Cancer Causes & Control (2021) 32:1289-1298
https://doi.org/10.1007/5s10552-021-01479-1

ORIGINAL PAPER q

Check for
updates

Sex differences in associations between birth characteristics
and childhood cancers: a five-state registry-linkage study

Lindsay A. Williams'>3® . Jeannette Sample’ - Colleen C. McLaughlin* - Beth A. Mueller®® - Eric J. Chow” -
Susan E. Carozza’ - Peggy Reynolds® - Logan G. Spector’*3

Received: 3 February 2021 / Accepted: 12 July 2021 / Published online: 23 July 2021
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2021

Abstract

Background There is a well-recognized male excess in childhood cancer incidence; however, it is unclear whether there is
etiologic heterogeneity by sex when defined by epidemiologic risk factors.

Methods Using a 5-state registry-linkage study (cases n=16,411; controls n=69,816), we estimated sex-stratified odds
ratios (OR) and 95% confidence intervals (95% CI) between birth and demographic characteristics for 16 pediatric cancers.
Evidence of statistical interaction (p-interaction <0.01) by sex was evaluated for each characteristic in each cancer.

Results Males comprised > 50% of cases for all cancers, except Wilms tumor (49.6%). Sex interacted with a number of risk
factors (all p-interaction < 0.01) including gestational age for ALL (female, 40 vs. 37-39 weeks OR: 0.84, 95% CI 0.73-0.97)
and ependymoma (female, 40 vs. 37-39 OR: 1.78, 95% CI 1.14-2.79; female, >41 OR: 2.01. 95% CI 1.29-3.14), birth order
for AML (female, >3rd vs. 1st OR: 1.39, 95% CI 1.01-1.92), maternal education for Hodgkin lymphoma (male, any col-
lege vs. <high school[HS] OR: 1.47, 95% CI 1.03-2.09) and Wilms tumor (female, any college vs. HS OR: 0.74, 95% CI
0.59-0.93), maternal race/ethnicity for neuroblastoma (male, black vs. white OR: 2.21, 95% CI 1.21-4.03; male, Hispanic
vs. white OR: 1.86, 95% CI 1.26-2.75; female, Asian/Pacific Islander vs. white OR: 0.28, 95% CI 0.12-0.69), and paternal
age (years) for hepatoblastoma in males (<24 vs. 25-29 OR: 2.17, 95% CI 1.13-4.19; > 35 vs. 25-29 OR: 2.44, 95% CI
1.28-4.64).

Conclusions These findings suggest etiologic heterogeneity by sex for childhood cancers for gestational age, maternal educa-
tion, and race/ethnicity and paternal age.
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Introduction of childhood cancer diagnoses [3]. The increased incidence

among males varies by tumor type but may depend on sex
There is a general male excess in childhood cancer incidence  differences in risk factor profiles, which have been largely
that is particularly pronounced for leukemias, lymphomas,  unexplored to date, or biologic sex differences. Concern-
sarcomas, and brain tumors [1-3], which comprise over 60%  ing biology, sex differences in the immune system may

P4 Lindsay A. Williams 5 Public Health Sciences Division, Fred Hutchinson Cancer
lawilliams @umn.edu Research Center, Seattle, WA, USA

Department of Epidemiology, School of Public Health,

Division of Epidemiology & Clinical Research, Department University of Washington, Seattle, WA, USA

of Pediatrics, University of Minnesota, MMC 715, 420
Delaware St. S.E, Minneapolis, MN 55455, USA 7 Department of Epidemiology and Biostatistics, School
of Rural Public Health, Texas A&M Health Science Center,

Masonic Cancer Center, University of Minnesota, College Station, TX, USA

Minneapolis, MN, USA
Department of Epidemiology and Biostatistics, University

Brain Tumor Program, University of Minnesota, of California San Francisco, Berkeley, CA, USA

Minneapolis, MN, USA

Albany College of Pharmacy and Health Sciences, Albany,
NY, USA

@ Springer


http://orcid.org/0000-0003-3842-4629
http://crossmark.crossref.org/dialog/?doi=10.1007/s10552-021-01479-1&domain=pdf

1290

Cancer Causes & Control (2021) 32:1289-1298

be particularly important as males have lower innate and
adaptive immune responses than females as demonstrated
by higher rates of infectious diseases in males and greater
levels of autoimmune diseases in females [4-7]. Addition-
ally, the dosage of the X chromosome, which contains many
immune-related genes [8], may play an important role in
the observed sex disparities in childhood cancer develop-
ment as the Y chromosome is primarily responsible for sex
determination [4]. Sex variation in the hormonal milieu may
also impact childhood cancer development in adolescents
as estrogen is thought to increase the immune response [9,
10] whereas increasing testosterone may dampen immune
responses [11] as observed in adults. These hypotheses,
though important, are challenging to investigate in childhood
cancer considering the tremendous histologic and anatomic
heterogeneity of cancers leading to small sample sizes of
biologic specimens to accompany the requisite epidemio-
logic data.

Therefore, it is important to examine sex differences in
risk factor profiles for childhood cancers to identify those
that may increase the development of malignancies among
males. There are few established, strong non-genetic risk
factors for childhood cancer except ionizing radiation [12].
Using record linkages, we have previously demonstrated
variation in the modest associations between birthweight
[13], parental age [14], parental race/ethnicity [15], child
sex [16], birth order [13], plurality [17], socioeconomic
status [18] and childhood cancers. However, most of the
analyses were not stratified by sex. By doing so, we may
identify risk factors that are sex divergent and help us bet-
ter understand mechanisms for the male excess in cancer
development. Using a population-based registry-linkage
study from five states, we estimated sex-stratified associa-
tions between birth/parental characteristics and 16 of the
most common pediatric malignancies diagnosed in children
aged 0-14 years at diagnosis.

Methods
Study population

This case—control study is the result of a previous birth-can-
cer registry-linkage study from five states: Minnesota (MN),
California (CA), New York (NY [excluding New York
City]), Texas (TX), and Washington (WA) state [13-15, 17,
19, 20]. Children aged 0-14 years (0—4 years of age for CA
only) at cancer diagnosis who were born and diagnosed in
same state were included. Controls were frequency matched
to cases on birth year (MN:1976-2004; NY: 1970-2001;
WA: 1980-2004) [14] and by birth year and sex (CA and
TX: 1970-2004). Additional MN data arose from a recent
linkage (1989-2014) [16, 18]. Study approval was obtained
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from each state’s department of health and from Institutional
Review Boards at all institutions.

Cancer definition

Cancers were classified using the International Classification
of Childhood Cancer, Third Edition (ICCC-3) [21]. Cancers
with <300 cases were excluded. Included cancers were acute
lymphoid leukemia (ALL), acute myeloid leukemia (AML),
Hodgkin lymphoma, non-Hodgkin lymphoma, ependymo-
mas, medulloblastoma, primitive neuroectodermal tumors
(PNET), other gliomas, neuroblastoma, retinoblastoma,
nephroblastoma (Wilms tumor), hepatoblastoma, osteo-
sarcoma, and rhabdomyosarcoma (Supplemental Table 1).
Brain tumors were broken into more detailed histologic
groupings defined elsewhere [22] and included pilocytic
astrocytoma (International Classification of Disease code
(ICD): 9421) and other astrocytoma (ICD: 9400, 9380, 9401,
9440, 9441, 9442, 9384, 9432, 9410, 9411, 9420, 9424).
Children diagnosed with cancer at < 28 days of life and those
with Down syndrome on birth certificates (57 cases and 24
controls) were excluded.

Variables of interest

Data were harmonized across all five studies for mater-
nal and birth characteristics, as previously described
[13, 14, 17]. The following variables were included in
the fully adjusted models: birthweight (grams: <2500,
2500-3999, >4000), gestational age (weeks: <37, 37-39,
40, >41), maternal education (< High School [HS]/
GED, HS/GED, any college), maternal age (years: <24,
25-29, >30), paternal age (years: <24, 25-29, 30-34,
35+), maternal and paternal race/ethnicity (non-Hispanic
white [NHW], non-Hispanic black [NHB], Hispanic, Asian/
Pacific Islander [API]), birth order (first, second, > third),
birth year (quartiles: 1970-1985, 1986-1989, 1990-1993,
1994-2014), and state (MN, CA, NY, TX, WA).

Statistical analysis

Logistic regression was used to estimate odds ratios (OR)
and 95% confidence intervals (95% CI) as the measure of
association between each risk factor and each cancer type
in sex-stratified analyses. Models were adjusted for all avail-
able risk factors described above. Likelihood Ratio Tests
(LRT) were used to obtain p values for statistical interac-
tion between each risk factor and sex. To minimize the rate
of false positives, we used a more conservative p value
of <0.01 for statistically significant interactions, determined
by 0.05/5 for the five risk factor categories (gestational age,
birthweight, birth order, maternal education, and parental
race). Additionally, we excluded statistically significant
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interactions defined by p values that had 95% Cls that
included the null. ORs (95% CIs) for strata with fewer than
10 cases have been suppressed.

Results
Sex differences in risk factor distributions

There were 16,411 cases (55.7% male) and 69,816 controls
(52.4% male). Overall, male cases and controls had higher
birthweight than females (>4000 g: 16% for males and 10%
for females in both groups). Male and female cases were
similar in their distribution for the other risk factors. For
most cancers, there were more males than females (Fig. 1,
Supplemental Table 1). The highest percentage of males was
observed in lymphomas (approximately 62%), medulloblas-
toma (65.6%), and hepatoblastoma (60.6%). Conversely,
Wilms tumor had a slight female predominance (51.4%).
Among cancer types, a higher percentage of males
had high birthweight within the lymphoid and embryonal
malignancies, including hepatoblastoma, neuroblastoma,
retinoblastoma and Wilms tumor, whereas the sexes were
more similar for some brain tumors including ependymoma,
medulloblastoma, and other astrocytomas (Supplemental
Table 1). For gestational age, the sexes were similar in their
distribution among these categories except for ependymoma
where 36.4% of females were born at > 41 weeks com-
pared to 29.8% of males and hepatoblastoma where 25.4%
of females and 20.3% of males were born at > 41 weeks.
The opposite was observed in PNETs (> 41 weeks: 34.6%
females vs. 39.4% males). For maternal education, there
were sex differences in the distribution of children born
to mothers with any college education for Hodgkin lym-
phoma (35.3% females, 48.3% males), medulloblastoma
(40.1% female, 48.7% male), and Wilms tumor (44.0%

Fig. 1 Distribution of sex by 100+
cancer type 90+

80+

female, 50.5% male). Retinoblastoma and hepatoblastoma
had higher percentages of females born to mothers with any
college education (45.1% female vs. 40.5% male and 52.4%
female vs. 39.3% male, respectively) (Table 1).

Risk factors associated with childhood cancer
in both sexes

In adjusted models, there were a number of risk fac-
tor-cancer associations that excluded the null value for
both sexes (Table 2, Supplemental Table 2). Gestational
age <37 weeks was associated with an increased risk of
Wilms tumor (female OR: 1.54, 95% CI 1.06-2.23; male
OR: 1.75, 95% CI 1.22-2.52). Low birth weight was asso-
ciated with an increased risk of hepatoblastoma among
males (OR: 3.83, 95% CI 1.97-7.42) and females (OR:
2.23, 95% CI 1.06-4.69). Higher birth order reduced the
risk of Wilms tumor (female OR: 0.67, 95% CI 0.51-0.88;
male OR: 0.68, 95% CI 0.51-0.89) and rhabdomyosarcoma
(female OR: 0.61, 95% CI 0.39-0.95; male OR: 0.63, 95%
CI 0.42-0.93). Maternal Hispanic ethnicity was associated
with an increased risk of ALL (female OR: 1.67, 95% CI
1.27-2.19; male OR: 1.32, 95% CI 1.03-1.69). Paternal
NHB race was inversely associated with ALL (female OR:
0.52, 95% CI 0.29-0.96; male OR: 0.51, 95% CI 0.31-0.82)
and paternal Hispanic ethnicity was associated with ALL
(female OR: 1.41, 95% CI 1.08-1.85; male OR: 1.51, 95%
CI 1.18-1.93).

Statistical interactions between sex and birth
characteristics in some childhood cancers

We observed evidence of statistical interaction (p <0.01)
between sex and most risk factors for at least one cancer
type (Table 2). There was an interaction between sex and
gestational age such that females born at 40 weeks vs. 37-39
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Table 1 Demographic

distributions of cases and

controls by sex
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Controls N=69,816

Cases N=16,411

Female Male Female Male
N (%) N (%) N (%) N (%)
Sex 33,220 (47.6) 36,596 (52.4) 7269 (44.3) 9142 (55.7)
Birth weight
<2500 2002 (6.1) 1865 (5.1) 430 (6.0) 495 (5.5)
2500-3999 27,840 (84.3) 28,904 (79.4) 6026 (83.9) 7053 (77.9)
>4000 3180 (9.6) 5637 (15.5) 727 (10.1) 1507 (16.6)
Missing 198 190 86 87
Gestational age (weeks)
<37 2361 (7.4) 3011 (8.5) 572 (8.1) 801 (9.1)
37-39 11,869 (37.0) 13,510 (38.3) 2647 (37.7) 3386 (38.3)
40 8337 (26.0) 8658 (24.6) 1805 (25.7) 2188 (24.7)
>41 9484 (29.6) 10,069 (28.6) 1997 (28.4) 2470 (27.9)
Missing 1169 1348 248 297
Maternal education
<High School/GED 3980 (17.0) 4523 (17.5) 946 (17.9) 1310 (19.7)
High School/GED 8069 (34.4) 8942 (34.7) 1906 (36.1) 2178 (32.7)
Any college 11,399 (48.6) 12,308 (47.8) 2425 (46.0) 3174 (47.6)
Missing 9772 10,823 1992 2480
Maternal age (years)
<24 11,696 (35.2) 13,075 (35.8) 2494 (34.3) 3150 (34.5)
25-29 10,524 (31.7) 11,517 (31.5) 2316 (31.9) 2933 (32.1)
>30 10,972 (33.1) 11,958 (32.7) 2455 (33.8) 3051 (33.4)
Missing 28 46 4 8
Paternal age (years)
<24 5935 (20.0) 6761 (20.6) 1280 (19.6) 1644 (19.9)
25-29 8900 (30.0) 9893 (30.2) 1954 (29.9) 2513 (30.5)
30-34 8401 (28.4) 9203 (28.1) 1843 (28.2) 2299 (27.9)
>35 6385 (21.6) 6899 (21.1) 1448 (22.2) 1795 (21.8)
Missing 3599 3840 744 891
Maternal race/Ethnicity
Non-Hispanic, white 25,028 (77.9) 27,344 (77.1) 5034 (71.0) 6302 (70.4)
Non-Hispanic, black 1973 (6.1) 2229 (6.3) 455 (6.4) 571 (6.4)
Hispanic 3614 (11.2) 4274 (12.0) 1331 (18.8) 1711 (19.1)
Asian/Pacific Islander 1519 (4.7) 1634 (4.6) 273 (3.8) 362 (4.0)
Missing 1086 1115 176 196
Paternal race/Ethnicity
Non-Hispanic, white 22,435 (78.5) 24,552 (71.5) 4661 (72.3) 5903 (72.2)
Non-Hispanic, black 1516 (5.3) 1768 (5.6) 351 (5.4) 432 (5.3)
Hispanic 3390 (11.9) 3999 (12.6) 1206 (18.7) 1542 (18.9)
Asian/Pacific Islander 1242 (4.3) 1374 (4.3) 233 (3.6) 303 (3.7)
Missing 4637 4903 818 962
Birth order
First 13,255 (40.5) 14,647 (40.6) 2973 (41.1) 3764 (41.5)
Second 10,680 (32.6) 11,831 (32.8) 2398 (33.2) 2975 (32.8)
> Third + 8802 (26.9) 9574 (26.6) 1859 (25.7) 2330 (25.7)
Missing 483 544 39 73
Birth year
1970-1985 8201 (24.7) 9000 (24.6) 1659 (22.8) 2129 (23.3)
1986-1989 6284 (18.9) 7086 (19.4) 1788 (24.6) 2247 (24.6)
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Table 1 (continued) Controls N=69,816 Cases N=16,411
Female Male Female Male
1990-1993 7337 (22.1) 8376 (22.9) 1869 (25.7) 2406 (26.3)
1994-2014 11,398 (34.3) 12,134 (33.2) 1953 (26.9) 2360 (25.8)
State
California 3870 (11.6) 4860 (13.3) 1685 (23.2) 2125 (23.2)
Minnesota 10,074 (30.3) 10,514 (28.7) 1321 (18.2) 1778 (19.4)
New York 5759 (17.3) 6280 (17.2) 1672 (23.0) 2131 (23.3)
Texas 2131 (6.4) 2601 (7.1) 1675 (23.0) 2087 (22.8)
Washington 11,386 (34.3) 12,341 (33.7) 916 (12.6) 1021 (11.2)
Age at diagnosis (years)
28 days—4 4685 (64.5) 5826 (63.7)
5-9 1373 (18.9) 1861 (20.4)
10-14 1211 (16.7) 1455 (15.9)

had a reduced risk of ALL (OR: 0.84, 95% CI 0.73-0.97;
p=0.0068). Conversely, females born > 37-39 weeks had an
increased risk of ependymomas (40 weeks OR: 1.78, 95%
CI 1.14-2.79; >41 weeks OR: 2.01. 95% CI 1.29-3.14;
p=0.0034). For birth order, there was an increased associa-
tion between > third born and AML (female OR: 1.39, 95%
CI 1.01-1.92; p=0.0036). Maternal education displayed
significant interactions with sex for Hodgkin lymphoma
(any college, male OR: 1.47,95% CI 1.03-2.09; p=0.0048)
and Wilms tumor (any college, female OR: 0.74, 95% CI
0.59-0.93; p=0.0013). Maternal race/ethnicity signifi-
cantly interacted with sex for neuroblastoma (p <0.0001)
with an increased risk observed among males born to NHB
(OR: 2.21, 95% CI 1.21-4.03) and Hispanic mothers (OR:
1.86, 95% CI 1.26-2.75) and an inverse association among
females born to API mothers (OR: 0.28, 95% CI 0.12-0.69).

Risk factors associated with childhood cancer in one
sex only

A number of risk factors were ostensibly only associated
with childhood cancer in one sex or the other, but statisti-
cal interaction by sex was not significant (p > 0.01; Table 2,
Supplemental Table 2). There was variation in the associa-
tion between gestational age by sex for other astrocytomas,
hepatoblastoma, PNET, and AML. Birthweight varied in
association with non-Hodgkin lymphoma, other gliomas,
neuroblastoma, ALL, and Wilms tumor by sex. Increasing
birth order displayed sex-specific associations for ALL and
AML. Level of maternal education varied in association
with cancers by sex for ALL, pilocytic astrocytomas, PNET,
and Wilms tumor. Younger maternal age was inversely asso-
ciated with AML, other gliomas, and Wilms tumors in a
sex-specific manner, while older maternal age was associ-
ated with non-Hodgkin lymphoma in males and rhabdomyo-
sarcoma in females. Similar findings were observed with

sex-specific associations for younger paternal age and lym-
phomas and Wilms tumor. Maternal race/ethnicity varied in
association with retinoblastoma by sex as did paternal race/
ethnicity and AML, pilocytic, and other astrocytomas.

Discussion

We observed a general male excess in all cancers except
Wilms tumor, matching our previous report using Surveil-
lance, Epidemiology, and End Results data [1]. In our sex-
stratified models, we recapitulated previous associations
between risk factors and some cancers for both sexes includ-
ing low birthweight and hepatoblastoma [19], pre-term birth
and Wilms tumor [23], parental Hispanic ethnicity and NHB
race in ALL [15, 24], and birth order in Wilms tumor [13,
25]. We observed a reduced risk of rhabdomyosarcoma
with increasing birth order for both sexes contradicting a
previous null report [26]. In our study, we observed a num-
ber of single-sex-only associations that varied by cancer,
risk factor, and sex that may have reached statistical sig-
nificance if sample size was greater. Approximately half of
the observed sex-specific associations occurred in each sex.
There was an overall U-shaped pattern in the risk of can-
cers and birthweight, and the increased risk was most often
observed in males, particularly for high birthweight in ALL,
neuroblastoma, and Wilms tumor. In contrast, a report from
the United Kingdom Childhood Cancer Study found high
birthweight to be a risk factor among females only [27], but
in our US-based study, we had almost 5% more male cases
classified as high birthweight suggesting regional variation
in factors contributing to high birthweight may underlie
these study differences. Using US data, we have previously
shown that the association of male sex and most childhood
cancers is not mediated by birthweight, suggesting sex itself
is a biologic risk factor for some malignancies [16]. Taken
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Table 2 Sex-stratified odds ratios (OR) and 95% confidence intervals (95% CI) for associations between birth characteristics and childhood can-

cers

Female Male Female Male Female Male Interaction
OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) p value
Gestational age <37 vs. 37-39 40 vs. 37-39 >41vs. 37-39
(weeks)
ALL 1.08 (0.85-1.38) 1.07 (0.87-1.32) 0.84 (0.73-0.97) 1.07 (0.95-1.21) 0.89 (0.77-1.02) 1.03 (0.91-1.17) 0.0068
AML 0.80 (0.47-1.37)  0.67 (0.39-1.15) 0.77 (0.57-1.05) 0.82 (0.62-1.08) 0.63 (0.46-0.87) 0.80 (0.60-1.06) 0.0967
Ependymomas 1.09 (0.44-2.69) 0.96 (0.48-1.92) 1.78 (1.14-2.79) 0.74 (0.49-1.13) 2.01 (1.29-3.14) 1.07 (0.73-1.58) 0.0034
Other astrocyto-  0.44 (0.21-0.92) 1.03 (0.64-1.68) 0.99 (0.73-1.33) 1.12 (0.86-1.48) 0.81 (0.59-1.11) 0.96 (0.72-1.28) 0.0400
mas
PNET 1.09 (0.48-2.45) 1.11 (0.48-2.60) 0.51 (0.29-0.90) 1.10 (0.67-1.82) 0.81 (0.50-1.31) 1.73 (1.10-2.71) 0.0106
Wilms tumor 1.54 (1.06-2.23) 1.75(1.22-2.52) 0.88 (0.69-1.13) 0.88 (0.68-1.14) 0.90 (0.70-1.16) 0.82 (0.62-1.07) 0.4251
Hepatoblastoma  2.45 (1.18-5.08) 1.08 (0.55-2.13) 0.85 (0.45-1.60) 0.88 (0.54-1.46) 1.30(0.73-2.32) 1.13 (0.70-1.83) 0.1980
Birthweight <2500 vs. 2500-3999 >4000 vs. 2500-3999
ALL 0.83 (0.62-1.11) 1.02 (0.78-1.34) 1.11(0.92-1.33) 1.18 (1.03-1.34) 0.3231
Non-Hodgkin 1.26 (0.60-2.64) 1.91(1.01-3.58) 0.94 (0.54-1.64) 0.89 (0.61-1.30) 0.5972
lymphoma
Other gliomas 2.13 (1.11-4.08) 1.24 (0.55-2.79) 1.27(0.74-2.16) 1.17 (0.74-1.85) 0.4645
Neuroblastoma 1.55 (1.04-2.30) 1.27 (0.86-1.87) 1.00 (0.73-1.36) 1.27 (1.03-1.57) 0.2737
Wilms tumor 0.87 (0.56-1.37)  0.60 (0.34-1.03) 1.31(0.96-1.79) 1.47 (1.14-1.91) 0.2735
Hepatoblastoma ~ 2.23 (1.06-4.69) 3.83 (1.97-7.42) - 1.24 (0.74-2.07) 0.4798
Birth order Second vs. First > Third vs. First
ALL 0.95 (0.83-1.08) 0.91 (0.81-1.02) 0.95(0.82-1.11) 0.82 (0.72-0.94) 0.1245
AML 0.92 (0.67-1.26) 0.91 (0.69-1.19) 1.39(1.01-1.92) 0.85 (0.63-1.15) 0.0036
Wilms tumor 0.93 (0.74-1.17)  0.81 (0.64-1.02) 0.67 (0.51-0.88) 0.68 (0.51-0.89) 0.3247
Rhabdomyosar-  0.67 (0.45-0.99) 0.94 (0.69-1.29) 0.61 (0.39-0.95) 0.63 (0.42-0.93) 0.1231
coma
Maternal educa- HS/GED vs. HS Any college vs. HS
tion (years)
ALL 0.78 (0.65-0.95) 1.12 (0.95-1.32) 0.93 (0.82-1.06) 1.12 (1.00-1.26) 0.0108
Hodgkin lym- 0.73(0.37-1.44) 1.13(0.67-1.91) 0.69 (0.44-1.09) 1.47 (1.03-2.09) 0.0048
phoma
Pilocytic astrocy- 0.78 (0.48-1.25) 0.58 (0.35-0.96) 1.03 (0.77-1.36) 0.91 (0.70-1.20) 0.4497
tomas
PNET 0.87 (0.47-1.60) 1.88 (1.05-3.35) 0.75(0.46-1.22) 1.41 (0.87-2.27) 0.0252
Wilms tumor 0.88 (0.63-1.22) 1.21 (0.85-1.73) 0.74 (0.59-0.93) 1.16 (0.91-1.48) 0.0013
Maternal Age 24 vs. 25-29 30 vs. 25-29
(years)
AML 1.23 (0.84-1.81) 0.68 (0.47-0.97) 1.06 (0.76-1.48) 1.21 (0.89-1.66) 0.2398
Non-Hodgkin 0.96 (0.59-1.57) 1.31(0.88-1.95) 1.30(0.82-2.07) 1.47 (1.03-2.11) 0.1597
lymphoma
Other gliomas 0.95 (0.56-1.58)  0.55(0.32-0.95) 1.08 (0.68-1.70) 0.87 (0.56-1.37) 0.2611
0.55 (0.32-0.95)
Wilms tumor 0.78 (0.58-1.07)  0.71 (0.51-0.99) 1.30(1.00-1.70) 1.31 (0.99-1.74) 0.4807
Rhabdomyosar-  1.06 (0.63-1.78) 0.69 (0.44-1.08) 1.67 (1.04-2.66) 1.00 (0.69-1.45) 0.0795
coma
Paternal age <24 vs. 25-29 30-34 vs. 25-29 >35vs. 25-29
(years)
Hodgkin lym- 0.66 (0.34-1.28) 0.99 (0.61-1.61) 1.78 (1.04-3.04) 0.93 (0.61-1.41) 1.64 (0.83-3.22) 0.96 (0.57-1.64) 0.1393
phoma
Non-Hodgkin 0.85 (0.50-1.44) 0.50 (0.31-0.80) 0.62(0.38-0.99) 0.92 (0.64-1.33) 0.72 (0.42-1.23) 0.92 (0.60-1.41) 0.0143
lymphoma
Wilms tumor 1.04 (0.75-1.45) 1.27 (0.90-1.80) 0.93 (0.70-1.22) 0.70 (0.52-0.94) 0.88 (0.64—1.22) 0.89 (0.64—1.24) 0.1091
Hepatoblastoma  0.56 (0.23-1.37) 2.17 (1.13-4.19)  0.98 (0.52-1.85) 1.71 (0.95-3.09) 1.08 (0.54-2.17) 2.44 (1.28-4.64) 0.0036
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Table 2 (continued)
Female Male Female Male Female Male Interaction
OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) p value
Maternal Race/  non-Hispanic, black vs. non-His- Hispanic vs. non-Hispanic, white Asian/Pacific Islander vs. non-
Ethnicity panic, white Hispanic, white
ALL 0.96 (0.50-1.85) 1.48(0.90-2.43) 1.67 (1.27-2.19) 1.32(1.03-1.69) 1.28 (0.83-2.00) 1.17 (0.80-1.71) 0.0230
Neuroblastoma  0.98 (0.39-2.46) 2.21 (1.21-4.03) 1.25(0.78-2.00) 1.86 (1.26-2.75) 0.28 (0.12-0.69) 0.59 (0.30-1.15) <0.0001
Retinoblastoma  1.47 (0.57-3.77)  4.99 (1.99- 2.27 (1.29-4.00) 1.75(0.96-3.19) 2.21 (0.95-5.13) 3.55(1.67-7.53) 0.3283
12.49)
Paternal Race/ non-Hispanic, black vs. non-His- Hispanic vs. non-Hispanic, white Asian/Pacific Islander vs. non-
Ethnicity panic, white Hispanic, white
ALL 0.52 (0.29-0.96) 0.51(0.31-0.82) 1.41(1.08-1.85) 1.51(1.18-1.93) 0.83 (0.51-1.33) 1.11(0.75-1.66) 0.0571
AML 2.30(1.06-4.99) 1.56 (0.71-3.40) 1.45(0.79-2.65) 1.69 (0.98-2.90) 0.71 (0.27-1.87) 1.01 (0.42-2.44) 0.2072
Pilocytic astrocy- 2.12 (0.98-4.58) 0.82 (0.31-2.22) 1.15(0.57-2.30) 1.22 (0.64-2.31) 2.82 (1.12-7.06) - 0.0441
tomas
Other astrocyto-  0.61 (0.17-2.22)  0.31 (0.10-0.99) 0.85 (0.42-1.75) 1.02 (0.52-1.99) 0.70 (0.22-2.17) 0.74 (0.27-2.04) 0.4158
mas
Osteosarcoma 2.03(0.30-13.53) 3.91 (1.17- - - - - 0.5948

13.07)

*Models adjusted for all variables shown. Red shading indicates stronger associations in females, blue indicates stronger in males, purple indi-
cates similar, significant associations in both sexes. Bold interaction p values meet significance threshold of 0.01

together, our previous findings with those here suggest that
birthweight is an important risk factor for males in some
cancers, and that male sex and birthweight may have inde-
pendent and important biologic roles in cancer development.
Concerning maternal age, there was an overall pattern of
reduced risk of some cancers among males born to younger
mothers and an increased risk of non-Hodgkin lymphoma
in males and rhabdomyosarcoma in females born to older
mothers, as has been reported in non-sex-stratified studies
[14, 28]. Parental race/ethnicity produced varying results
by cancer and sex. The previously reported reduced risk of
ALL among children born to NHB parents [15] was driven
by paternal NHB race in our study for both sexes.

We also observed a number of statistical interactions
between sex and birth characteristics for a few cancers. Sta-
tistical interaction was present for neuroblastoma and mater-
nal race/ethnicity such that maternal NHB race and Hispanic
ethnicity were associated with increased risk among males,
and there was an inverse association between maternal API
race in females with neuroblastoma. In our previous report,
we found evidence of statistical interaction between parental
race/ethnicity and sex and a reduced risk of neuroblastoma
among girls with NHB ancestry [15]. Our findings here
suggest that the association may be more strongly driven
by paternal race/ethnicity than maternal, though the effect
estimates for neuroblastoma in females born to NHB fathers
included the null in our analyses. We also observed statisti-
cal interactions between longer gestational age and epend-
ymoma in females, higher birth order and AML in females,
higher maternal education and Hodgkin lymphoma among

males, and a U-shaped risk pattern was observed for younger
and older paternal age in hepatoblastoma in males. Collec-
tively, our study highlights the potential etiologic heteroge-
neity by sex for previously reported risk factors of childhood
cancers. These findings suggest that biologic sex differences
that impact disease risk are present and should be in further
investigated in future epidemiologic studies.

The notion that sex itself is a risk factor for cancer devel-
opment has begun emerging more in the adult literature [29],
and we have reported on this phenomenon previously using
registry data of various types for pediatric malignancies [1,
2, 16]. There are a number of biologic hypotheses, reviewed
extensively elsewhere, [29, 30] that are thought to underlie
the male excess in cancer diagnoses including sex differ-
ences in immune response [4—7], X chromosome dosage [4],
adolescent hormonal fluctuation [9, 10], epigenetics during
fetal development [30], and metabolism over the life course
[30]. In our study, we observed a number of sex differences
in risk factors that may impact cancer development through
a combination of these mechanisms that should be evaluated
in the future.

Sex differences for the included risk factors may depend
on biologically dimorphic development in utero for males
and females such that high birth weight, for example, has
a greater impact on males as they are often heavier than
females by 150 g on average [31] and have different meth-
ylation patterns resulting from the presence of the Y chro-
mosome [30]. These biologic differences may interact with
the maternal environment during fetal development thereby
creating a permissive environment for some cancers among
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males as we observed in our study for ALL, neuroblas-
toma, and Wilms tumor. We observed an increased risk of
ependymoma for longer gestational age among females and
PNET in males. The increased risk could be due to mode
of delivery, which has been shown to increase cancer risk
[32, 33] and impact brain development [34]. For maternal
age, we observed a consistent inverse association between
younger maternal age and AML, other gliomas, and Wilms
tumor among males while we found increased risks of non-
Hodgkin lymphoma among males, as reported elsewhere
in both sexes [28], and rhabdomyosarcoma among females
born to mothers aged 30 years and older. The sex differ-
ences in these patterns may be due to risk factors present
in the gametes of older vs. younger mothers, such as ger-
mline de novo mutations or chromosomal abnormalities, and
act synergistically with sex for some cancers. Our findings
concerning maternal education and parental race/ethnicity
highlight the importance of these factors, which are biologi-
cally and environmentally influenced, and impact childhood
cancer development [18]. We observed that some variation
in risk factors by parental sex, such as NHB paternal race in
ALL, NHB maternal race and Hispanic ethnicity in males
with neuroblastoma, and NHB parental race in females with
AML. There are a myriad of social and biologic factors that
may influence these relationships that warrant further inves-
tigation in epidemiologic and genomic studies in the future.

Although we present the first sex-stratified risk fac-
tor analysis for a wide range of pediatric malignancies
using population-based registry data, our findings should
be interpreted in light of the following limitations. While
27% of cases and 29% of controls were missing mater-
nal education, we have adjusted for it in our analysis as
it serves as a proxy for socioeconomic status, which is
important in pediatric cancer risk [15, 18]. We do not have
information on other variables associated with childhood
cancer such as mode of delivery [33], breast feeding infor-
mation, or parental occupation [35], which may produce
varying associations by sex for some cancers as we have
reported for mode of delivery [36]. While presenting
information on a number of childhood cancers, includ-
ing rarer malignancies like osteosarcoma, our study does
not have information on histologic or molecular subtypes
for each cancer, which may vary by sex and be useful for
further uncovering etiologic heterogeneity. This may be
particularly important in cancers such as medulloblastoma
where sex differences by the four main subgroups have
been identified [37]. In ALL, we have reported on sex dif-
ferences in the risk of death based on age [38], which cor-
responds to some established cytogenomic subtypes [39].
However, much population-based research remains to be
done in childhood cancer to identify and characterize sex
differences in molecular subtypes of disease incidence and
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risk. With analyses of statistical interaction, it is important
to note that the presence of statistical interaction does not
imply biologic interaction with the identified risk factors
and sex [40]. Further, it has been argued that interaction
effects on opposite sides of the null for comparison groups,
in our case sex, may be spurious associations, particularly
when there are null results for the overall association [41].
While we did observe significant effect estimates in one
sex for most identified interactions between sex and the
studied risk factors, which have established associations
overall with childhood cancers, all confidence intervals for
the effect estimates in the opposite sex included the null.
Therefore, some of the observed statistical interactions
may be due to false negative findings, but to avoid this, we
have used a more stringent p value for interaction determi-
nation. This lack of precision could be due to sample size
limitations and necessitates further investigation in larger
studies. Our findings serve as a starting point to investigate
the role of biologic interactions of sex and risk factors in
future animal models and molecular epidemiology studies.
For example, studying immune modulation exposures such
as daycare attendance, early life infections or allergies,
or breast feeding at hospital discharge, where milk com-
position has been shown to vary by sex [42], and breast
feeding duration may shed light on sex differences in risk
profiles as these exposures may interact with sex and alter
the immune environment leading to cancer development.

In our large, population-based study of etiologic het-
erogeneity by sex for 16 childhood cancers, we identi-
fied a number of sex-specific associations for previously
reported risk factors of childhood cancers. The observed
variation may depend on biologic sex differences in fetal
and postnatal development and may represent a complex
relationship between prenatal, parental, and environmental
exposures and cancer development that differs in males
and females.
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