the effective
dose of radiation from medical procedures increased
7-fold for the average American between the ecarly
1980s and 2006, and that a substantial source of
this increased exposure is computed tomographic
(CT) scans.”® Although the report does not provide
information on exposures specific to the paediatric
population, it has been estimated that the proportion
of total CT scans given to children is 6-11%.%’
Radiation doses from a CT scan can be >50 times that
for a plain X-ray, in the case of abdominal X-rays,*” and
may be more variable for children than adults.
Appropriate dose reduction for children is neither well
established, mnor consistent among hospitals.’’
Unfortunately, the NCCLS data do not distinguish
whether the X-rays received were plain or CT, so risk
by type of X-ray could not be explored in the present
analysis. Further, the target tissue for radiation-induced
leukaemia is red bone marrow, and some of the highest
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estimated doses for this tissue type are from CT scans to
the chest, abdomen and pelvis.’* The results of the pre-
sent analysis suggest a possible modest risk associated
with chest X-rays compared with other regions of the
body exposed, after adjusting for number of X-rays.
However, additional studies with more precise
exposure information must be conducted to confirm
these results.

Consistent with recent large studies, the present
investigation did not find evidence to support elevated
risks of ALL or AML associated with preconception or
in utero exposure to diagnostic X-rays. Prevalence of
these exposures was low during the study period, and
very few were to the abdominal area. Furthermore,
modern medical practices, such as shielding during
exposure, are more widespread, in keeping with the
International Commission on Radiological Protection
recommendations to keep radiation doses as low as
reasonably achievable.”® Therefore, it may be that
these X-rays do not pose an increased risk, or that
prevalence of exposure was too small to detect any
risk.

Challenges in assessing the causal relationship
between X-ray exposure and leukaemia have been
discussed in the literature,'> and several apply to
the current analysis. The major limitation of this
analysis is the use of a questionnaire to ascertain
participant diagnostic X-ray exposure. Although
recall bias is always a concern in case—control studies,
its effect may be of particular concern in these ana-
lyses because the study participants are children and
the relationship between cancer and radiation is well
known. On the other hand, parents of controls as well
as cases may be more likely to accurately remember
X-rays given for illness or trauma, as compared with
daily exposures, such as dietary intake. Because of
these different and conflicting factors, it is difficult
to assess the magnitude of differential exposure mis-
classification. Respondents may also have inaccurately
recalled the number of X-rays given, particularly for
older children who received X-rays many years prior
to the date of the study interview. Because this study
did not have access to study participant hospital or
physician records, we were unable to confirm the
numbers or type of X-rays that the child received, as
previously noted. The fact that we observed both posi-
tive and negative findings by histological and immu-
nophenotypic subtype (B-cell ALL, T-cell ALL vs AML)
may be an indication that recall bias has little influ-
ence on the results seen in this study.

In the NCCLS study population, controls have sig-
nificantly higher housechold income and maternal
education levels than cases, which may be a function
of participation rates and ability to effectively trace
control subjects. However, we did not find X-ray ex-
posure to be correlated with socio-economic indicators
such as income, maternal education or maternal age
at birth, nor did ORs differ by race or ethnicity.
Therefore, these factors are unlikely to account for
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the relationship between ALL and X-ray exposure
observed. Furthermore, if socio-economic status
(SES) did confound the relationship between X-ray
exposures and childhood leukaemia, we would
expect this relationship to be mediated through
health-care access, which would be greater among
the higher SES controls, and an inverse relationship
between X-rays and case status would be observed.
Therefore, it is unlikely that the observed association
is due to confounding by SES.

Despite some limitations, the NCCLS has several
advantages. First, it uniquely represents a large and
diverse population in Northern and Central California,
allowing differences in risk to be assessed for distinct
subpopulations. Second, because of the rapid case
ascertainment method used, cases are identified
often within days of diagnosis, expediting the inter-
view and control selection process, which may help to
reduce recall bias, especially for more recent expos-
ures. As noted earlier, in this analysis, the median
time between date of diagnosis (reference date) and
date of interview was 4 months for cases and
14 months for controls. Finally, as noted, although
case ascertainment is hospital-based, the vast majority
of children diagnosed with leukaemia at the
participating hospitals and the study region were
ascertained through this study.

In summary, the results of this study provide support
for a modest association of post-natal X-ray exposures
with childhood ALL, specifically B-cell ALL, and suggest
that the risk increases with increasing number of
post-natal X-rays. Similar increased risk was not
observed for either AML or T-cell ALL, nor for exposures
received during the preconception and prenatal periods.
Given the imprecision of the exposure metric employed

in this study, the results should be interpreted with
caution. Further investigation is needed to assess
exposure level more accurately, particularly the role of
CT scans, and to identify other factors that may modify
the risk of X-ray exposure.
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KEY MESSAGES

characterized.

e Although a statistical association between in utero irradiation and childhood leukaemia is well
established, risk associated with post-natal X-ray exposure and childhood leukaemia is not well

o The findings of the present analysis suggest increased risk for ALL, particularly B-cell ALL, associated
with post-natal X-ray exposure and number of X-rays received. No associations were observed for
AML or T-cell ALL. Furthermore, no increased risk was observed for prenatal or preconception X-ray
exposures, though these exposures were uncommon in this study population.

e Given the lack of precision in the exposure estimates, the results of this study should be interpreted
with caution, but they warrant further investigation.
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