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The etiology of childhood cancers remains largely unknown, especially regarding environmental and behavioral
risk factors. Unpacking the association between socioeconomic status (SES) and incidence may offer insight into
such etiology. We tested associations between SES and childhood cancer incidence in a population-based case-
cohort study (source cohort: Minnesota birth registry, 1989–2014). Cases, ages 0–14 years, were linked from the
Minnesota Cancer Surveillance System to birth records through probabilistic record linkage. Controls were 4:1 fre-
quency matched on birth year (2,947 cases and 11,907 controls). We tested associations of individual-level (mater-
nal education) and neighborhood-level (census tract composite index) SES using logistic mixed models. In crude
models, maternal education was positively associated with incidence of acute lymphoblastic leukemia (odds ratio
(OR) = 1.10, 95% confidence interval (CI): 1.02, 1.19), central nervous system tumors (OR = 1.12, 95% CI: 1.04,
1.21), and neuroblastoma (OR = 1.15, 95% CI: 1.02, 1.30). Adjustment for established risk factors—including race/
ethnicity, maternal age, and birth weight—substantially attenuated these positive associations. Similar patterns were
observed for neighborhood-level SES. Conversely, highermaternal education was inversely associatedwith hepato-
blastoma incidence (adjusted OR = 0.70, 95% CI: 0.51, 0.98). Overall, beyond the social patterning of established
demographic and pregnancy-related exposures, SES is not strongly associatedwith childhood cancer incidence.

childhood cancer incidence; multilevel methods; socioeconomic status

Abbreviations: ALL, acute lymphoblastic leukemia; CI, confidence interval; CNS, central nervous system; OR, odds ratio; SES,
socioeconomic status.

Socioeconomic status (SES) is consistently linked to a range
of health outcomes in children and adults includingmany adult-
hood cancers (1–3). SESmay also be associated with childhood
cancer incidence, operating through various mechanisms at
both the individual and area levels. Individual-level SES may
influence incidence through mediators such as parental occupa-
tional exposures, dietary patterns, infectious agents, family
reproductive decisions (such as maternal age and family size),
and birth outcomes such as birth weight (4, 5). SES may also
operate as a mediator of other preceding demographic social
determinants of health including foreign birthplace or race/
ethnicity (4, 6). For example, a recent study reported lower
risk of several cancers amongHispanic children of foreign-born
mothers compared with US-born mothers (6). Area-level SES
may independently influence risk through mediators such as
environmental pollutants and toxins, infectious agents, and

social norms regarding lifestyle behaviors (7, 8). Therefore, in-
depth knowledge of the association between SES and child-
hood cancer risk may provide etiologic insight into the role of
environmental and behavioral exposures, particularly given that
exogenous causes of childhood cancer are not well understood.

Empirical evidence of an association between SES and child-
hood cancer incidence remains limited and inconclusive. While
ecological findings from international and within-country small-
area studies suggest a positive association between higher SES
and incidence of some childhood cancers (7, 9–12), individual-
level studies largely report null associations (13–18). However,
there are several limitations to previous work conducted at the
individual level. First, studies have predominantly focused on
childhood leukemia due to its higher incidence and suspected
infectious etiology (19–21). Given that different cancers likely
have different etiologies (22), it is important to investigate
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associations of SES with other nonleukemic cancers. Second, a
case-control study design is commonly used to test associations
between SES and incidence due to the rarity of childhood can-
cers. Because controls in studies requiring active participation
tend to be higher SES than the source population of interest (23),
participation-based case-control studies can produce biased esti-
mators. Third, established risk factors associated with SES, such
as birth weight and maternal age (4), have not been consistently
controlled for across studies. This hinders cross-study compari-
sons and potentially obscures underlying mechanisms contribut-
ing to a SES association. Finally, to our knowledge, no study
has used multilevel methods to test for independent associations
of SES at the individual and small-area levels. Without a multi-
level approach, it is possible that SES at one level is merely
a proxy for SES at another level, thus masking etiology. In this
study, we address these limitations by leveraging registry data in
a population-based case-cohort study. We assessed SES at both
the individual and neighborhood levels, and we accounted for
established demographic and pregnancy-related risk factors that
may confound or mediate associations between SES and child-
hood cancer incidence.

METHODS

Study population

We ascertained cases, diagnosed at ages 0–14 years, from the
Minnesota Cancer Surveillance System, which is estimated to
have 99.7% cancer case completeness and 96.5% overall data
accuracy (24). We restricted our sample to cases born between
1989 (when residential addresseswere first recorded on birth cer-
tificates) and 2014, with a linked Minnesota birth record (86%).
Records were linked based on first and last name, date of birth,
and social security number (when available) through probabilis-
tic record linkage using LinkPlus software (25, 26). We then im-
plemented a case-cohort study design in which we randomly
sampled 4 controls per case, frequency matched on birth year,
from the Minnesota birth registry without regard to case status
(27). To rule out children with higher-penetrance genetic syn-
dromes (28, 29), we excluded 20 cases and 5 controls with
Down syndrome recorded on the birth record and 11 cases with
multiple primary tumors, resulting in a final analytical sample of
2,947 cases and 11,907 controls (n = 14,854). This study was
approved by the institutional review board at the University of
Minnesota.

Outcome

We assessed incidence of combined (all cancer diagnoses)
and individual types of childhood cancer. We evaluated the
major types of childhood cancer based on the International
Classification of Childhood Cancer, Third Edition, including
acute lymphoblastic leukemia (ALL), acute myeloid leukemia,
lymphomas, combined central nervous system (CNS) tumors,
neuroblastoma, retinoblastoma,Wilms tumor, hepatoblastoma,
and rhabdomyosarcoma (30). Bone sarcomas and germ-cell tu-
mors were not assessed individually because these cancers are
most common in adolescents (22).

Measures of SES

Individual-level SES. We used maternal education to mea-
sure individual-level SES. The validity of using maternal educa-
tion as a measure of childhood SES has been demonstrated
previously (31, 32), and it is commonly used as a reliablemeasure
of SES in US birth registry studies (33). Between 1989 and 2010,
maternal education was recorded on birth certificates as years of
schooling, ranging from 0 to 17. Beginning in 2011, education
was recorded as highest degree earned, ranging from 8th grade or
less to doctorate/professional degree. We grouped education into
4 categories to ensure sufficient sample size and consistency
across years:<12 years of schooling or less than high-school
diploma; 12 years of schooling or high-school diploma; 13–15
years of schooling or some college or associate degree; or ≥16
years of schooling or bachelor degree or higher. After confirming
linearity (Web Figure 1, available at https://academic.oup.com/
aje), wemodeled education ordinally.

Neighborhood-level SES. Residential addresses were ab-
stracted from birth records and geocoded to census tracts using
normalized 2010 geographic boundaries (34), which allows for
cross-decade comparisons. Normalization was performed by
Geolytics and available via the Neighborhood Change Database
(35).We created a composite SES indexderived from thefirst com-
ponent score from a nationwide principal-components analysis (36)
of 5 tract-level US Census variables: % poverty, % on welfare
or public assistance, % aged≥16 years unemployed, % female-
headed households with children, and % aged ≥25 years with
less than a high-school education (37, 38). A separate principal-
components analysis was performed for each decade (1980–
2010) using decennial census data for 1980–2000 and, for 2010,
American Community Survey data from 2005–2009. We as-
signed values based on year of birth and linearly interpolated
SES scores for intercensal years. High internal consistency was
observed for each decade of data (Cronbach’s α range = 0.89–
0.92) (38), and indices were highly correlated across decades
(Pearson ρ = 0.81–0.93).We confirmed linearity (Web Figure 1)
and standardized index scores so that a 1-unit change equated to
1 standard deviation (range = −7.3–1.5); higher values indicate
higher neighborhood SES.

Statistical analysis

We compared demographic, socioeconomic, and pregnancy-
related characteristics of cases and controls using Pearson’s χ2
test for categorical measures and the 2-sample t test for continu-
ous measures. To untangle associations of SES and childhood
cancer incidence (combined and by individual type), we tested
logistic mixed models with a random intercept for clustering
within census tracts. Intraclass correlations estimated from
unimputed bivariate logistic mixed models revealed minimal
tract-level clustering across cancer subtypes (intraclass correla-
tion< 0.08), except rhabdomyosarcoma (intraclass correlation=
0.29), although intraclass correlations for rare outcomes may
be unreliable (39). We tested 2 sets of models, one specifying
maternal education as the primary predictor (“A”models), the
other specifying neighborhood SES as the primary predictor
(“B”models). Model 1 tested bivariate associations between
SES and childhood cancer incidence. Model 2 tested these
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associations, adjusting for maternal race/ethnicity (non-Hispanic
white vs. other). Model 3 further adjusted for maternal age
(years) (4, 40), live-birth order (first-born vs. higher) (4, 41),
birth year (4), and sex (4). Model 4 further adjusted for birth
weight (grams; values <350 grams considered implausible and
recoded to missing) (4, 42) and gestational age (weeks; values
<20 or >45 weeks considered implausible and recoded to miss-
ing) (4, 43). Finally, model 5 tested the independent association
of SES at each level of exposure by simultaneously fitting mod-
els with both maternal education and neighborhood SES, along
with all other previously specified covariates.

To further characterize the utility of covariate adjustment in
studies of childhood cancer etiology, we tested additional mod-
els probing associations between SES and established demo-
graphic and pregnancy-related risk factors. First, for cancers in
which covariate adjustment attenuated SES associations, we
tested trivariate models of SES predicting cancer incidence, ad-
justing for each covariate, previously specified in model 4, one
at a time. We then calculated the percentage change in SES-
cancer estimates between bivariate (model 1) and trivariate
models (% change = (βbivar – βtrivar)/βbivar). Second, to assess
the utility of adjusting for SES in prediction models, we com-
pared associations between cancer incidence and previously
established risk factors including race/ethnicity, maternal age,
birth weight, gestational age, and birth order estimated from
models fully adjusting for all covariates including SES, to esti-
mates frommodels adjusting for all covariates except SES.

Complete data were available for 95% of our sample, and the
proportion of missing data was <3% for any given variable

(Table 1). Nevertheless, we usedmultiple imputation by chained
equations to imputemissing data for all variables (44). Statistical
significance was tested using 2-sided hypothesis tests (P <
0.05). Multiple imputation and analyses were performed using
Stata, version 14.2 (StataCorp LP, College Station, Texas) (45).

RESULTS

Descriptive characteristics of cases and controls are compared
in Table 1. Cases were more likely to be male, have higher birth
weight, and exhibit slightly shorter gestation compared with con-
trols. Mothers of cases were older, had higher education levels,
and were more likely to be non-Hispanic white than controls.
Cases had higher neighborhood SES than controls. Descriptive
characteristics by cancer type are available in the supplemental
materials (Web Table 1). Variable correlations are available in
the supplemental materials (Web Table 2); the 2 SES measures
displayedmoderate correlation (Spearman ρ = 0.35).

In Table 2, we present associations between maternal educa-
tion and childhood cancer incidence. In crudemodel 1A, a 1-step
increase in maternal education (e.g., from high-school graduate
to some college) was associated with an 8% increase in risk of
combined childhood cancers (odds ratio (OR) = 1.08, 95% con-
fidence interval (CI): 1.04, 1.13). Unadjusted positive associa-
tions with higher maternal education were also observed for
ALL (OR = 1.10, 95%CI: 1.02, 1.19), lymphomas (OR = 1.11,
95% CI: 0.99, 1.25), CNS tumors (OR = 1.12, 95% CI: 1.04,
1.21), neuroblastoma (OR = 1.15, 95% CI: 1.02, 1.30), and

Table 1. Characteristics of Cases and Controls, Registry-Based Case-Cohort Study (Total Sample = 14,854),
LinkedMinnesota Birth and Cancer Records, 1989–2014

Variable
Control (n = 11,907) Case (n = 2,947)

P Valuea Missing, %
% Mean (SD) % Mean (SD)

Birth characteristics

Birth year 1999 (6.54) 1999 (6.52) 0.87 0.0

Female 49.2 44.3 <0.001 0.0

Birth weight, grams 3,403 (585.08) 3,437 (607.57) 0.01 0.1

Gestational age, weeks 38.9 (2.04) 38.8 (2.17) 0.01 2.2

First-born 38.7 39.8 0.27 0.5

Maternal characteristics

Age at delivery, years 28.1 (5.79) 28.5 (5.66) <0.01 0.5

Non-Hispanic white 81.4 85.0 <0.001 0.6

Education <0.01 2.4

Below high-school diploma 10.9 9.0

High-school diploma 29.6 28.0

Some college 26.8 27.9

Bachelor’s degree or beyond 32.7 35.1

Neighborhood SESb −0.02 (1.02) 0.06 (0.92) <0.001 0.0

Abbreviations: SD, standard deviation; SES, socioeconomic status.
aP values compare characteristics of cases and controls estimated fromPearson’s χ2 test for categorical measures

and the 2-sample t test for continuousmeasures using a 2-sided hypothesis test.
b Higher values indicate higher neighborhood SES.
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Table 2. Associations BetweenMaternal Education and Childhood Cancer Incidence, Registry-Based Case-Cohort Study (Total Sample = 14,854; Controls = 11,907), LinkedMinnesota
Birth and Cancer Records, 1989–2014

Model

All Childhood Cancers Combined
(n = 2,947)

Acute Lymphoblastic Leukemia
(n = 673)

Acute Myeloid Leukemia
(n = 112)a

Lymphomas
(n = 311)

CNS Tumors
(n = 662)

OR 95%CI P Valueb OR 95%CI P Valueb OR 95%CI P Valueb OR 95%CI P Valueb OR 95%CI P Valueb

1Ac 1.08 1.04, 1.13 <0.001 1.10 1.02, 1.19 0.02 1.03 0.86, 1.25 0.73 1.11 0.99, 1.25 0.07 1.12 1.04, 1.21 0.01

2Ad 1.06 1.01, 1.10 0.01 1.08 1.00, 1.18 0.05 1.06 0.87, 1.29 0.55 1.11 0.98, 1.25 0.10 1.06 0.97, 1.15 0.18

3Ae 1.03 0.98, 1.08 0.18 1.07 0.97, 1.17 0.17 0.98 0.79, 1.22 0.85 1.12 0.98, 1.28 0.10 1.06 0.96, 1.16 0.24

4Af 1.03 0.98, 1.08 0.26 1.05 0.96, 1.16 0.27 0.96 0.78, 1.20 0.75 1.12 0.98, 1.28 0.10 1.05 0.96, 1.16 0.29

5Ag 1.02 0.97, 1.07 0.36 1.05 0.95, 1.15 0.36 0.95 0.76, 1.19 0.66 1.10 0.96, 1.26 0.18 1.04 0.95, 1.15 0.42

Neuroblastoma (n = 267) Retinoblastoma (n = 80) Wilms Tumor (n = 198)b Hepatoblastoma (n = 50) Rhabdomyosarcoma (n = 79)

OR 95%CI P Valuea OR 95%CI P Valuea OR 95%CI P Valuea OR 95%CI P Valuea OR 95%CI P Valuea

1Ac 1.15 1.02, 1.30 0.03 1.15 0.91, 1.44 0.23 1.15 1.00, 1.32 0.06 0.72 0.54, 0.94 0.02 0.91 0.73, 1.14 0.41

2Ad 1.13 0.99, 1.29 0.06 1.21 0.96, 1.53 0.11 1.08 0.93, 1.25 0.32 0.74 0.55, 0.98 0.04 0.85 0.67, 1.08 0.19

3Ae 1.07 0.93, 1.24 0.33 1.28 0.97, 1.68 0.08 1.04 0.87, 1.23 0.69 0.66 0.48, 0.90 0.01 0.79 0.61, 1.02 0.08

4Af 1.07 0.93, 1.24 0.34 1.27 0.97, 1.68 0.09 1.02 0.86, 1.20 0.85 0.69 0.50, 0.96 0.03 0.78 0.60, 1.01 0.06

5Ag 1.09 0.94, 1.26 0.28 1.25 0.94, 1.65 0.12 1.02 0.86, 1.21 0.83 0.70 0.51, 0.98 0.04 0.77 0.59, 1.00 0.05

Abbreviations: CI, confidence interval; CNS, central nervous system; OR, odds ratio; SES, socioeconomic status.
a Random intercepts dropped frommodels 1A–3A due to nonconvergence from zero-value intraclass correlations.
b P values estimated from a logistic mixedmodel with a random intercept for census tract clustering using a 2-sided hypothesis test.
c Model 1A: bivariate.
d Model 2A adjusted for maternal race/ethnicity.
e Model 3A adjusted for maternal race/ethnicity, maternal age, birth order, birth year, and sex.
f Model 4A adjusted for maternal race/ethnicity, maternal age, birth order, birth year, sex, birth weight, and gestational age.
g Model 5A adjusted for maternal race/ethnicity, maternal age, birth order, birth year, sex, birth weight, gestational age, and neighborhood SES.
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Wilms tumor (OR = 1.15, 95% CI: 1.00, 1.32). After adjusting
for race/ethnicity (model 2A) and pregnancy-related risk factors
(models 3A and 4A), these associations were attenuated towards
the null. Adjustment for neighborhood SES (model 5A) did not
further alter estimates. An elevated odds ratio was also observed
for maternal education predicting retinoblastoma incidence,
although confidence intervals were wide (e.g., model 5A, OR=
1.25, 95%CI: 0.94, 1.65).

Conversely, we found an inverse association between higher
SES and hepatoblastoma incidence. In crude model 1A, a 1-step
increase inmaternal educationwas associatedwith a 28% reduced
risk of hepatoblastoma (OR = 0.72, 95% CI: 0.54, 0.94). This
associationwas robust to comprehensive covariate adjustment
(model 5AOR = 0.70, 95%CI: 0.51, 0.98). An inverse, although
less pronounced, association was also observed between higher
maternal education and rhabdomyosarcoma incidence (model 5A
OR = 0.77, 95%CI: 0.59, 1.00).

For cancers in which the SES association was substan-
tially attenuated by covariate control (combined, ALL, lympho-
mas, CNS tumors, neuroblastoma, Wilms tumor), we further

investigated which of the established risk factors accounted for
associations (Table 3). Adjustment for race/ethnicity reduced
the estimated association between maternal education and can-
cer incidence by more than 10% for combined and individual
childhood cancers except lymphomas (6%); the largest reduc-
tions were observed for combined childhood cancers (30%),
Wilms tumor (46%), and CNS tumors (50%). Adjustment for
maternal age reduced the maternal education association by
>10% for combined childhood cancers (20%), ALL (18%),
and lymphomas (20%); adjustment for birth weight reduced the
association by>10% for ALL (12%) andWilms tumor (13%);
and adjustment for birth year reduced the association by >10%
for neuroblastoma (19%). Individual adjustment for gestational
age, birth order, and sex did not substantively alter maternal
education associations.

We then evaluated associations between neighborhood SES
and childhood cancer incidence (Table 4). In crude models
(model 1B), higher neighborhood SES was positively associ-
ated with incidence of combined childhood cancers (OR =
1.09, 95% CI: 1.04, 1.14), ALL (OR = 1.10, 95% CI: 1.01,

Table 3. Associations BetweenMaternal Education and Childhood Cancer Incidence Estimated FromBivariate and Trivariate Models, Registry-
Based Case-Cohort Study (Total Sample= 14,854; Controls= 11,907), LinkedMinnesota Birth and Cancer Records, 1989–2014

Model

All Childhood Cancers Combined
(n= 2,947)

Acute Lymphoblastic Leukemia
(n= 673) Lymphomas (n= 311)

OR 95%CI P Valuea %b OR 95%CI P Valuea %b OR 95%CI P Valuea %b

Bivariatec 1.08 1.04, 1.13 <0.001 1.10 1.02, 1.19 0.02 1.11 0.99, 1.25 0.07

Trivariate, adjusting for

Race/ethnicityd 1.06 1.01, 1.10 0.01 30 1.08 1.00, 1.18 0.05 15 1.11 0.98, 1.25 0.10 6

Maternal age 1.06 1.02, 1.11 0.01 20 1.08 0.99, 1.18 0.08 18 1.09 0.96, 1.24 0.19 20

Birth weight 1.07 1.03, 1.12 <0.01 6 1.09 1.00, 1.18 0.04 12 1.11 0.99, 1.24 0.08 5

Gestational age 1.08 1.04, 1.13 <0.001 −1 1.10 1.02, 1.19 0.02 0 1.11 0.99, 1.25 0.07 1

First-born 1.08 1.04, 1.13 <0.001 0 1.10 1.02, 1.19 0.02 0 1.11 0.99, 1.25 0.06 −1

Sex 1.08 1.04, 1.13 <0.001 −1 1.10 1.02, 1.19 0.02 −1 1.11 0.99, 1.25 0.06 −1

Birth year 1.08 1.04, 1.13 <0.001 −1 1.10 1.02, 1.19 0.02 −1 1.13 1.01, 1.27 0.04 −13
CNS Tumors (n= 662) Neuroblastoma (n= 267) Wilms Tumor (n= 198)e

OR 95%CI P Valuea %b OR 95%CI P Valuea %b OR 95%CI P Valuea %b

Bivariatec 1.12 1.04, 1.21 0.01 1.15 1.02, 1.30 0.03 1.15 1.00, 1.32 0.06

Trivariate, adjusting for

Race/ethnicityd 1.06 0.97, 1.15 0.18 50 1.13 0.99, 1.29 0.06 12 1.08 0.93, 1.25 0.32 46

Maternal age 1.13 1.03, 1.23 0.01 −5 1.15 1.00, 1.32 0.05 −2 1.14 0.97, 1.33 0.12 8

Birth weight 1.11 1.03, 1.20 0.01 8 1.15 1.02, 1.30 0.03 −2 1.13 0.98, 1.30 0.10 13

Gestational age 1.12 1.03, 1.21 0.01 0 1.15 1.02, 1.30 0.03 −2 1.15 1.00, 1.33 0.06 −1

First-born 1.12 1.03, 1.21 0.01 1 1.15 1.01, 1.30 0.03 1 1.15 0.99, 1.32 0.06 1

Sex 1.12 1.04, 1.21 0.01 0 1.15 1.02, 1.30 0.03 −1 1.15 1.00, 1.32 0.06 0

Birth year 1.13 1.04, 1.22 <0.01 −4 1.12 0.99, 1.27 0.08 19 1.13 0.98, 1.31 0.08 9

Abbreviations: CI, confidence interval; CNS, central nervous system; OR, odds ratio.
a P values estimated from a logistic mixedmodel with a random intercept for census tract clustering using a 2-sided hypothesis test.
b Compared the β coefficients for maternal education predicting cancer incidence estimated from bivariate and trivariate models (i.e., βbivar −

βtrivar/βbivar).
c Equal to model 1A in Table 2.
d Equal to model 2A in Table 2.
e Random intercepts dropped frommodels 1A–3A due to nonconvergence from zero-value intraclass correlations.
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Table 4. Associations Between Neighborhood Socioeconomic Status and Childhood Cancer Incidence, Registry-Based Case-Cohort Study (Total Sample= 14,854; Controls= 11,907),
LinkedMinnesota Birth and Cancer Records, 1989–2014

Model

All Childhood Cancers Combined
(n= 2,947)

Acute Lymphoblastic Leukemia
(n= 673)

Acute Myeloid Leukemia
(n= 112) Lymphomas (n= 311) CNS Tumors (n= 662)

OR 95%CI P Valuea OR 95%CI P Valuea OR 95%CI P Valuea OR 95%CI P Valuea OR 95%CI P Valuea

1Bb 1.09 1.04, 1.14 <0.001 1.10 1.01, 1.20 0.03 1.07 0.88, 1.30 0.52 1.14 1.01, 1.30 0.04 1.18 1.08, 1.29 <0.001

2Bc 1.05 1.00, 1.11 0.04 1.08 0.99, 1.19 0.10 1.12 0.91, 1.39 0.30 1.15 1.00, 1.31 0.05 1.09 0.99, 1.20 0.09

3Bd 1.04 0.99, 1.09 0.12 1.07 0.97, 1.17 0.18 1.08 0.87, 1.33 0.50 1.14 0.99, 1.32 0.06 1.09 0.98, 1.20 0.10

4Be 1.04 0.99, 1.09 0.16 1.06 0.97, 1.17 0.22 1.07 0.86, 1.33 0.54 1.15 1.00, 1.32 0.06 1.09 0.98, 1.20 0.11

5Bf 1.03 0.98, 1.09 0.21 1.05 0.96, 1.16 0.29 1.08 0.87, 1.34 0.49 1.13 0.98, 1.30 0.10 1.08 0.97, 1.19 0.15

Neuroblastoma (n= 267) Retinoblastoma (n= 80) Wilms Tumor (n= 198) Hepatoblastoma (n= 50) Rhabdomyosarcoma (n= 79)

OR 95%CI P Valuea OR 95%CI P Valuea OR 95%CI P Valuea OR 95%CI P Valuea OR 95%CI P Valuea

1Bb 1.01 0.89, 1.15 0.82 1.07 0.85, 1.36 0.55 1.13 0.96, 1.32 0.14 0.83 0.66, 1.03 0.09 1.14 0.87, 1.50 0.34

2Bc 0.97 0.84, 1.11 0.67 1.16 0.90, 1.50 0.25 1.01 0.85, 1.20 0.90 0.86 0.67, 1.11 0.24 1.06 0.79, 1.42 0.71

3Bd 0.95 0.82, 1.09 0.45 1.17 0.90, 1.51 0.24 0.99 0.83, 1.18 0.92 0.84 0.65, 1.09 0.19 1.04 0.77, 1.41 0.80

4Be 0.95 0.82, 1.09 0.43 1.16 0.90, 1.51 0.25 0.98 0.83, 1.17 0.85 0.88 0.68, 1.14 0.33 1.03 0.76, 1.40 0.83

5Bf 0.93 0.81, 1.08 0.35 1.13 0.87, 1.46 0.37 0.98 0.82, 1.17 0.83 0.92 0.70, 1.20 0.52 1.08 0.79, 1.48 0.63

Abbreviations: CI, confidence interval; CNS, central nervous system; OR, odds ratio.
aP values estimated from a logistic mixedmodel with a random intercept for census tract clustering using a 2-sided hypothesis test.
b Model 1B: bivariate.
c Model 2B adjusted for maternal race/ethnicity.
d Model 3B adjusted for maternal race/ethnicity, maternal age, birth order, birth year, and sex.
e Model 4B adjusted for maternal race/ethnicity, maternal age, birth order, birth year, sex, birth weight, and gestational age.
f Model 5B adjusted for maternal race/ethnicity, maternal age, birth order, birth year, sex, birth weight, gestational age, andmaternal education.
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1.20), lymphomas (OR = 1.14, 95% CI: 1.01, 1.30), and CNS
tumors (OR = 1.18, 95% CI: 1.08, 1.29). Neighborhood SES
was no longer associated with incidence of combined or indi-
vidual cancers in models adjusting for race/ethnicity and
pregnancy-related risk factors (models 3B and 4B) or in mod-
els further adjusting for maternal education (model 5B).
Among cancers in which the SES association was altered by
covariate control (combined, ALL, lymphomas, CNS tumors),
adjustment for race/ethnicity reduced the estimated association
between neighborhood SES and cancer incidence by>10% for
combined childhood cancers (39%), ALL (18%), and CNS tu-
mors (49%); adjustment for maternal age reduced the associa-
tion by >10% for combined childhood cancers (14%), ALL
(15%), and lymphomas (12%); and adjustment for birth weight
reduced the association for ALL by 10% (Web Table 3).

As illustrated in Table 5, associations between established
demographic and pregnancy-related risk factors and combined
childhood cancer incidence were not considerably altered by
adjustment for maternal education and neighborhood SES. As-
sociations for individual types of childhood cancer are pro-
vided in the supplemental materials (Web Table 4).

DISCUSSION

To our knowledge, this is the first study to employ multilevel
methods to examine associations between SES and childhood
cancer incidence. We tested associations in a population-based
sample using a registry-based case-cohort study design, thus
minimizingmultiple potential sources of bias. Through our analy-
sis, we generated several findings. First, we found that higher
SES at both levels (maternal education and census tract compos-
ite index) was consistently positively associated with incidence
of many childhood cancers in crude models. Second, these posi-
tive associations were accounted for by established demographic
and pregnancy-related risk factors. Third, associations between
established risk factors and childhood cancer incidence were
robust to adjustment for SES. Fourth, higher individual-level

SES was associated with lower incidence of hepatoblastoma,
even after comprehensive control of other risk factors.

Higher SES, whether operationalized as maternal education
at the individual-level or as an area-level index, was associated
with higher risk of the most common childhood cancers (com-
bined, ALL, lymphomas, and CNS tumors), with a similar pat-
tern emerging for both SES measures. However, associations
between higher SES and incidence of combined or specific
childhood cancers were markedly weakened after accounting
for established demographic and pregnancy-related risk fac-
tors. This suggests that crude associations of SES at either level
primarily capture established risk factors not specified in the
model. In particular, non-Hispanic white race/ethnicity ac-
counted for a substantial portion of positive associations of
higher SES, especially for combined childhood cancers, CNS
tumors, andWilms tumor. Older maternal age and higher birth
weight also explained some of the positive SES association,
although to varying degrees across cancer types.

Investigation of associations between established risk fac-
tors, such as race/ethnicity and birth weight, and childhood can-
cer incidence revealed that these associations were robust to
adjustment for SES, further suggesting that SES is not strongly
associated with incidence of most childhood cancers beyond
the social patterning of known exposures. Therefore, adjust-
ment for proximal demographic and pregnancy-related risk
factors is likely sufficient in analyses of childhood cancer etiol-
ogy. This is reassuring, especially given the lack of socioeco-
nomic data in medical records and cancer registries (46).
However, it remains important to note that SES is a common
prior cause of some of these more proximal risk factors includ-
ing birth weight andmaternal age.

We did identify an inverse association between higher
maternal education and hepatoblastoma incidence that was
independent of established risk factors. Although little is
known about the etiology of hepatoblastoma, some studies
have identified parental tobacco use as a potential risk factor
(47), which may explain a social patterning of incidence. Due
to insufficient smoking data in our study, we look to future

Table 5. Associations Between EstablishedRisk Factors and Combined Childhood Cancer Incidence, Crude and
Adjusted for Socioeconomic Status (Total Sample = 14,854; Controls = 11,907), Registry-Based Case-Cohort
Study, LinkedMinnesota Birth and Cancer Records, 1989–2014

Variable

Adjusted for Demographic and
Birth Covariates (SES Excluded

FromModel)a

Adjusted for Demographic, Birth,
and SESCovariates (SES

Included in Model)b

OR 95%CI P Valuec OR 95%CI P Valuec

Race/ethnicity, NHwhite vs. other 1.23 1.09, 1.38 <0.01 1.17 1.03, 1.33 0.02

Maternal age, per 5-year increase 1.05 1.01, 1.09 0.01 1.04 0.99, 1.08 0.11

Birth weight, per 500-gram increase 1.11 1.06, 1.16 <0.001 1.10 1.06, 1.16 <0.001

Gestational age, per 1-week increase 0.94 0.92, 0.97 <0.001 0.94 0.92, 0.97 <0.001

First-born, first-born vs. other 1.11 1.02, 1.22 0.02 1.10 1.01, 1.21 0.04

Abbreviations: CI, confidence interval; NH, non-Hispanic; OR, odds ratio; SES, socioeconomic status.
a Adjusted for maternal race/ethnicity, maternal age, birth order, birth year, sex, birth weight, and gestational age.
b Adjusted for maternal race/ethnicity, maternal age, birth order, birth year, sex, birth weight, gestational age, mater-

nal education, and neighborhood SES.
c P values estimated from a logistic mixed model with a random intercept for census tract clustering using a 2-sided

hypothesis test.

Am J Epidemiol. 2018;187(5):982–991

988 Kehm et al.



studies to explore this potential mechanism. We note that a
similarly designed study using pooled data from 5US state reg-
istries found no evidence of an inverse association between
higher maternal education and risk of hepatic tumors (13).
Therefore, additional research is needed to replicate our finding
and to explore potential effect modifiers that may explain
cross-place differences.

Limitations

This study has several limitations. First, there are limitations to
our SESmeasures. Because the measures were limited to a single
exposure window at birth, although this is a common approach
for operationalizing childhood SES, we cannot draw conclusions
about SES later in childhood. Yet neighborhood SES at birth was
strongly correlated with SES at diagnosis among cases (Pearson
ρ = 0.72), suggesting temporal stability, which has been reported
previously (48, 49). Beside education, we could not account for
other dimensions of individual-level SES, such as household
income or occupation, in our primary analysis. In a secondary
analysis of combined childhood cancers, we assessed paternal
involvement, based on paternal information present versus miss-
ing on the birth certificate, as an alternative measure of SES (13,
50, 51), and this produced similar patterns of association as those
with our measure of maternal education (Web Table 5). We also
did not consider area-level factors such as racial segregation or
geographic variation in our primary analysis. We did conduct a
secondary analysis of combined childhood cancers stratified
by rural/urban status, which revealed comparable SES associa-
tions by rural/urban status (Web Table 6).

Further, the use of a composite index to operationalize neigh-
borhood SES may mask any differential effects of the various
dimensions of SES included in the index and may violate the
consistency assumption (52).We note that the 5 index variables
were strongly correlated (Web Table 7), and we performed a
sensitivity analysis testing associations between each of the 5
neighborhood SES variables and combined childhood cancer
incidence, which revealed comparable associations across mea-
sures (Web Table 8). We also note that linear interpolation of
intercensal years may introduce measurement error, especially
for years at the midpoint between censuses (53). We performed
a sensitivity analysis comparing associations between com-
bined childhood cancer incidence and interpolated versus non-
interpolated (assigned based on census closest to birth year)
measures of neighborhood SES among our entire sample, as
well as among a subset of our sample restricted to births occur-
ring within 2 years of a census (n = 10,762). Estimates were
comparable across measures and samples (Web Table 9).

Another study limitation is the potential for bias resulting from
conditioning on intermediates (54), such as birth weight and ges-
tational age inmodels 4 and 5. To address this, we compared esti-
mates across several models of increasing covariate control. Our
study was also limited by sample size due to the rarity of child-
hood cancers. This prevented us from testingmore homogeneous
cancer subgroups or stratifying by age in primary analyses. We
assessed subtypes of lymphomas (Web Table 10) and CNS tu-
mors (Web Table 11) in a secondary analysis, which revealed
some variability in SES associations across subgroups. We also
performed a secondary analysis of combined childhood cancer
incidence stratified by age at diagnosis, which demonstrated

similar neighborhood SES associations across age groups
(Web Table 12). This somewhat mitigates concern that neigh-
borhood SES may be better measured for children diagnosed
at younger ages, given that neighborhood SES is derived from
the address at birth. The positive crude association between
maternal education and combined childhood cancer incidence
diminished with increasing age, although adjusted maternal
education associations were comparable across age groups.

Given the high proportion of non-Hispanic whites in our
sample (81%), we were unable to stratify by race/ethnicity in
our primary analysis, and results may be less generalizable to
more racially diverse populations. We did conduct a secondary
analysis stratified by race/ethnicity for combined childhood
cancers, which indicated that positive SES associations may be
driven by non-Hispanic white children (Web Table 13); how-
ever, analyses were underpowered for racial minority groups.
Prior ecological studies have reported differential associations
between SES and childhood cancer incidence across racial/eth-
nic groups (7, 55), and thus future studies should continue to
explore race/ethnicity as a potential effect modifier.

Finally, there is the potential for disease misclassification bias
if children born inMinnesota subsequently moved out of state
and developed cancer. However, given the rarity of childhood
cancers and low out-migration rate amongMinnesota youth (56),
this is not a major threat to validity. There is also the potential for
selection bias if cases without a matching birth record were in fact
born in Minnesota, and thus part of the source cohort. This may
have occurred because of inconsistent (e.g., name changes) or
missing data. We found that unmatched cases resided in lower-
SES neighborhoods at the time of diagnosis than did matched
cases, which may reflect differences in data quality according to
SES (33). However, it may also reflect higher residential mobility
among lower-SES cases (48), and thus a higher in-migration rate
to Minnesota during childhood. Our 86% record-linkage rate is
comparable to prior registry-based studies of childhood cancer
(57–59).

Conclusion

Results from this study suggest that SES is not strongly asso-
ciated with childhood cancer incidence beyond the social pat-
terning of established demographic and pregnancy-related risk
factors such as race/ethnicity, maternal age, and birth weight. It is
reassuring that these socially patterned risk factors of childhood
cancer incidence are already known andwell-described in the lit-
erature. However, given that these exposures account for only a
small portion of the total disease burden (4), more work is
needed to better understand childhood cancer etiology. Unfortu-
nately, while it is important to continue monitoring socioeco-
nomic differences in risk to ensure health equity, our findings
suggest that continued investigation of SES associations may
not generate new etiological insight into childhood cancer inci-
dence, at least for themore common cancers.
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