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Prenatal Exposure to Air Toxics and Malignant Germ Cell Tumors
in Young Children

Clinton Hall, PhD, Julia E. Heck, MPH, PhD, Beate Ritz, MD, PhD, Myles Cockburn, PhD,

Loraine A. Escobedo, PhD, and Ondine S. von Ehrenstein, MSc, MPH, PhD

Objective: To assess prenatal air toxics exposure and risk for childhood

germ cell tumors (GCTs) by histological subtype (yolk sac tumor and

teratoma). Methods: In this case-control study, GCT cases less than 6 years

(n¼ 243) identified from California Cancer Registry records were matched

by birth year to cancer-free population controls (n¼ 147,100), 1984 to 2013.

Routinely monitored air toxic exposures were linked to subjects’ birth

address. Logistic regression estimated GCT risks per interquartile range

increase in exposure. Results: Prenatal exposure to various highly-corre-

lated, traffic-related air toxics during the second trimester increased GCT

risk, particularly 1,3-butadiene (odds ratio [OR]¼ 1.51; 95% confidence

interval [CI]¼ 1.01, 2.26) and meta/para-xylene (OR¼ 1.56; 95% CI¼ 1.10,

2.21). Analyses by subtype indicated elevated ORs for yolk sac tumors but

not teratomas. Conclusion: Our estimated ORs are consistent with positive

associations between some prenatal traffic-related air toxics and GCT risk,

notably yolk sac tumors.

Keywords: air pollutants, benzene, toluene, ethyl benzene, xylene, cancer,

childhood, epidemiology, pregnancy, risk factor, toxicity, vehicle emissions,

yolk sac tumor

G erm cell tumors (GCTs) are a heterogeneous group of neo-
plasms believed to arise from primordial germ cells; while

they share a similar origin, pediatric GCT histologies have differ-
ential methylation patterns, suggesting different etiologies and risk
factor profiles.1,2 These tumors are rare, comprising 3.5% of all
cancers in children under the age of 15.3 In the United States, the
GCT incidence rate in children is approximately 6.0 per million.4 In
early childhood, the two most common histologic subtypes of GCTs
are teratomas and yolk sac tumors.5

With the exception of cryptorchidism and race/ethnicity,
there are few established risk factors for childhood GCTs6,7;
however, some data suggest risk factors differ by histologic subtype
in young children (ie, teratomas and yolk sac tumors).8 In a recent
study of California children, our group observed a weak but positive
relationship between traffic-related air pollution exposure in preg-
nancy (assessed using the California LINE Source [CALINE4]
dispersion model) and risk for childhood GCTs, specifically terato-
mas. We observed similar positive associations when assessing
exposure based on measures of traffic density within 500 m of
the child’s residence.9 However, in a separate analysis of children
residing in Los Angeles County, we did not detect associations with
teratomas or any GCTs when using a Land Use Regression (LUR)
model to assess prenatal air pollution exposure.10

There are few studies on perinatal exposure to air pollution
and GCT risk in children under 15 years old. A case-control study of
272 GCT cases examined exposure to engine exhausts in the
perinatal period, reporting possible increased risk for male (odds
ratio [OR]¼ 1.7, 95% confidence interval [CI]¼ 0.7 to 4.0) but not
female (OR¼ 0.9; 95% CI¼ 0.4 to 1.8) children. In the same study,
perinatal exposure to ‘‘industry dusts’’ was weakly related to
increased GCT risk among female cases only (OR¼ 1.5, 95%
CI¼ 0.9–2.4).11 A Spanish study including 120 GCT cases found
no association between proximity to urban areas with traffic pollu-
tion and childhood GCT risk.12 Neither of these publications
stratified GCTs by subtype. Some studies of young men and adults
have reported that paternal exposure to metalwork and maternal
exposure to hexachlorobenzene and polychlorinated biphenyls
increase offspring risk for testicular cancer.13,14

Using a cancer and birth registry-based sample of young
California children, this population-based case-control study exam-
ines the relationship between prenatal exposure to ambient air toxics
and risk for malignant GCTs, and includes analyses that consider
histologic subtype (ie, yolk sac tumors and teratomas).

METHODS
Childhood cancer cases diagnosed less than 6 years were

ascertained from California Cancer Registry records, 1988 to 2013.
Cancer-free controls were frequency matched to childhood cancer
cases by birth year, but otherwise randomly selected from California
birth records in the main case-control study, which included all reported
cancers less than 6 years as described in detail elsewhere.15

GCT cases were classified based on the International Clas-
sification of Childhood Cancer, Version 3 (ICCC-3) codes 101–105
(n¼ 451). Histological subtypes of GCTs were identified via the
International Classification of Diseases for Oncology, Version 3
(ICD-O-3); yolk sac tumors (ICD-O-3 code 9071; n¼ 181) and
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malignant teratomas (ICD-O-3 codes 9080–9084 with malignant
behavior code; n¼ 216) were the most common in our young study
population. Fifty-four cases were not coded as either a teratoma or a
yolk sac tumor (mixed germ cell tumors, n¼ 26; germinomas,
n¼ 16; other, n¼ 12).

Air toxics were selected for inclusion in our study if they
were listed as established or suspected carcinogens by the Interna-
tional Agency for Research on Cancer, or if they were primarily
emitted from traffic combustion (ie, benzene, toluene, ethyl ben-
zene, and xylenes [BTEX]). Air toxic exposure during pregnancy
was assessed using monitoring data from the California Air Resour-
ces Board (CARB)’s Air Toxics Program, as previously described in
detail.16 The CARB air toxics monitoring program was established
in 1984. In the CARB toxics monitoring network, 24-hour inte-
grated samples of ambient air concentrations are collected approxi-
mately every 12 days. Monitors are located across the state,
primarily positioned near heavily trafficked highways in industrial
or agriculturally intense regions; locations are selected in order to be
representative for the area.17 Air toxics in the vicinity of our study
population residences were monitored at up to 30 sites; not all toxics
or criteria pollutants were collected across the entire study period (at
all or any sites), and CARB monitors do not necessarily collect data
on the same agents at every monitor.

Using the latitude and longitude of each monitoring station as
provided by CARB, we determined the distance from each monitor
to each home or zip code centroid. Prior to 1998, home location was
based on zip code centroid, which was calculated using an open
source geocoder with manual correction of unmatched addresses.18

From 1998, residential addresses at birth were geocoded based on
birth certificates as available, otherwise zip code centroid was used.
On the birth record, parents are asked to provide a residential
address (street and house number) rather than a PO Box. For
analyses using a buffer distance of 3 km, distance was determined
by zipcode centroid for 58,497 records, and by exact address for
88,846 records. For analyses using a buffer distance of 4 km,
distance was determined by zipcode centroid for 62,709 records,
and by exact address for 92,739 records.

This study focused on risk associated with prenatal exposure
to ambient air toxics because (1) we only had information on
address at birth and (2) many cases have early diagnoses and there

is an expectation that prenatal exposures may be of most rele-
vance.19,20 Dates of birth and gestational ages, estimated using date
of last menses, were obtained from birth certificates and used to
calculate developmental period-specific exposure averages for each
trimester and the entire pregnancy.

Subjects were assigned air toxic exposure values according to
measurements taken at the nearest monitor. We additionally
explored measures generated with kriging, but saw little meaningful
difference in effect estimates (unpublished data). For each air toxic,
we included children who had at least one reading for each full
month of pregnancy. Subjects were only included in our analyses if
they were born 1984þ and lived within a specified radius around an
air monitoring station. In order to balance exposure misclassifica-
tion with increasing distance from a station against sample size
limitations, we used a buffer distance of 3 km for analyses of all
GCTs; in subgroup analyses of yolk sac tumors and teratomas, a
4 km buffer distance was implemented to increase sample size.

Unconditional logistic regression was used to estimate ORs
and 95% CIs for GCT risk with each interquartile range increase in
air toxics exposure, separately for each toxic and developmental
period. Selection of covariates was based on the literature and
associations seen in our previous analyses.8,21–24 Crude models
controlled for the matching variable (birth year), while adjusted
models additionally controlled for maternal age (continuous),
maternal race/ethnicity (non-Hispanic white vs. all others), and a
five-level neighborhood socioeconomic status (SES) index.25 We
also explored adjustment for two additional socioeconomic varia-
bles: maternal years of education and source of payment for prenatal
care (private insurance [including Health Maintenance Organiza-
tions and Blue Cross-Blue Shield] and other payment methods
[government aid programs, worker’s compensation, Title V, and
self-pay])8; and adjusted for race/ethnicity using more detailed
indicator variables for non-Hispanic whites, Hispanics of any race,
and Asian/Pacific Islanders. These additional adjustments did not
change estimated ORs by at least 10% and therefore were left out of
final models.

Several air toxics are generated from the same sources and
therefore would be correlated. Among controls, we assessed corre-
lations across toxics measures and report Pearson correlation coef-
ficients and descriptive statistics for each toxic across the entire

TABLE 1. Select Characteristics for all GCT Cases and Controls With an Exposure Buffer Distance of 3 km, and for Yolk Sac
Tumor and Teratoma Cases and Controls With an Exposure Buffer Distance of 4 km

Exposure Buffer Distance: 3 km Exposure Buffer Distance: 4 km

All GCTs

Controls

(n¼ 147,100)

Cases

(n¼ 243)

Controls

(n¼ 155,191)

Yolk Sac Tumor Cases

(n¼ 99)

Teratoma Cases

(n¼ 125)

Characteristic n (%) n (%) n (%) n (%) n (%)

Maternal race
White 102,863 (69.9) 168 (69.1) 107,531 (69.3) 60 (60.6) 96 (76.8)
Non-White 44,237 (30.1) 75 (30.9) 47,660 (30.7) 39 (39.4) 29 (23.2)

Neighborhood-level SES index
Low 41,380 (28.1) 70 (28.8) 43,143 (27.8) 29 (29.3) 37 (29.6)
Medium-low 36,678 (24.9) 64 (26.3) 38,961 (25.1) 24 (24.2) 35 (28.0)
Medium 28,826 (19.6) 37 (15.2) 30,562 (19.7) 14 (14.1) 15 (12.0)
Medium-high 21,861 (14.9) 45 (18.5) 23,253 (15.0) 21 (21.2) 23 (18.4)
High 18,143 (12.3) 27 (11.1) 19,052 (12.3) 11 (11.1) 15 (12.0)
Missing 212 (0.1) 0 (0.0) 220 (0.1) 0 (0.0) 0 (0.0)

Maternal age, M�SD 27.6� 0.02 27.0� 0.39 27.6� 0.02 27.7� 0.66 26.5� 0.50
Missing 15 0 16 0 0

GCT, germ cell tumor; km, kilometer; M, mean; SD, standard deviation; SES, socioeconomic status.
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pregnancy period (for both 3 and 4 km buffer distances, see Sup-
plementary Tables 1–4, http://links.lww.com/JOM/A559). In order
to identify highly correlated toxics, we employed factor analysis
using principal components extraction with varimax rotation. We
grouped toxics by factor, with loadings more than 0.80; factor one
consisted of 14 pollutants we categorized as traffic-related air toxics
and factor two was comprised of six polycyclic aromatic hydro-
carbons. Fifteen pollutants were not loaded on a factor.

All statistical analyses were conducted using SAS, Version
9.4 (Cary, NC).

RESULTS
We identified 243 GCT cases and 147,100 controls born

1984þ and residing within 3 km of air monitoring stations. In
subgroup analyses, we identified 99 yolk sac tumor cases, 125
teratoma cases, and 155,191 controls born 1984þ and living within
4 km of air monitoring stations. While population characteristics
have been previously described in detail,8 we present select demo-
graphic characteristics in Table 1. Maternal non-white race/

ethnicity was more common among yolk sac tumor cases and less
common among teratoma cases, but there was little difference
between cases and controls with respect to maternal age and
neighborhood SES.

Exposure to several traffic-related air toxics in the second
trimester was associated with an elevated risk for all GCTs in
offspring, particularly exposure to meta/para-xylene and 1,3-buta-
diene (Table 2). Second trimester exposure to ortho-xylene,
para-dichlorobenzene, and ortho-dichlorobenzene was positively
associated with GCT risk in offspring. For ortho-dichlorobenzene,
entire pregnancy exposure was also associated with increased GCT
risk. We observed an increased risk for GCTs with exposure to
formaldehyde in the first trimester and the entire pregnancy.

Exposure to BTEX and 1,3-butadiene in the second trimester
was associated with an increased risk for yolk sac tumors (Table 3).
ORs were similar or elevated for BTEX when assessing exposure
throughout pregnancy, with the highest OR estimated for ethyl
benzene. Yolk sac tumor risk was also positively associated with
second trimester exposure to ortho-dichlorobenzene, para-

TABLE 2. ORs and 95% CIs for a One Interquartile Range Increase in Prenatal Exposure to Ambient Air Toxics and GCTs in
Young California Children (1984 to 2013)

All GCTs Exposure Window (Buffer Distance: 3 km)

Cases Controls First Trimester Second Trimester Entire Pregnancy

Exposure Agent (n¼ 243) (n¼ 147,100) OR [95% CI]� OR [95% CI]� OR [95% CI]�

Factor 1: traffic-related air toxics
Benzene 18 13,365 0.76 [0.42, 1.36] 1.25 [0.86, 1.81] 1.00 [0.59, 1.71]
1,3-Butadiene 18 13,362 0.74 [0.40, 1.39] 1.51 [1.01, 2.26] 1.22 [0.64, 2.33]
Dichloromethane 17 12,249 0.93 [0.61, 1.41] 0.89 [0.56, 1.42] 0.92 [0.54, 1.58]
Ethyl benzene 15 11,313 0.84 [0.51, 1.39] 1.25 [0.95, 1.65] 1.21 [0.67, 2.17]
Meta/Para-xylene 14 10,547 1.10 [0.67, 1.78] 1.56 [1.10, 2.21] 1.45 [0.92, 2.28]
Ortho-xylene 16 11,935 0.94 [0.58, 1.52] 1.35 [0.97, 1.87] 1.18 [0.77, 1.82]
Lead 16 9535 0.92 [0.59, 1.45] 1.10 [0.76, 1.60] 0.95 [0.57, 1.60]
Perchloroethylene 17 12,305 0.92 [0.64, 1.32] 1.02 [0.84, 1.24] 0.96 [0.68, 1.36]
Styrene 14 8081 0.58 [0.28, 1.21] 0.98 [0.68, 1.42] 0.67 [0.34, 1.34]
Toluene 16 12,081 1.00 [0.59, 1.69] 1.38 [0.91, 2.11] 1.23 [0.72, 2.10]
Carbon monoxide 72 46,208 1.00 [0.77, 1.30] 1.11 [0.88, 1.41] 1.05 [0.79, 1.39]
Nitric oxide 69 44,031 0.98 [0.79, 1.23] 1.05 [0.86, 1.29] 1.00 [0.74, 1.34]
Nitrogen dioxide 72 44,667 0.87 [0.61, 1.24] 0.89 [0.62, 1.27] 0.81 [0.56, 1.19]
Nitrogen oxides 69 43,644 0.96 [0.73, 1.26] 1.03 [0.79, 1.33] 0.95 [0.68, 1.33]

Factor 2: polycyclic aromatic hydrocarbons
Benzo (a)pyrene 14 9932 0.76 [0.42, 1.37] 1.02 [0.77, 1.35] 0.78 [0.41, 1.47]
Benzo (b)fluoranthene 15 11,533 0.58 [0.26, 1.30] 0.94 [0.68, 1.30] 0.60 [0.29, 1.22]
Benzo (g,h,i)perylene 15 11,067 0.49 [0.21, 1.19] 1.02 [0.67, 1.55] 0.68 [0.33, 1.43]
Benzo (k)fluoranthene 15 11,533 0.63 [0.30, 1.31] 0.91 [0.65, 1.28] 0.59 [0.28, 1.24]
Dibenz (a,h)anthracene 15 11,067 0.80 [0.53, 1.19] 0.94 [0.78, 1.14] 0.62 [0.30, 1.28]
Indeno (1,2,3-cd)pyrene 15 11,067 0.58 [0.26, 1.28] 0.99 [0.73, 1.35] 0.74 [0.39, 1.41]

Toxics not loaded on a factor
Acetaldehyde 16 12,610 0.35 [0.15, 0.82] 0.69 [0.36, 1.33] 0.46 [0.21, 0.97]
Carbon tetrachloride 15 8864 0.63 [0.29, 1.37] 0.62 [0.33, 1.17] 0.62 [0.38, 1.02]
Chloroform 17 12,571 1.02 [0.64, 1.65] 1.17 [0.76, 1.81] 1.17 [0.73, 1.86]
Chromium 16 9853 1.03 [0.68, 1.55] 1.19 [0.90, 1.56] 1.08 [0.76, 1.52]
Formaldehyde 16 12,610 1.28 [1.12, 1.47] 1.28 [0.74, 2.24] 1.50 [1.12, 2.00]
Nickel 16 9856 1.08 [0.66, 1.75] 1.07 [0.65, 1.77] 0.99 [0.58, 1.67]
Ortho-dichlorobenzene 15 8971 1.51 [0.66, 3.44] 1.97 [0.97, 4.03] 2.85 [1.14, 7.13]
Phosphorus 15 8074 1.03 [0.79, 1.36] 0.97 [0.69, 1.35] 1.01 [0.75, 1.35]
Para-dichlorobenzene 15 8996 0.86 [0.48, 1.54] 1.30 [0.99, 1.70] 1.05 [0.71, 1.55]
Strontium 16 9389 1.23 [0.81, 1.88] 1.24 [0.83, 1.84] 1.21 [0.65, 2.24]
Trichloroethylene 17 12,353 0.88 [0.67, 1.16] 0.97 [0.82, 1.14] 0.92 [0.73, 1.16]
Ozone 87 53,279 1.02 [0.78, 1.34] 0.82 [0.62, 1.09] 0.84 [0.64, 1.12]
PM10 56 42,014 1.16 [0.86, 1.55] 1.04 [0.76, 1.43] 0.97 [0.67, 1.40]
PM2.5 33 23,282 1.26 [0.85, 1.88] 0.80 [0.49, 1.30] 0.77 [0.44, 1.37]
Sulfur 16 9784 1.12 [0.67, 1.87] 1.16 [0.68, 1.98] 0.98 [0.45, 2.12]

CI, confidence interval; GCT, germ cell tumor; km, kilometers; OR, odds ratio; PM, particulate matter.
�ORs adjusted for birth year, maternal age, maternal race, and neighborhood-level socioeconomic status.
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dichlorobenzene, strontium, and chromium, as well as exposure to
formaldehyde in the first trimester and the entire pregnancy.

Estimated ORs for prenatal exposure to air toxics and tera-
tomas were imprecise and no meaningful associations were detected
(Supplementary Table 5, http://links.lww.com/JOM/A559).

DISCUSSION
This record linkage study suggests that ambient exposure to

some traffic-related air toxics during the second trimester is associ-
ated with an increased risk for GCT development in young children,
particularly yolk sac tumors. Our previous findings have been
inconsistent. In one study of California children, we detected
associations with GCTs when using CALINE4 air pollution model-
ing of carbon monoxide or traffic density to assess traffic exposure
in the first trimester, but not for monitored particulate matter (less
than or equal to 2.5 mm in aerodynamic diameter; PM2.5).9 The
CALINE4 model focuses on local exposure to traffic emissions,
while PM2.5 has multiple sources in California, including traffic, but
also construction or agricultural dust and sea salt. Consequently,

traffic density, measured PM, and CALINE4 traffic models can be
poorly correlated depending on the region.26 In contrast to the
current study results, our CALINE4 analysis estimated an increased
risk for teratomas rather than yolk sac tumors9; however, carbon
monoxide was not associated with GCTs overall or either subtype in
the present analysis. Additionally, in a separate registry-based study
of Los Angeles County children only, we observed no association
with all GCTs or teratomas when using a LUR model to assess
prenatal traffic-related air pollution exposure (ie, nitric oxide,
nitrogen dioxide, and nitrogen oxides); we did not have the sample
size to estimate associations with yolk sac tumors.10 Similarly, null
associations with nitric oxide, nitrogen dioxide, and nitrogen oxides
were observed in the present study.

The air monitoring data used in this study differs from the
above in that it includes more air toxics and all possible sources of
ambient pollution, which include traffic in California but also other
combustion sources (airplanes, boats, other machinery). In 2009,
26% of ambient butadiene arose from on-road mobile sources, with
27% from other mobile sources, 25% from natural sources, 1% from

TABLE 3. ORs and 95% CIs for a One Interquartile Range Increase in Prenatal Exposure to Ambient Air Toxics and Yolk Sac
Tumors in Young California Children (1984 to 2013)

Yolk Sac Tumors Exposure Window (Buffer Distance: 4 km)

Cases Controls First Trimester Second Trimester Entire Pregnancy

Exposure Agent (n¼ 99) (n¼ 155,191) OR [95% CI]� OR [95% CI]� OR [95% CI]�

Factor 1: traffic-related air toxics
Benzene 10 21,762 1.06 [0.49, 2.30] 1.68 [1.02, 2.78] 1.76 [0.89, 3.47]
1,3-Butadiene 10 21,770 0.97 [0.43, 2.19] 1.80 [1.02, 3.16] 2.08 [0.85, 5.07]
Dichloromethane 9 20,308 1.07 [0.84, 1.36] 1.05 [0.83, 1.35] 1.31 [0.85, 2.02]
Ethyl benzene 9 18,508 1.15 [0.76, 1.75] 1.41 [1.09, 1.84] 2.29 [1.17, 4.49]
Meta/Para-xylene 8 17,007 1.06 [0.53, 2.10] 1.59 [1.02, 2.49] 1.58 [0.86, 2.90]
Ortho-xylene 9 19,402 1.28 [0.70, 2.33] 1.77 [1.16, 2.71] 1.89 [1.08, 3.32]
Lead 9 15,839 0.97 [0.55, 1.69] 1.19 [0.74, 1.89] 1.13 [0.59, 2.13]
Perchloroethylene 9 20,057 1.05 [0.81, 1.36] 1.08 [0.90, 1.28] 1.17 [0.80, 1.71]
Styrene 7 13,205 0.83 [0.37, 1.89] 1.05 [0.68, 1.63] 0.87 [0.36, 2.14]
Toluene 9 19,602 1.36 [0.71, 2.59] 1.82 [1.10, 3.03] 2.13 [1.05, 4.31]
Carbon monoxide 40 65,064 1.01 [0.70, 1.45] 1.09 [0.77, 1.53] 0.93 [0.60, 1.42]
Nitric oxide 41 64,220 0.97 [0.71, 1.31] 1.00 [0.75, 1.33] 0.78 [0.51, 1.20]
Nitrogen dioxide 42 64,729 0.77 [0.47, 1.26] 0.69 [0.42, 1.14] 0.57 [0.33, 0.99]
Nitrogen oxides 41 63,593 0.93 [0.65, 1.35] 0.95 [0.66, 1.36] 0.73 [0.46, 1.17]

Factor 2: polycyclic aromatic hydrocarbons
Benzo (a)pyrene 7 16,477 0.92 [0.50, 1.67] 0.85 [0.42, 1.72] 0.90 [0.40, 2.06]
Benzo (b)fluoranthene 9 19,188 0.67 [0.27, 1.70] 0.81 [0.40, 1.63] 0.71 [0.29, 1.70]
Benzo (g,h,i)perylene 9 18,355 0.55 [0.19, 1.65] 0.89 [0.43, 1.85] 0.77 [0.28, 2.15]
Benzo (k)fluoranthene 9 19,188 0.74 [0.33, 1.64] 0.83 [0.44, 1.57] 0.73 [0.31, 1.72]
Dibenz (a,h)anthracene 9 18,355 0.71 [0.35, 1.47] 0.42 [0.09, 2.08] 0.40 [0.09, 1.67]
Indeno (1,2,3-cd)pyrene 9 18,355 0.63 [0.23, 1.71] 0.81 [0.38, 1.72] 0.75 [0.30, 1.84]

Toxics not loaded on a factor
Acetaldehyde 9 20,708 0.26 [0.07, 0.94] 0.68 [0.27, 1.72] 0.54 [0.20, 1.46]
Carbon tetrachloride 7 14,421 0.73 [0.21, 2.47] 0.25 [0.07, 0.83] 0.33 [0.13, 0.87]
Chloroform 9 20,498 1.12 [0.59, 2.11] 1.33 [0.80, 2.21] 1.38 [0.78, 2.45]
Chromium 10 16,339 1.09 [0.71, 1.66] 1.27 [0.99, 1.61] 1.20 [0.92, 1.58]
Formaldehyde 9 20,708 1.31 [1.15, 1.50] 1.45 [0.81, 2.61] 1.60 [1.20, 2.13]
Nickel 10 16,347 1.06 [0.56, 2.00] 1.36 [0.86, 2.14] 1.20 [0.71, 2.02]
Ortho-dichlorobenzene 8 14,606 1.69 [0.52, 5.46] 2.50 [0.96, 6.48] 2.79 [0.71, 10.96]
Phosphorus 8 13,249 0.85 [0.44, 1.63] 1.04 [0.73, 1.50] 0.95 [0.58, 1.55]
Para-dichlorobenzene 8 14,645 1.11 [0.70, 1.75] 1.43 [1.07, 1.91] 1.29 [0.88, 1.89]
Strontium 10 15,469 1.02 [0.52, 2.01] 1.42 [0.97, 2.08] 1.19 [0.57, 2.48]
Trichloroethylene 9 20,127 0.90 [0.64, 1.27] 0.95 [0.75, 1.21] 0.95 [0.73, 1.23]
Ozone 51 75,509 1.02 [0.72, 1.44] 0.79 [0.54, 1.15] 0.81 [0.57, 1.17]
PM10 30 58,633 1.22 [0.82, 1.80] 0.95 [0.60, 1.49] 0.85 [0.51, 1.44]
PM2.5 17 33,394 1.49 [0.86, 2.58] 0.72 [0.34, 1.50] 0.64 [0.28, 1.49]
Sulfur 10 16,098 1.09 [0.58, 2.04] 1.34 [0.74, 2.44] 0.98 [0.37, 2.60]

CI, confidence interval; km, kilometers; OR, odds ratio; PM, particulate matter.
�ORs adjusted for birth year, maternal age, maternal race, and neighborhood-level socioeconomic status.
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stationary sources, and 21% was generated area-wide (eg, from
industry sources, refineries, wildfires, etc).17 Thus, the exposure
used in the analysis presented here should not be viewed as a proxy
for traffic pollution only.

Our mixed results for subtypes across studies indicate that
specific toxics may be responsible for risk increases and that
relevant substances or toxic mixtures might vary by subtype. Even
though air monitors measure the contributions from all possible
emission sources, the accuracy of measurements taken at one site in
estimating exposure to persons residing within a distance of 3 to
4 km is dependent on decay, topography, and other characteristics
(eg, housing, meteorology, activity patterns).

In the present report, we detected positive associations with
various highly-correlated traffic-related air toxics, specifically second
trimester exposure to BTEX. These toxics are suspected endocrine
disruptors, and exposure in utero may be particularly relevant for
childhood cancer risk due to the fetus’s increased vulnerability to
environmental toxicants.20 Toluene exposure is associated with
decreased levels of testosterone, follicle stimulating hormone, and
luteinizing hormone; and exposure to benzene, ethyl benzene, and
toluene are associated with the activation of oxidative stress path-
ways.27 In humans, gonadal development begins during the sixth week
of gestation and continues into the second trimester, when several
androgen-dependent processes take place.28 For males, the second
trimester is a critical period of development because the number of
Sertoli and germ cells exponentially increases and internal/external
genitalia are established; disturbance of testicular development in the
second trimester has been linked to adverse reproductive outcomes later
in life.28 The endocrine system plays a critical role in fetal gonadal
development and interruption of hormonal function in developing
tissues is associated with an increased risk for cryptorchidism, a strong
risk factor for childhood GCTs.29

The impact of endocrine disrupting chemicals on testicular
development is well-documented in animal studies.29 In mice,
pregnancy exposure to high levels of toluene and acrolein (an
environmental pollutant arising from the combustion of fuels and
other sources) decreased fetal testosterone synthesis, which can lead
to maldevelopment of the testes.30,31 Similarly, components of air
pollution (eg, diesel exhaust), are associated with retardation of
gonadal cell migration and germ cell differentiation disorders in
mice.32 In humans, however, the epidemiologic evidence is less
clear and based on older populations (>13 years). An Italian study
of 103 testicular GCT cases suggested increased risks with paternal
(OR¼ 1.33; 95% CI¼ 0.65, 2.70) but not maternal (OR¼ 0.97;
95% CI¼ 0.23, 4.07) exposure to endocrine disrupting chemicals
during preconception or pregnancy.33 Similarly, a Canadian study of
343 testicular GCT cases found paternal preconception occupation
as a metalworker (OR¼ 3.28; 95% CI¼ 1.03, 10.52) and exposure
to metal products (OR¼ 5.77; 95% CI¼ 1.53, 21.77) were associ-
ated with increased testicular cancer risk in offspring.14 Conversely,
a Nordic registry-based study of 8112 testicular GCT cases found
little evidence supporting an association between parental exposure
to heavy metals/welding fumes and cancer risk in offspring; how-
ever, it did report a positive association with paternal exposure to
high levels of chromium (OR¼ 1.37; 95% CI¼ 1.05–1.79).34 As
stated above, the literature is limited with respect to GCTs in
younger children and perinatal exposure to air pollution.11,12 Our
results are not directly comparable with previous studies that did not
investigate GCT subtypes; additionally, studies of populations more
than 13 years include histological subtypes less frequently observed
in young children (less than 6 years).

In California, race/ethnicity appears to be a more important
factor than socioeconomic status in predicting exposure to air pollu-
tion.35 Race/ethnicity is associated with GCT risk, particularly yolk
sac tumors, with children of Asians/Pacific Islanders and Hispanics
showing the highest risk for tumor development.8 Yet, in this study

effect estimates for all GCTs and yolk sac tumors did not change after
adjustment for race/ethnicity (neither white vs non-white race/eth-
nicity, nor more detailed race/ethnicity variables), or adjustment for
other SES indicators (whether measured by maternal education,
health insurance type, or neighborhood-level SES). With respect to
teratoma risk, adjustment for these variables further lowered ORs
already below 1.00, though estimates remained imprecise.

Limitations of this study include exposure misclassification
due to residential mobility during pregnancy, estimated to occur in
9% to 32% of families.36 However, moves are typically local (less
than 10 km, usually resulting in similar levels of air pollutant
exposure) and most often happen during the second trimester. In
this study, addresses were collected from birth certificates, but
misclassification would be similar for cases and controls as resi-
dential address is likely to be recalled with equivalent accuracy. The
use of zip code centroids (birth years 1984 to 1997) introduced some
misclassification to estimates, but a sensitivity analysis restricting to
births 1998þ did not change effect estimates by more than 10% (not
shown). Most California children (more than 95%) live in large
urban areas,37 where the relatively smaller size of zip codes (eg, in
metropolitan Los Angeles, 2 to 4 km in diameter) would limit
misclassification compared with exposure measurements in rural
areas where zip codes are much larger. Even so, any misclassifica-
tion from utilizing zip code centroids for exposure assessment is
assumed non-differential and would bias estimates towards the null.
Lack of information on cryptorchidism diagnoses in this population
did not allow us to assess the role of this important risk factor. Small
sample size for GCT subtypes limited our analysis by requiring the
use of a larger buffer distance to assess exposure. Yet, our study was
not affected by recall bias or selective participation due to its record-
and population-based nature. Further, our study was strengthened by
the relatively large number of GCT cases and the assessment of
exposure to multiple air toxics over a long period of time.

In sum, although we have seen mixed results with various air
pollutants and their measures by subtype and exposure assessment
strategy, our group’s studies on this topic do suggest some evidence
for positive associations.9,10 Further investigation in other popula-
tions may be warranted.
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