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Abstract

Background Incidence of childhood Ewing sarcoma, a rare cancer affecting bones and soft tissues, is increasing.

Environmental exposures during the perinatal period, like air pollution, may play a role. We examined exposure to

perinatal ambient fine particulate matter (PM, s) and childhood Ewing sarcoma risk in a case-control linkage study
nested within a California birth cohort.

Methods The study included 388 children born in California (1982-2015) and diagnosed with Ewing sarcoma at

age 0-19 years (1988-2015), and 19,341 California-born cancer-free controls frequency-matched to cases on birth
year (50:1 ratio). Ambient PM, s concentrations at the maternal residence were averaged separately over two time
periods, gestation and the first year after birth, using a validated ensemble-based model (categorized as quartiles). We
estimated odds ratios (ORs) and 95% confidence intervals (Cls) for the association between perinatal PM, s exposure
and Ewing sarcoma risk, adjusting for sex, birth year, race, ethnicity, birth weight, and maternal education and
stratifying by Hispanic ethnicity to assess potential disparities in PM, s-related cancer risk.

Results In the overall population, perinatal ambient PM, s exposure was not associated with Ewing sarcoma risk
when considering exposure during gestation or the year after birth. Among Hispanic children, who experienced
greater air pollution exposure compared to non-Hispanic children, higher PM,  levels during gestation yielded
elevated odds of Ewing sarcoma compared to the first quartile (Q2 OR [95% Cl]=1.53 [0.94-2.51]; Q3=1.56 [0.95-
2.56]; Q4=1.39[0.79-2.47]). Hispanic children also experienced elevated risk in relation to exposure during the year
after birth.

Conclusion Our results provide new suggestive evidence that ambient PM, s may contribute to Ewing sarcoma risk,
although these findings were not statistically significant and were specific to Hispanic children. These findings require
replication and underscore the need to further evaluate the potential role of ethnicity in the PM, s-cancer relationship
with genetic ancestry measures and through the lens of environmental justice.
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Introduction

Little is known about the etiology of Ewing sarcoma.
Ewing sarcoma is a rare, aggressive cancer of the bones
and soft tissues occurring mainly in children and adoles-
cents, and most commonly among males and Caucasians
[1]. While the prognosis for children in whom the disease
is localized is fair (5-year survival: 65-80%), once metas-
tasis occurs the survival rate drops dramatically (5-year
survival: ~30%; survival with relapse: 10%) [2—5]. Further,
survivors face increased risk of other health burdens like
chronic illnesses (e.g., heart disease) [6—9], psychological
issues (e.g., depression, anxiety) [10], and second primary
cancers [8, 11]. Though the peak incidence of Ewing sar-
coma is between ages 10 and 15 years, the incidence of
Ewing sarcoma has been increasing in younger children
(0-9 years) in North America [12]. The increasing inci-
dence in younger age groups could suggest that prenatal
or early life exposures may influence Ewing sarcoma risk.

The development of Ewing sarcoma generally results
from balanced chromosomal translocations between the
EWS gene and a member of the ETS family of genes [2,
13, 14]. The most frequent translocation partner is FLI-
1, resulting in an EWS-FLI-1 fusion protein, which inter-
feres with genetic transcription and RNA processing,
thereby enhancing oncogenesis [14—17]. Evidence from
cell models suggests that the presence of EWS-FLI-1
alone may not be sufficient to cause Ewing sarcoma,
and that co-occurring mutations are necessary [18—20].
Currently, understanding of the cell of origin for Ewing
sarcoma is still limited [14, 21, 22], and the potential for
environmental exposures to play a role in these events
must be explored.

Existing knowledge on environmental risk factors
for childhood Ewing sarcoma is scarce, with the largest
body of evidence for pesticide exposure [23-28]. Occu-
pational parental exposures to pesticides and exposures
during pregnancy have been linked to Ewing sarcoma
risk, further underscoring a prenatal or early life origin
[25, 27]. Proximity to urban industrial activity has also
been implicated, particularly to industries releasing air
pollutants like polycyclic aromatic hydrocarbons [29].
There have been a number of investigations of potential
clusters of Ewing sarcoma that were hypothesized to have
an environmental cause [30-32]. Spatial clusters of the
disease could indicate a role for spatially varying environ-
mental risk factors, such as air pollution, in the develop-
ment of Ewing sarcoma. Air pollution induces oxidative
stress, inflammation, and oxidatively damaged DNA
[33-35], which could provide a pathway for carcinogen-
esis. Outdoor air pollution is a known human carcinogen
(IARC Group 1) [36] and a known or suspected risk fac-
tor for childhood cancer [37-40]. In particular, exposure
to ambient PM, ; (air pollution comprised of particles of
aerodynamic equivalent diameter of 2.5 uM or less) has
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been linked to the risk of multiple types of childhood
cancer, including lymphoid leukemia, retinoblastoma,
Hodgkin and non-Hodgkin lymphomas, and central ner-
vous system tumors (e.g [41-45]).,. The prenatal period
in particular has been implicated as a critical window of
exposure to ambient air pollution for some childhood
cancers [39, 45].

While a growing body of evidence suggests a link
between air pollution and other types of childhood can-
cer, this relationship has not yet been explored with
regard to Ewing sarcoma risk. Moreover, marginalized
racial and ethnic groups experience disproportionate
exposure to air pollutants [46—49], as well as variability
in background cancer incidence [50]. In this study, we
evaluated the relationship between perinatal exposure
to PM, ; and childhood Ewing sarcoma risk in a popula-
tion-based case-control study nested within a California
birth cohort, with a focus on identifying potential expo-
sure and health outcome disparities among marginalized
groups.

Methods
Study population and data sources
This analysis leverages the California Linkage Study of
Early-onset Cancers (CALSEC), a linkage of diagnoses
of early-onset cancer (age 0-39 years) reported to the
California Cancer Registry [51] from 1988 to 2015 and
statewide birth records from 1982 to 2015. CALSEC also
includes millions of controls who were born in Califor-
nia and were not diagnosed with any cancer at the age
of 0-39 years based on information from the California
Cancer Registry. The study protocol has been approved
by the Institutional Review Boards at the California
Health and Human Services Agency and Yale University.
Our source population included all 479 children who
were born in California during 1982-2015 and diagnosed
with a first primary malignant Ewing sarcoma (Interna-
tional Classification of Diseases for Oncology, 3rd edition
code 9260) at the age of 0-19 years during 1988-2015
(i.e., cases), as well as 23,950 control children frequency-
matched to cases on year of birth at a 50:1 ratio. Match-
ing on year of birth maintains the overall age distribution
and can allow us to examine the potential impact of tem-
poral variability in PM,; composition and concentra-
tions [52]. Control children were cross-checked with the
cancer registry to ensure no prior diagnosis of cancer.
Although CALSEC includes individuals diagnosed with
cancer through age 39 years, we selected the age range of
0-19 years to examine potential environmental risk fac-
tors specifically for childhood and adolescent Ewing sar-
coma, which has been underrepresented in the etiologic
literature. We also elected to examine perinatal expo-
sures specifically due to biological plausibility and that
this window has been identified as a critical window of
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exposure for other childhood cancers, such as leukemia
[53]. As assessment of PM, ; exposure is based on mater-
nal residential address at birth, we removed cases and
matched controls who had missing or inadequate (i.e.,
only zip code) data on maternal residential address. This
yielded a final study population of 388 cases and 19,341
controls.

Individual level data on demographic and birth char-
acteristics (e.g., sex, race, ethnicity, birth weight, birth
order) were abstracted directly from birth records.
Socio-economic status (SES) is an important potential
confounder in the relationship between air pollution
exposure and health outcomes [54], and is difficult to
characterize accurately. In our study, we examined mul-
tiple representations of SES at both the individual- and
community-level. We obtained individual-level mater-
nal educational attainment from the birth record. For
community-level measures of SES, we obtained census
tract-level educational attainment and poverty statistics
and the Centers for Disease Control/Agency for Toxic
Substances and Disease Registry Social Vulnerability
Index (SVI), a composite metric representing 15 different
social, economic, and demographic domains [55]. Each
variable was evaluated for inclusion in the final model.

PM2.5 exposure assessment

We modeled daily outdoor PM, 5 concentrations at a spa-
tial resolution of 1 km x 1 km using a validated ensemble
model [56]. The machine learning-based model combines
random forest regression, a gradient boosting machine,
and an artificial neural network and incorporates a wide
variety of predictors, including satellite, land-use, meteo-
rological, and chemical transport data [56]. The estimates
produced by this model have been found to be highly
concordant with measured PM, ; concentrations in the
Pacific region (R*=0.802) [56, 57] Daily concentrations
were available from 2000 to 2016; for children born prior
to 2000, PM, ; was extrapolated using a regression model
with year as a continuous variable and calendar month as
a categorical variable. This approach has been used in a
study of childhood leukemia [58]. Because little is known
about potential critical windows of exposure for Ewing
sarcoma, two perinatal exposure windows were con-
sidered: (i) gestation to birth and (ii) the first year after
birth, both using the maternal residence at birth [59, 60].
For each of the two time windows, monthly PM, ; con-
centrations were averaged to produce a composite esti-
mate. We evaluated PM, ; categorically and continuously
but elected to use the former for the final analyses due
to evidence in the literature of a nonlinear relationship
between PM, ; exposure and other health outcomes (e.g
[61-63])., particularly when PM, concentrations are
high.
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Statistical analysis
All statistical analyses were conducted in SAS 9.4, and all
tests were two-sided with an alpha level of 0.05. We used
chi-square and t-tests to identify differences in the dis-
tribution of population characteristics between case and
control children. To explore the complicated relationship
between air pollution, SES variables, and cancer risk [54],
we evaluated the distribution of these risk factors among
different strata, such as Hispanic ethnicity and age at
diagnosis. We conducted two primary regression analy-
ses. In the first, we used unconditional logistic regression
to estimate odds ratios (ORs) and 95% confidence inter-
vals (CIs) for the association between PM, exposure
and Ewing sarcoma risk, adjusting for year of birth (the
matching variable), sex, race, ethnicity, birth weight (con-
tinuous, per 500 g), and maternal educational attainment,
which were identified as risk factors in a previous analysis
of this population [64]. For the second, because people
of color are more likely to be disproportionately exposed
to environmental hazards including air pollution in the
United States (US) [46, 47, 49, 65-74], we also stratified
models by race and ethnicity to evaluate the influence
of such exposure inequality. These exposure dispari-
ties could lead to disparities in risk, which could also be
related to other social and structural factors. Separate
models were constructed for each window of exposure
considered and all models included the same covariates
as the primary models unless explicitly stated otherwise.
We also conducted sensitivity analyses to evaluate the
robustness of our findings. First, differences in childhood
cancer incidence have been noted among Hispanic chil-
dren with foreign-born mothers as compared to US-born
mothers (i.e., “the Hispanic epidemiologic paradox”) [75],
where children of foreign-born mothers exhibited inci-
dences more similar to the maternal country of origin.
To examine whether this phenomenon could influence
risk patterns among Hispanic children, we conducted
an additional analysis including whether the mother
was foreign-born in the models. While an indication of
a foreign-born mother does not necessarily represent a
child’s genetic ancestry and it is critical not to conflate
population descriptors with ancestry [76], it may provide
an indicator of possible effect to be followed up on with
more detailed ancestry information. Second, because
birth weight may also be related to air pollution exposure
and thus could feasibly be on the causal pathway [64], we
conducted a sensitivity analysis excluding birth weight
from the models.

Results

Population characteristics

Case children were more likely to be male (57% vs. 51%,
p=0.03; Table 1) and be non-Hispanic White (46% vs.
34%, p<0.01). Case children had a significantly higher
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Table 1 Characteristics of the study population
Cases (n=388) Controls (n=19341) p-value
Sex N (%) N (%) 0.03
Male 220 (57) 9870 (51)
Female 168 (43) 9471 (49)
Age at diagnosis (yrs) -
0-4 50(13) 2464 (13)
5-9 70 (18) 3527 (18)
10-14 143 (37) 7133 (37)
15-19 125(32) 6217 (32)
Gestational age (weeks) 0.24
32to <37 34(9) 1659 (9)
37to <39 84 (22) 4163 (22)
39-41 238 (61) 11,418 (59)
>42 31 (8) 1780 (9)
Missing 1(1) 321 (2)
Birth weight (grams) Mean (SD*) Mean (SD¥) 0.02
3434 (577) 3363 (516)
Mode of delivery
Vaginal 302 (78) 14,940 (77) 0.78
Cesarean 86 (22) 4401 (23)
Race and ethnicity <001
Non-Hispanic White 177 (46) 6484 (34)
Non-Hispanic Black 1(1) 1500 (8)
Hispanic 179 (46) 9219 (48)
Asian/Pacific Islander 29 (7) 1951 (10)
Other 2(1) 187 (1)
Mother's educational attainment 0.09
8th grade or less 33(9) 2071 (11)
9th —12th grade 130 (34) 6797 (35)
Some college or more 133 (34) 5570 (29)
Unknown 92 (24) 4903 (25)
Mean (SD*) Mean (SD¥) t-test p-value
Percent of block group with a college education or more 47.2 (20.3) 46.0 (20.9) 0.26
Percent of block group in poverty 25.1(184) 27.3(18.9) 0.02
Social Vulnerability Index percentile (total) 57.0(29.4) 62.1(27.7) <0.01
SVI socio-economic domain percentile 55.5(29.1) 59.8 (28.1) <0.01
SVI Minority status and language percentile 55.8(29.7) 60.6 (27.6) <0.01

* SD: standard deviation

birth weight, on average (3434 g vs. 3363 g, p=0.02).
Mothers of case children were somewhat more likely to
have some college or higher-level educational attainment
(34% vs. 29%, p =0.09), though this difference was not sta-
tistically significant. Case children tended to be born in
areas of lower socio-economic vulnerability than control
children (SVI percentile: 57.0 vs. 62.1, p<0.01); this pat-
tern also held for domain-specific SVI metrics, including
economic and minority status indices.

PM2.5 exposure

Case and control children were exposed to similar ambi-
ent concentrations of PM, ; at their birth residence across
both time windows of exposure examined (Table 2).
For example, in the gestational period, the average

exposure among case children was 22.59 pg/m?® as com-
pared to 23.27 pg/m® among control children (t-test
p-value=0.29). However, when stratified by Hispanic eth-
nicity, several notable differences emerged (Supplemen-
tal Material, Table S2). In the combined population of
cases and controls, Hispanic children were consistently
exposed to significantly higher absolute (approximately
3—4 pg/m?®) concentrations of PM, 5 than non-Hispanic
White children across both exposure windows (p<0.01
for both windows). Hispanic case children were also
exposed to significantly higher levels of PM, ; across both
exposure windows (all p<=0.01), with the difference
being most pronounced in the gestational window (His-
panic case mean: 25.13 pg/m?® vs. non-Hispanic White
case mean: 20.62 pg/m> p<0.01). Average exposure
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Table 2 Associations between exposure to modeled average ambient PM, 5 concentrations during gestation and first year after birth

and Ewing sarcoma risk

Cases (n=388) Controls (1=19341) p-value OR (95% CI)*
PM,5 (Hg/m?)
Mean (SD) Mean (SD)
Gestational Period 22.59(12.37) 23.27(1241) 0.29
N (%) N (%) 048
Q1 (<13.68) 105 (27) 4836 (25) 1.00
Q2 (13.68 - <20.08) 100 (26) 4834 (25) 0.98(0.72,1.32)
Q3 (20.08 - <29.90) 99 (25) 4836 (25) 1.03(0.76, 1.40)
Q4 (=29.90) 84 (22) 4835 (25) 0.87(0.61, 1.25)
Mean (SD*¥) Mean (SD*¥)
First Year after Birth 21.82 (11.60) 2246 (11.70) 0.28
N (%) N (%) 0.70
Q1(<1347) 107 (28) 4835 (25) 1.00
Q2 (1347 -<19.48) 92 (24) 4835 (25) 0.95 (0.70, 1.29)
Q3 (19.48 - <28.76) 96 (25) 4836 (25) 1.09 (0.81,1.49)
Q4 (>28.76) 93 (24) 4835 (25) 0.84 (0.58, 1.20)

*Adjusted for individual-level factors: birth year, sex, birth weight, race, ethnicity, and maternal educational attainment. ** SD: standard deviation

levels for all individuals decreased over time, with mean
gestational exposure levels being roughly 10 pg/m?® lower
among children born in 2000 or later as compared to
those born before (Supplemental Figure S1). However,
exposure among Hispanic children was consistently
higher than that of non-Hispanic White children across
the duration of the study period.

PM2.5 exposure and childhood ewing sarcoma risk

In the overall population, there was no association
between ambient perinatal PM,; exposure and Ewing
sarcoma risk during gestation or the first year after birth
(Table 2), adjusted for birth year, sex, birth weight, race,
ethnicity, and maternal educational attainment. Stratify-
ing by ethnicity revealed that exposure to PM, ; during
gestation and the first year after birth was associated with
borderline elevated risk among Hispanic children, but
not non-Hispanic White children (Fig. 1). Hispanic chil-
dren in the second and third quartiles of exposure dur-
ing the gestational window had 1.53 (95% CI: 0.94-2.51)
and 1.56 (95% CI: 0.95-2.56) times the odds of develop-
ing Ewing sarcoma, respectively, as compared to chil-
dren in the lowest quartile of exposure. Similarly, we
observed modestly elevated odds for Hispanic children in
the third quartile of exposure during the first year after
birth (OR: 1.56, 95% CI: 0.96—2.51). Adding an indicator
of a foreign-born mother to the model did not substan-
tially change any of the results (Supplemental Table S3).
Removing birth weight did not substantially change any
of the results (Supplemental Table S3).

Discussion

We examined the association between perinatal ambient
PM, ; exposure and childhood Ewing sarcoma risk in a
large case-control study nested within a California birth
cohort. In this study, we observed that modeled PM, 5
concentrations during gestation and early life were not
associated with Ewing sarcoma risk in the overall popula-
tion. However, among Hispanic children, PM, ; exposure
during gestation or the first year after birth was associ-
ated with modestly elevated odds (30-60%) of developing
Ewing sarcoma. These results add new evidence to a lim-
ited body of literature on environmental risk factors for
the understudied childhood Ewing sarcoma and highlight
disparities in both PM, ; exposure and Ewing sarcoma
risk.

We observed no association between PM, ; exposure
and Ewing sarcoma risk in the overall population. The
potential environmental etiology of childhood Ewing
sarcoma remains obscure. Animal models indicate a
potential role for chemicals like benzophenone, o-nitro-
toluene, and riddelliine in sarcoma development [77, 78],
but not specifically Ewing sarcoma. In the human litera-
ture, much of the evidence for environmental risk fac-
tors for childhood Ewing sarcoma to date has focused
on pesticides, including parental occupational exposures
[23-27]. Though multiple studies have reported elevated
risk of malignant neoplasms including sarcomas associ-
ated with air pollution exposure [32, 42, 79, 80], there are
few studies examining the influence of PM, ; exposure
on childhood Ewing sarcoma risk specifically. Williams
et al. observed elevated Ewing sarcoma risk associated
with PM exposure, though the confidence intervals were
wide, perhaps due to a limited number of cases (n=47)
[44]. Notably, the authors reported that 43% of the Ewing



Clark et al. Environmental Health (2025) 24:6 Page 6 of 11
Odds Ratio
—
= - =
v o (&
o o o
—— Q2: 0.74 (0.49-1.10) [45, 1788]
Non-Hispanic i Q3: 0.80 (0.53-1.23) [38, 1384]
2
§ White : s h Q4: 0.66 (0.41-1.07) [30, 1344]
=
3
S
s . E— Q2: 1.53 (0.94-2.51) [47, 2201]
m . .
& Hispanic = = 1 Q3: 1.56 (0.95-2.56) [57, 2676]
\ = . Q4: 1.39 (0.79-2.47) [49, 2607]
- Q2: 0.80 (0.54-1.19) [47, 1781]
s Non-Hispanic — - Q3: 0.87 (0.57-1.32) [40, 1391]
'cE White , - " Q4: 0.64 (0.39-1.05) [28, 1334]
)
g
.
o
= b L 1
= Q2: 1.27 (0.77-2.07) [42, 2199]
& N
w Hispanic I Q3:1.56 (0.96-2.52) [61, 2667]
\ = . Q4:1.26 (0.71-2.22) [48, 2611]

Fig. 1 Associations between modeled PM, ; concentrations and Ewing sarcoma risk, stratified by Hispanic ethnicity. Q= Quartile. [N cases, N controls]. All
models adjusted for individual-level factors: birth year, sex, birth weight, and maternal educational attainment

sarcoma cases included in the study lived in areas with
the highest levels of PM, ; observed in the study [44]. It
is important to note that PM, ; is mixture that may be
comprised of many different compounds and may vary
geographically and seasonally [52]. Therefore, replication
of these studies in different populations and locations is
critical to elucidate the true relationship between air pol-
lution and childhood Ewing sarcoma risk.

Our study population experienced relatively high expo-
sure to PM,; on average, often exceeding the health-
based standards that existed during the study period. In
1997, the US Environmental Protection Agency enacted
a health-based standard of 15.0 pg/m? for PM, ;. Most
recently, in 2024, the Agency revisited the National
Ambient Air Quality Standard for PM,, reducing the
annual mean exposure limit from 12.0 (enacted in 2012)
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to 9.0 pg/m? [81] In part due to the inclusion of children
born as early as 1982, our study population had a rela-
tively high mean exposure, exceeding the 1997 exposure
limit by 7 pg/m?® and exceeding the 2012 and 2024 expo-
sure limits by more than 10 pg/m?®. Hispanic children in
particular experienced persistently high levels of expo-
sure across our study period, with the median exposure
post-2000 exceeding both the 2012 and 2024 standards.

The exposure inequality we observed among Hispanic
children in California likely resulted from multiple com-
plex social and structural factors. We found that Hispanic
children were consistently exposed to significantly higher
levels of ambient PM, ; than non-Hispanic White chil-
dren. These results agree with other studies of air pollut-
ants and cancer risk that reported Hispanic women and
children living in California are exposed to higher bur-
dens of air pollutants than non-Hispanic White individu-
als (e.g [48, 82, 83]).,; this pattern has also been reported
extensively in North America more broadly (e.g [84,
85]).,. In addition to reaffirming this well-documented
disparity in exposure, our results also indicated that peri-
natal PM,; exposure was associated with an elevated
Ewing sarcoma risk of 30—60% among Hispanic children,
but there was no association among non-Hispanic White
children. This could indicate disparity in the exposure-
response relationship among Hispanic children.

We explored the influence of multiple potentially
explanatory factors for the elevated risk among Hispanic
children despite the lower expected incidence over-
all [64]. One potential hypothesis for the disparity seen
among Hispanic children in our study is that children
with foreign-born mothers could be experiencing dif-
ferential risk as compared to those with domestic-born
mothers. A comparison of childhood cancer risk among
Hispanic children of US-born and non-US-born mothers
reported some differential risk among childhood cancer
subtypes; whether that risk was elevated or decreased
as compared to non-Hispanic White children varied by
subtype [75]. In that study, Hispanic children of foreign-
born mothers tended to exhibit similar cancer incidence
patterns to those seen in the maternal birthplace. In our
study, having a foreign-born mother did not appear to
influence risk.

Another potential explanation for the differential risk
among Hispanic children is variability in the relation-
ship between air pollution exposure and socioeconomic
status (SES, a number of social, economic, and lifestyle
factors that can influence exposures and health out-
comes; e.g., household income, poverty status) by ethnic-
ity. Ewing sarcoma risk is thought to be associated with a
higher SES. However, in our study, mothers of Hispanic
children had lower levels of educational attainment than
those of non-Hispanic children. While individuals with
lower SES are more likely to be burdened with harmful

Page 7 of 11

environmental exposures [46, 47, 49, 65-74], there was
still a trend of reduced risk of Ewing sarcoma among
Hispanic children with mothers with lower educational
attainment. Literature from other groups on this topic
presents similarly mixed results. In a large multi-state
study of multiple types of childhood cancer, lower mater-
nal educational attainment was non-significantly associ-
ated with elevated childhood Ewing sarcoma risk [86].
Further, in a study using data from the Surveillance, Epi-
demiology, and End Results program, sarcoma risk was
found to be elevated in some racial and ethnic groups
independently of census tract-level socioeconomic sta-
tus [87]. SES can be difficult to capture, and expected
patterns (e.g., increasing educational attainment and its
impacts on household income) may vary significantly
between different racial and ethnic groups based upon
differing social and structural pressures [88]. SES may
also vary by genetic ancestry, specifically within Latinx
populations [89]. Given the profound ancestry-related
differences in risk, a gene-environment interaction study
may help to explain these phenomena. Ultimately, in our
study, adjusting for multiple individual- and commu-
nity-level representations of SES did not attenuate the
observed associations. However, we are constrained to
information drawn from the birth record, and it is possi-
ble that there was some unaccounted for social or struc-
tural factor present among Hispanic or non-Hispanic
children, which could include factors such as healthcare
access and increased risk of other environmental expo-
sures. Future studies may benefit from including more
sophisticated individual-level measures of SES including
household income.

This study has several notable strengths. Principally,
this analysis leverages the CALSEC, a statewide pop-
ulation-based linkage, which provided us with a large
sample size of cases and controls drawn from California
birth records. This allowed us to examine the influence
of PM, ; exposure on a very rare cancer to better under-
stand its etiology. Because reporting of cancer diagnoses
to cancer registries is required by law, and the CCR meets
the high data standards for the National Program of Can-
cer Registries, we expect case ascertainment by the CCR
to be near complete. There is still a possibility that a small
number of cases might have been missed, but this should
not pose a serious threat to the validity of our study, as
Ewing sarcoma is extremely rare and the likelihood of any
case being misclassified as a control in our study is close
to zero. Further, we controlled for multiple factors known
to be associated with Ewing sarcoma risk in this popula-
tion. Our registry-based study is unlikely to be affected
by selection bias, as subjects are identified from registry
records without being contacted for participation. Expo-
sures were assigned while blinded to case/control status
and were based on maternal residential address at the



Clark et al. Environmental Health (2025) 24:6

time of birth, which was documented before cancer diag-
nosis, eliminating recall bias.

There are several important limitations to this work.
For our exposure assessment, daily PM, ; concentrations
were only available from 2000 to 2016 and were extrapo-
lated for children born prior to 2000. While the estimates
produced by this model have been found to be highly
concordant with measured PM, ; concentrations in the
Pacific region (R*>=0.802), [56, 57] it is possible that they
do not accurately represent the true exposures incurred
by these children, which could result in exposure misclas-
sification [90]. Stratifying by births before and after 2000
was not possible due to the limited sample size. Residen-
tial mobility is a known source of exposure misclassifica-
tion, particularly in studies of spatially varying exposures.
Residential mobility has been associated with factors like
SES and maternal age [91, 92]. The exposure windows of
interest were gestation and the first year after birth, which
are relatively short in duration. While mothers of the
cases and controls could have moved during this period,
the impact likely had been moderate given the relatively
short duration and our adjustment of individual- and
community-level SES measures. Exposure misclassifica-
tion from residential mobility is also typically thought to
be nondifferential, which would bias the results towards
the null. Further, other studies of spatially defined envi-
ronmental exposures have not found residential mobility
to be a major source of error [92, 93]. Because we used a
spatially based exposure modeling method, we excluded
children who lacked sufficient maternal residential infor-
mation. It is possible that this could introduce a non-
differential selection mechanism which could lead to
selection bias, but the bias would likely be nondifferential
as the characteristics of the excluded cases and controls
were similar. Finally, we are constrained to the informa-
tion reported on the birth record or cancer registry data
and lack additional individual-level information, such as
diet or genetic ancestry. This could be a potential source
of confounding if SES is collinear with genetic character-
istics, particularly among the Hispanic children.

Our results provide new suggestive evidence that peri-
natal exposure to ambient PM, ; may contribute to Ewing
sarcoma risk among Hispanic children in California,
though there was no association in the combined popu-
lation. These findings require replication and underscore
the need to conduct further research in a persistently
marginalized population who face a disproportion-
ally heavier burden of environmental exposures. Future
research should evaluate the potential modifying role
of ethnicity in the PM, ;-cancer relationship to examine
whether ethnicity is a proxy for or correlated with other
unaccounted for social or structural factors, potentially
incorporating genetic ancestry measures.
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