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BACKGROUND: Epigenetic variability is hypothesized as a regulatory pathway through which prenatal exposures may influence child development and
health.
OBJECTIVE: We sought to examine the associations of residential proximity to roadways at birth and epigenome-wide DNA methylation. We also
assessed associations of differential methylation with child cognitive outcomes.
METHODS: We estimated residential proximity to roadways at birth using a geographic information system (GIS) and cord blood methylation using
Illumina’s HumanMethylation450-array in 482 mother–child pairs in Project Viva. We identified individual CpGs associated with residential-
proximity-to-roadways at birth using robust linear regression [false discovery rate ðFDRÞ<0:05]. We also estimated association between proximity-
to-roadways at birth and methylation of the same sites in blood samples collected at age 7–11 y (N=415). We ran the same analyses in the
Generation R Study for replication (N= 641). In Project Viva, we investigated associations of differential methylation at birth with midchildhood cog-
nition using linear regression.

RESULTS: Living closer to major roadways at birth was associated with higher cord blood (and—more weakly—midchildhood blood) methylation of
four sites in LAMB2. For each halving of residential-proximity-to-major-roadways, we observed a 0.82% increase in DNA methylation at cg05654765
[95% confidence interval (CI): (0.54%, 1.10%)], 0.88% at cg14099457 [95% CI: (0.56%, 1.19%)], 0.19% at cg03732535 [95% CI: (0.11%, 0.28)], and
1.08% at cg02954987 [95% CI: (0.65%, 1.51%)]. Higher cord blood methylation of these sites was associated with lower midchildhood nonverbal
cognitive scores. Our results did not replicate in the Generation R Study.
CONCLUSIONS: Our discovery results must be interpreted with caution, given that they were not replicated in a separate cohort. However, living close
to major roadways at birth was associated with cord blood methylation of sites in LAMB2—a gene known to be linked to axonal development—in
our U.S. cohort. Higher methylation of these sites associated with lower nonverbal cognitive scores at age 7–11 y in the same children. https://doi.
org/10.1289/EHP2034
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Introduction
Residential proximity to major roadways in the United States is
associated with traffic-related air and noise pollution, and with
social-demographic disparities. The environmental justice litera-
ture describes such a phenomenon as “triple jeopardy,” whereby
the combination of higher traffic exposures and adverse social-
behavioral factors leads to disproportionate effects of traffic
pollution on socially disadvantaged population subgroups
(Boehmer et al. 2013; Gould and Sutton 2008). There is a
growing public health concern that residential proximity to
roadways during pregnancy may adversely affect offspring
health. Although evidence remains mixed, several recent epide-
miological studies have linked prenatal residential proximity to
major roadways with a wide range of health problems, includ-
ing reduced fetal growth (Fleisch et al. 2015), higher systolic
blood pressure in newborns (van Rossem et al. 2015), as well
as adverse respiratory health (Rice et al. 2014) and cognitive
impairment during early and midchildhood (Harris et al. 2015;
Yorifuji et al. 2016). However, the identification of intermedi-
ate biomarkers linking roadway proximity to health outcomes
has been impeded due to their inability to capture and reflect
fetal responses to environmental stressors at critical prenatal
exposure windows.

Epigenetic marks, such as DNA methylation, undergo
dynamic reprogramming during gametogenesis and early preim-
plantation of embryos (Feil and Fraga 2012; Reik 2007).
Experimental evidence shows that the epigenome of mammalian
embryonic cells is more susceptible to environmental stimuli
than fully differentiated cells are (Dean et al. 1998; Doherty et al.
2000; Khosla et al. 2001; Young et al. 2001), possibly owing to
the abundance of de novo DNA methyltransferases in these rap-
idly dividing pluripotent cells (Feil and Fraga 2012; Reik 2007).
Epidemiological studies also revealed that an adverse intrauterine
environment [such as changes in nutritional supply (Heijmans
et al. 2008; Joubert et al. 2016b), smoking (Joubert et al. 2012;
Joubert et al. 2016b; Lee et al. 2015; Markunas et al. 2014;
Pilsner et al. 2009; Rzehak et al. 2016; Zhu et al. 2016), environ-
mental chemical exposures (Broberg et al. 2014; Cardenas et al.
2015; Khosla et al. 2001; Kile et al. 2012; Kippler et al. 2013;
Pilsner et al. 2009), ambient air pollution (Gruzieva et al. 2017;
Herbstman et al. 2012; Kingsley et al. 2016; Tang et al. 2012),
and stress (Cao-Lei et al. 2016; Liu et al. 2012; Vidal et al.
2014)] may result in epigenetic perturbation of the developing fe-
tus, which in turn could be associated with increased risks of
adverse health outcomes in later life. One classic example of
such intergenerational epigenetic inheritance comes from the
Hunger Winter Families Study (Lumey et al. 2007), in which
Heijmans et al. (Heijmans et al. 2008) showed that individuals
who were prenatally exposed to famine had persistent DNA
hypomethylation of the imprinted insulin-like growth factor II
(IGF2) gene in comparison with their unexposed, sex-matched
siblings. These exposed individuals were also more likely to de-
velop obesity and diabetes, perhaps secondary to epigenetic pro-
gramming that resulted from a mismatch between the intrauterine
and postnatal environments (Heijmans et al. 2008). Hence, DNA
methylation may represent a biomarker of, or plausible mecha-
nism by which, fetal programming of later-life diseases occurs.

Prenatal/birth cohort studies have examined factors such as
maternal diet (Heijmans et al. 2008; Joubert et al. 2016a),
smoking (Joubert et al. 2012, 2016b; Lee et al. 2015), and ex-
posure to ambient air pollution (Gruzieva et al. 2017; Tang et al.
2012) during pregnancy as predictors of DNA methylation at
birth. However, to our knowledge, associations between resi-
dential proximity to major roadways and fetal DNA methyla-
tion have not been evaluated. Furthermore, it is unknown if

these epigenetic marks observed in cord blood persist into
childhood or are predictive of developmental outcomes.

In this study, we sought to evaluate the association between res-
idential proximity to roadways at birth and epigenome-wide DNA
methylation in umbilical cord blood samples from newborns in
Project Viva, a prenatal/birth cohort study in Massachusetts.
We previously reported that residential proximity to major
roadways was associated with midchildhood cognitive out-
comes in this cohort (Harris et al. 2015). For the present study,
we also examined whether epigenetic modifications associated
with roadway proximity predicted cognitive function in mid-
childhood. We hypothesized that living closer to major road-
ways during pregnancy may be associated with epigenetic
alterations in the fetus that would be manifested in cord blood
at birth and that these alterations would influence later child-
hood cognitive outcomes.

Materials and Methods

Study Population
We performed this analysis in Project Viva, a prospective longi-
tudinal birth cohort that enrolled pregnant women during 1999–
2002 at their initial obstetric visit at Atrius Harvard Vanguard
Medical Associates in eastern Massachusetts. We excluded par-
ticipants with parity >1 at the time of enrollment, with gesta-
tional age ≥22 weeks at enrollment, who were unable to answer
questions in English, and who were intending to move away from
the study area before delivery. A detailed description has been
published previously (Oken et al. 2015). In brief, we collected in-
formation on social-demographic characteristics, lifestyle, medi-
cal history, and medications for mothers and children via in-
person interviews or mailed questionnaires. We also collected
blood at in-person research visits and assessed neurodevelopment
of children at midchildhood (mean age= 8:7 years, median age=
8:4 years, age range= 7:4–11:3 years). Of the 2,128 mother–child
pairs enrolled in the cohort, 482 had complete information on res-
idential proximity to major roadways at birth and cord blood
DNA methylation measurements, and 415 participants had com-
plete information on residential proximity to major roadways at
birth and midchildhood peripheral white blood cell DNA methyl-
ation measurements. We obtained written informed consent from
the mothers. All study protocols were reviewed and approved by
the Institutional Review Boards of the participating institutions.

Residential Proximity to Major Roadway Measurements
We collected participants’ residential addresses at birth based on
maternal self-reported questionnaires. Residential proximity to
A1 (primary highway with limited access, i.e., interstate high-
ways and some toll highways) and A2 (primary road without lim-
ited access, i.e., federal and state highways) roadways at birth
was calculated using geocoded addresses of the participants and
ArcGIS 10.1 Street Map™ North America (ESRI) (Fleisch et al.
2014; Harris et al. 2015). Specifically, we used ArcGIS geocod-
ing to transform each residential address to a location on the
Earth’s surface. We then used ArcGIS’s Spatial Join tools to
calculate the straight-line distance from the geocoded address
to the closest road type (A1, A2) for each participant in meters
(the software assumed that the Earth is flat and calculates the
Euclidean distance).

DNAMethylation Measurements
Umbilical cord blood samples were stored immediately after
delivery in a dedicated refrigerator (4°C) and shipped to the labo-
ratory for sample processing within 24 h. Samples were
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processed on the same day. We collected white blood cell (WBC)
pellets from whole blood samples using centrifugation. Umbilical
vein cord blood DNA was extracted using the Qiagen Puregene®

Kit (Qiagen, N.V.) and bisulfite converted using the EZ DNA
Methylation-Gold™ Kit (Zymo Research). Samples were ran-
domly allocated to chips and plates and analyzed using Infinium®

HumanMethylation450 BeadChip (Illumina, Inc.) that interrog-
ates >485,000 CpG sites simultaneously at a single nucleotide re-
solution, covering 99% of the RefSeq genes. For quality control,
we removed samples that were technical replicates, samples with
low quality (i.e., if ≥25% of the probe had a detection p-value≥
0:01), and samples with genotype mismatch (through comparing
replicate samples from the same child) or sex mismatch (through
comparing self-reported gender with genetic information from
sex chromosomes). At the probe level, we removed low quality
probes with nonsignificant detection p-values (p>0:05) (459),
probes on sex chromosomes (11,648), single nucleotide polymor-
phisms (SNP)-associated probes (58,579), nonCpG probes
(2,994), as well as nonspecific (3,399) and cross-reactive probes
(28,196) (Chen et al. 2013). To further reduce the influence of
nearby SNPs, we removed probes within 10 bp of a known SNP
with minor allele frequency ≥1% (66,094) [Bioconductor
Illumina 450K Probe Variants.db (Genome Build 37) (1000
Genomes Project Consortium et al. 2012)]. After exclusion, we
had 314,208 probes that passed quality control in 482 cord blood
samples. In the preprocessing step, we applied the normal-
exponential out-of-band (“noob”) method for background correc-
tion and dye bias adjustment (Triche et al. 2013). We further nor-
malized our sample using Beta Mixture Quantile Dilation
(BMIQ) to adjust the distribution of type 2 design probes into a
statistical distribution characteristic of type 1 design probes
(Teschendorff et al. 2013). We used an empirical Bayes method
(ComBat in the Bioconductor sva package; version 3.7) to adjust
for batch effects resulting from technical variability (Johnson et al.
2007). Further, we plotted our exposure of interest—distance to
A1/A2 road at birth by batch. We also performed a one-way analy-
sis of variance (ANOVA) of distance to A1/A2 road at birth by
batch, and observed marginal significance p-value (0.06). Because
batch was marginally associated with our exposure and may be
associated with methylation values (confounder), we adjusted
for batch to avoid biases in our results. We used sample plate
(96-well) and scanner as a batch covariate and adjusted for in
ComBat. We applied the same quality control (at sample level
and at probe level), normalization and batch effect adjustment
protocols to process peripheral blood samples at the midchild-
hood in-person clinical visits (age 7–11). We retained 314,208
probes that passed quality control in 460 peripheral blood sam-
ples. We report the degree of methylation for individual CpG
sites as beta values, which were expressed as the percentage of
methylated cytosines over the sum of methylated and unmethy-
lated cytosines at the 5C position.

In Project Viva, we have 42 replication samples (32 repli-
cates for one child and 16 replicates for another child). For the
first child, there are 30 replicates for cord blood DNA methyla-
tion, 1 for early childhood and 1 for midchildhood peripheral
blood DNA methylation. Mean [interquartile range (IQR)] for
the pairwise mean-centered correlation (Spearman) was 0.979
(0.009) for all 32 technical replicates. For the second child, we
had 14 replicates for cord blood DNA methylation, 1 for early
childhood and 1 for midchildhood peripheral blood DNA meth-
ylation. Mean (IQR) for the pairwise mean-centered correlation
(Spearman) was 0.979 (0.010) for all 16 technical replicates.

Cellular heterogeneity is a significant source of DNA methyl-
ation variation. Thus, we adjusted for estimated cell proportions
in cord blood and in peripheral blood to reduce confounding by

shifts in cell populations. Distinct from adult peripheral blood,
cord blood of newborns contains nRBCs in addition to various
WBCs. We estimated cord blood cell proportions using a vali-
dated cord blood reference panel developed by Bakulski et al.
(Bakulski et al. 2016) to capture the distinct nucleated cellular
signature in the cord blood. Specifically, actual cord blood cell
counts were measured using florescence activated cell sorting
(FACS). Differences between DNA methylation patterns for each
sorted cell type were assessed using principle component analysis
(PCA) and F-test statistics. Pairwise t-tests were used to identify
methylation sites that most distinguished a specific cell type (i.e.,
the top 100 probes with the greatest absolute values of magnitude
of methylation difference for each cell type with a p-value<
10−8). These cord blood cell estimates were then validated with
two independent cohorts with cord blood samples (Bakulski et al.
2016).

We estimated peripheral blood cell proportion using the
method of Houseman (Houseman et al. 2012). In brief,
Houseman’s estimations used a method adapted from regression
calibration to identify changes in the distribution of WBC sub-
populations associated with case–control status using DNA
methylation signatures (Houseman et al. 2012). This method
has also been validated with external datasets (Houseman et al.
2012).

Cognitive Outcomes
During the midchildhood in person visits, trained personnel from
Project Viva administered a battery of cognitive tests at in-person
visits, including the Kaufman Brief Intelligence Test, second edi-
tion (KBIT-2) (Kaufman and Kaufman 2004), the visual memory
index of the Wide Range Assessment of Memory and Learning,
second edition (WRAML2) (Sheslow and Adams 2003) and the
visual-motor subtest of the Wide Range Assessment of Visual
Motor Abilities (WRAVMA) (Adams and Sheslow 1995). The
KBIT-2 yields verbal and nonverbal subscores. The verbal test
measures crystalized intelligence, which includes an individual’s
vocabulary and depth and breadth of general knowledge; the non-
verbal test measures fluid intelligence, which includes an individ-
ual’s ability to perceive relationships and complete visual
analogies (Kaufman and Kaufman 2004). The visual memory
index of WRAML2 measures picture memory and design mem-
ory (Sheslow and Adams 2003), whereas the visual-motor subtest
of WRAVMA captures both fine motor skills and visuospatial
perception (Adams and Sheslow 1995). In the present study, we
analyzed the verbal (KBIT-2 verbal test) and nonverbal (KBIT-2
nonverbal test) components of KBIT-2, picture memory
(WRAML2 picture memory standard score), design memory
(WRAML2 design memory standard score), and the summary of
the two (WRAML2 visual memory standard score). We also ana-
lyzed WRAVMA standard score.

Statistical Analysis
Prenatal residential proximity to major roadways and DNA
methylation. CpG-by-CpG analysis. We evaluated the associa-
tion of residential proximity to major roadways at birth with
epigenome-wide DNA methylation at each individual CpG site
using robust linear regression to down-weight the influence of
extreme methylation values and reduce the problem associated
with heteroscedasticity. We natural log-transformed residential
proximity to major roadways, as the influence of distance to
roadways is thought to increase exponentially when moving
closer to the roadway. Model estimates are expressed as per-
centage of differential methylation level for a halving of dis-
tance to major roadways. In each model, we adjusted for the
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following covariates selected a priori: maternal characteristics
[age at enrollment (continuous), prepregnancy body mass index
(weight in kg=height in m2, continuous), race/ethnicity (white,
black, or others (Asian/Hispanic/American Indian/more than
one race or race that did not fall into any of these categories),
smoking status (never, former, or during pregnancy), education
level (college/graduate level or not college/graduate level)],
neighborhood income [census tract median household income
at enrollment (continuous)], child characteristics [gestational
age at birth (continuous), sex (female or male), season of birth
(spring, summer, fall, winter)], and estimated cord blood cell
proportions [percentages of monocytes, CD8T cells, CD4T
cells, NK cells, B cells, and nucleated red blood cells (nRCB)]
(Bakulski et al. 2016; Cardenas et al. 2016). A CpG site was
considered to be epigenome-wide significant if it reached the
FDR-corrected p-value of pBH <0:05 based on the method of
Benjamini and Hochberg (Benjamini and Hochberg 1995). We
checked for technical artifacts by calculating the genomic infla-
tion factor (k) and plotting the q-q plot. The genomic inflation
factor k was calculated based on the chi-square goodness of fit
test and was defined as the median of the resulting chi-square
test statistics (observed) divided by the expected median of the
chi-square distribution (expected). Lambda equals to 1 indi-
cates that there is no inflation or systematic bias. A value close
to 1 indicates that there is little inflation.

DNA methylation regional analysis. As a secondary analy-
sis, we applied a regional-based approach to identify differen-
tially methylated regions associated with prenatal residential
proximity to major roadways. We used an existing package
from Bioconductor titled DMRcate (Peters et al. 2015). In brief,
DMRcate identifies and characterizes differentially methylated
regions spatially across the genome using a tunable Gaussian
kernel-smoothing method. DMRcate first fits individual linear
regressions and calculates a t statistic for each CpG site using
limma, and then uses unsigned weights (limma’s t2) to pass the
kernel estimator. We set the Gaussian kernel bandwidth for
smoothed function estimation to be 1,000 nucleotides. We used
Benjamini-Hochberg (BH) method for p-value adjustment for
the significance test (Benjamini and Hochberg 1995). We set p-
value cutoff to determine differential methylation region to be
10−08.

Sensitivity analyses. In the sensitivity analyses, we repeated
analyses of CpG sites associated with proximity with FDR-
corrected p-values<0:05 (PBH <0:05) after stratifying by sex
and white or nonwhite race/ethnicity (where nonwhite comprises
black and “other” race/ethnicity).

In addition, we used multivariate robust linear regression to
evaluate whether differential methylation of specific CpG sites in
association with residential proximity to roadways at birth
(p<0:05) was still evident in peripheral blood samples collected
from a subset of the children in midchildhood (7–11 years of age,
mean age= 8:7). In the regression model, we additionally
adjusted for children’s age at blood draw and blood cell propor-
tions estimated from an adult reference panel (Houseman et al.
2012). We examined the correlations between residential proxim-
ity to major roadways and estimated cell proportions to assess
whether our observed associations might be due to changes in
actual DNA methylation levels or changes in cell proportions at
birth and in midchildhood.

Replication
We performed an epigenome-wide replication in The Generation
R study—a prospective birth cohort based in Rotterdam,
Netherlands. All study protocols were reviewed and approved by
the Institutional Review Boards of the participating institutions.

Cord blood DNA methylation was measured using Illumina’s
Infinium® HumanMethylation450 BeadChip (Illumina Inc.). We
removed eight low quality samples (i.e., sample call rate <99%
or poor bisulfite conversion), two sex mismatch samples, and one
sample that retracted informed consent. We performed back-
ground adjustment, between-array normalization, and dye bias
correction using DASES, which is a modified normalization pipe-
line based on DASEN (Pidsley et al. 2013). We report the degree
of methylation for individual CpG sites as beta values, which
were expressed as the percentage of methylated cytosines over
the sum of methylated and unmethylated cytosines at the 5C posi-
tion. A subset of 641 mother–child pairs had complete informa-
tion on residential proximity to major roadways and cord blood
DNA methylation measurements. We natural log-transformed
residential proximity to major roadways; model estimates are
expressed as percentage of differential methylation level per
halving of distance to major roadways. In each model, we con-
trolled for the following set of covariates: maternal age at enroll-
ment (continuous), maternal prepregnancy body mass index
[weightðkgÞ=heightðmÞ2, continuous], maternal smoking status
(never, ever during pregnancy), maternal education level (col-
lege/graduate level or not college/graduate level), gestational age
(continuous), child’s sex (female or male), season of birth
(spring, summer, fall, winter), estimated cell proportions for cord
blood using the Houseman’s method and batch effects (dummy
variables for plate).

DNA methylation and cognition. Because of LAMB2’s well-
defined role in axonal development and neurotransmission, and
because we previously found associations of residential proxim-
ity to roadways and cognitive outcomes, we fit multivariate linear
regression models to examine the association between LAMB2
related CpG sites (FDR<0:05) in the cord blood with each cogni-
tive test measured at midchildhood, which includes KBIT-2
verbal test (range= 46–146), KBIT-2 nonverbal test (range=
56–147), visual-motor subtest of WRAVMA (range= 45–155),
design memory (range= 1–15), and picture memory (range=
1–17) of WRAML2 and WRAML visual standard score (range=
4–28). Model estimates are expressed as the difference in cogni-
tive test scores with a 10% increase in DNA methylation values.
We adjusted for maternal characteristics [age at enrollment
(continuous), race/ethnicity (white, black, or others), smoking
status (never, former, or during pregnancy), education level
(college/graduate level or not college/graduate level)] and child
characteristics [age at cognitive test (continuous), sex (female
or male)].

Blood–Brain DNAMethylation Comparison
Given the potential function in neuronal development of the gene
identified in our main analysis, we leveraged a publicly available
database in the Gene Expression Omnibus (GEO) repository and
evaluated the interindividual methylation variation across blood
and brain for the top CpG sites we identified (http://epigenetics.
essex.ac.uk/bloodbrain/). A detailed protocol has been published
elsewhere (Hannon et al. 2015). In brief, DNA methylation was
analyzed using Infinium® HumanMethylation450 BeadChip
(Illumina, Inc.) in matched DNA samples from both premortem
whole blood and postmortem brain tissues from the same 122
adult participants. The four brain regions assessed include pre-
frontal cortex, entorhinal cortex, superior temporal gyrus, and
cerebellum. Pearson correlation was calculated for each blood–
brain CpG pair to reflect the covariations of DNA methylation
across blood and brain.

All analyses were performed in SAS® version 9.4 (SAS
Institute, Inc.) and R version 3.2.4 (R Core Team).
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Results

Study Population
A total of 482 mother–child pairs in Project Viva had complete
information on residential proximity to major roadways at birth
and cord blood DNA methylation measurements (Table 1).
Among the 482 pairs, 11% of mothers smoked during pregnancy,
and 21% were former smokers. Sixty-six percent of the mothers
completed college or graduate school education. Median neigh-
borhood household income was $57,019, based on census-tract
information. Roughly half the offspring were female (48%), and
mean gestational age was 39.7 wk at birth. The study population
was predominantly white (71%).

Prenatal Residential Proximity to Major Roadways
and DNAMethylation
CpG-by-CpG analysis. In the primary analysis, we performed a
CpG-by-CpG analysis and examined the association of residen-
tial proximity to major roadways at birth with epigenome-wide
DNA methylation in cord blood (Figure 1) (see Excel Table S1
for complete numeric data). Genomic inflation factor was 0.97,
and there was no evidence of early deviation from the q-q plot
(Figure S1). Four CpG sites within the same gene, LAMB2, were
differentially methylated in association with living closer to
major roadways at birth (PBH <0:05) (Table 2) (see Table S1 for
descriptive data on methylation levels and Figure S2 for scatter
plots of methylation and roadway proximity at the four sites). For
each halving of residential proximity to major roadways, we esti-
mated a 0.82% increase in DNA methylation at cg05654765
[95% confidence interval (CI): (0.54%, 1.10%), p=2:4E–10],
0.88% at cg14099457 [95% CI: (0.56%, 1.19%), p>0:05], 0.19%
at cg03732535 [95% CI: (0.11%, 0.28%), p=4:8E–07], and

1.08% at cg02954987 [95% CI: (0.65%, 1.51%), p=6:0E–07]. For
example, in comparison with a mother who lived 200 m away
from a major roadway, a mother who lived 100 m away had
0.82% higher methylation value at cg05654765 loci. Interestingly,
all those CpG sites were located within 200–1500 bp of the tran-
scription start site (TSS) of LAMB2 and spanned a 452 bp
distance.

DNA methylation regional (DMR) analysis. As a secondary
analysis, we conducted a regional analysis to identify differen-
tially methylated regions in cord blood in relation to prenatal resi-
dential proximity to major roadways at birth (Table 3). We
identified three genes with differentially methylated regions,
located in or near genes LAMB2 (chr3:49,170,496–49,171,343;
TSS1500–first exon), C2orf65 (chr2:74,875,227–74,875,387;
TSS200–TSS1500), and PPP1R2P1 (chr6: 32,847,112–32,847,845;
gene body). The four FDR-significant methylation sites that we
identified from the CpG-by-CpG analysis were also included in the
LAMB2 region. Table 3 shows the CpGs included in each of the
DMRs.

Sensitivity analyses. We repeated analyses of the FDR-
significant CpG sites near LAMB2 after stratifying by sex and by
race/ethnicity (white or nonwhite) (Table S2). Methylation at
each CpG site was positively associated with roadway proximity
in males and females, and in white and nonwhite children.
Although estimates were imprecise and differences between
strata were not significant (interaction p values>0:05), the per-
centage increase in methylation associated with a 50% reduction
in roadway proximity was larger in nonwhite vs. white children,
and in female vs. males, at all four sites. Effect estimates were in
the same direction for the four FDR-significant CpG sites near
LAMB2 in each of the restricted analyses in comparison with the
full subcohort (the associations attenuated in the white and male
strata).

Table 1. Characteristics of study population in Project Viva and the Generation R study.

Variablea
Project viva The Generation R study

p value(N= 482) (N= 641)

Maternal characteristics
Age at enrollment (years), mean (SD) 32.1 (5.4) 31.6 (4.1) 0.078
Pre-pregnancy BMI (kg=m2), mean (SD) 24.7 (5.3) 24.3 (4.2) 0.159
Maternal race, N (%) <0:0001
White 342 (71%) 641 (100%)
Black 57 (12%) —
Otherb 83 (17%) —

Maternal smoking status, N (%) <0:0001
Smoking during pregnancy 54 (11%) 160 (25%)
Former 102 (21%) 481 (75%)c

Never 326 (68%)
Maternal education, N (%) 0.849
College or graduate level 319 (66%) 420 (65.5%)
Not college or graduate level 163 (34%) 221 (34.5%)

Median neighborhood household income ($1,000), mean (SD) 57.0 (20.9) — —
Distance to A1&2 roadways at birth (meters), mean (SD) 1881.2 (1911.4) 351 (201) <0:0001
Child characteristics
Child’s sex, N (%) 1.000
Female 230 (48%) 307 (48%)
Male 252 (52%) 334 (52%)

Gestational age (weeks), mean (SD) 39.7 (1.6)d 40.2 (1.5) <0:0001
Date of birth by season, N (%) 0.244
Spring 123 (26%) 158 (25%)
Summer 119 (25%) 173 (27%)
Fall 111 (23%) 168 (26%)
Winter 129 (27%) 142 (22%)

Note: We included maternal alcohol consumption for the first trimester during pregnancy in the analysis of cord blood DNA methylation and cognitive test scores (Table 4 Model 2),
mean±SD is 0:19± 0:24 glass per week (N=441).
aData were complete for all variables unless otherwise indicated.
bOther races included Hispanics, Asian, children with more than one race and children whose race was not specified in those categories.
cIn the Generation R Study, women who never smoked and women who did not smoke during pregnancy were in the same category.
dFor Project Viva, 455 out of 482 children (94%) were born after 37 weeks of gestation.
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To evaluate whether the association of those differentially
methylated CpG sites at LAMB2 persisted in midchildhood, we
evaluated the association between residential proximity at birth
and peripheral blood DNA methylation in blood samples col-
lected when participants were 7–11 y old. Associations between
roadway proximity at birth and methylation in midchildhood
samples differed from corresponding associations with methyla-
tion at birth but remained positive for each CpG sites, with each
halving of prenatal residential proximity to major roadways asso-
ciated with increased DNA methylation: 0.37% (95% CI: 0.01,
0.76%) at cg05654765 (vs. 0.82% in cord blood); 0.53% (95% CI:
0.07, 1.00%) at cg14099457 (vs. 0.88% in cord blood); 0.22%
(95% CI: 0.01, 0.45%) at cg03732535 (vs. 0.19% in cord blood);
and 0.56% (95% CI: 0.02, 1.10%) at cg02954987 (vs. 1.08% in
cord blood) (Table 2). Cord blood and midchildhood methylation
levels were positively correlated for each of the FDR-significant
CpG sites, with Spearman correlation coefficients ranging from
0.53 (for cg03732535) to 0.83 (for cg05654765) (Figure S3).
Residential proximity to major roadways at birth was not corre-
lated with proportions of individual blood cell subtypes in cord
blood or midchildhood peripheral blood samples (Spearman cor-
relations ranging from −0:03 to 0.04 and from −0:02 to 0.03,
respectively) (Figure S4).

Replication
The Generation R Study population used for the replication analy-
sis (n=641) included white women only (in comparison with 71%
of the Project Viva population), and participants lived closer to
major roadways (mean distance 351 m±201 vs. 1,881 m±1,991
for Project Viva), and were more likely to have smoked during

pregnancy (25% vs. 11%) (Table 1). None of the LAMB2 CpG sites
that were significantly associated with major roadway proximity at
birth in Project Viva were associated with major roadway proxim-
ity in the Generation R Study (Table 4). Estimated differences in
methylation with a 50% reduction in distance to major road-
ways ranges from a decrease of −0:09% [95% CI: (−0:25%,
0.43%), p=0:61] for cg02954987 to an increase of 0.06% [95%,
CI: (−0:36%, 0.24%), p=0:68] for cg05654765.

Cord Blood DNAMethylation and Cognitive Test Scores
We estimated associations between cognitive test scores during
midchildhood and a 10% increase in methylation at the four
LAMB2 CpG sites that were significantly associated with road-
way proximity at birth (Table 5). KBIT-2 nonverbal cognitive
test scores (range= 56–147) were inversely associated with meth-
ylation at all four of the sites evaluated, with an average reduc-
tion of −2:74 points [95% CI (− 5:29, −0:20), p=0:03] for
cg05654765, −2:28 points [95% CI (−4:57, 0.00), p=0:05] for
cg14099457, −10:89 points [95% CI (−17:85; −3:94), p=
0:002] for cg03732535, and −1:45 points [95% CI (−3:00, 0.11),
p=0:07] for cg02954987 (n=415). In general, associations with
other cognitive test scores were close to the null.

Blood–Brain DNAMethylation Comparison
We examined the range and covariation of the four FDR-
significant CpG sites near/within LAMB2 in matched pre-mortem
whole blood and postmortem brain tissues from the same adult
individuals (n=71–75) (Hannon et al. 2015). Methylation levels
were higher and more variable in DNA extracted from blood than

Figure 1.Manhattan plot of the association between distance to roadway at birth and epigenome wide DNA methylation in cord blood in Project Viva
(N=482).

Table 2. Associations between a 50% reduction in residence proximity to major roadways at birth and methylation of CpG sites in LAMB2 with significant dif-
ferential methylation in cord blood DNA (N=482) and corresponding associations with methylation of the same sites in peripheral blood samples at age 7–11
(N=454).

CpG Gene
Cord blooda Peripheral blood at midchildhoodb

Estimate (95% CI) P-value FDRc Bonferroni Estimate (95% CI) P-value

cg05654765 LAMB2 0.82% (0.54%, 1.10%) 2:4E− 10 7:5E− 05 7:5E− 05 0.37% (0.01%, 0.76%) 0.0542
cg14099457 LAMB2 0.88% (0.56%, 1.19%) 4:3E− 09 6:7E− 04 1:3E− 03 0.53% (0.07%, 1.00%) 0.0244
cg03732535 LAMB2 0.19% (0.11%, 0.28%) 4:8E− 07 4:7E− 02 1:5E− 01 0.22% (0.01%, 0.45%) 0.0578
cg02954987 LAMB2 1.08% (0.65%, 1.51%) 6:0E− 07 4:7E− 02 1:9E− 01 0.56% (0.02%, 1.11%) 0.0412
aEstimates of differential methylation in cord blood are from linear regression models adjusted for maternal [age at enrollment (continuous), prepregnancy body mass index (BMI)
(continuous), race (white/black/others), smoking status (smoking during pregnancy/former/never), education level (college or graduate/not college or graduate)], neighborhood [median
household income (continuous)], children [child’s sex (female/male), gestational age (continuous), season (DOB)], and estimated cell proportions (percentage of monocyte, percentage
of CD8T cell, percentage of CD4T cell, percentage of NK cell, percentage of B cell, percentage of nucleated red blood cells).
bModels of differential methylation in peripheral blood (age 7–10 y) are adjusted for maternal age at enrollment, pre-pregnancy BMI, race/ethnicity, smoking during pregnancy, educa-
tion, median neighborhood household income, child’s sex, gestational age at birth, season of birth (spring, summer, fall, winter), child’s age at blood donation, and proportions of blood
cells estimated using the Houseman method (Houseman et al. 2012) (monocytes, CD8 cells, CD4 cells, NK cells, B cells).
cFDR correspond to Benjamini-Hochberg (BH) adjusted p-value (pBH).
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in brain tissue samples (Figure S5). Methylation levels at
cg05654765, cg14099457, and cg02954987 were moderately cor-
related between DNA extracted from blood and brain tissue sam-
ples for the prefrontal cortex, entorhinal cortex, and superior
temporal gyrus (Pearson correlations 0.59–0.73), whereas correla-
tions between blood and brain tissue methylation at the same sites
were weaker for cg03732535 (Pearson correlations 0.16–0.25).
DNA methylation at all four of the CpG sites was only weakly cor-
related between blood and brain tissue samples from the cerebel-
lum (Pearson correlations −3:00–0.17) (Figure S5).

Discussion
Residential proximity to major roadways at birth was positively
associated (epigenome-wide FDR significant) with cord blood
DNA methylation at four CpG sites near/within LAMB2 among
participants in Project Viva (Boston, Massachusetts, USA).
These associations were generally consistent between males
and females and between children of white and nonwhite moth-
ers. Regional analyses also indicated differentially methylated
regions associated with prenatal residential proximity in the
LAMB2 region, and in two additional regions near C3orf65 and
PPP1R2P1 genes. In addition, proximity to major roadways
during pregnancy also was positively associated with methyla-
tion of the same sites in DNA extracted from peripheral blood
samples collected from a subset of the same children at 7–11
years of age. However, cord blood methylation at the LAMB2
CpG sites was not associated with proximity to major roadways
during pregnancy among participants in the Generation R
Study population (Rotterdam, Netherlands). Methylation of the
four LAMB2 CpG sites that were differentially methylated in
association with roadway proximity at birth was also associated
with lower KBIT-2 nonverbal cognitive test scores in a subset
of Project Viva children at age 7–11 y. This finding is partly
consistent with a previous analysis of associations between

roadway proximity at birth and cognitive test scores in a larger
group of Project Viva participants (n=1,109) (Harris et al.
2015), including inverse associations between proximity and
KBIT-2 nonverbal scores and null findings for WRAML2
design memory and picture memory scores. However, in con-
trast with findings from roadway proximity from the previous
study, methylation at the LAMB2 CpG sites was not associated
with lower KBIT-2 verbal scores or lower WRAVMA visual
motor subscale scores.

To our knowledge, this is the first study to report evidence of
epigenetic modifications in association with residential proximity
to major roadways at birth. Specifically, our epigenome-wide
analysis indicated that living closer to major roadways was asso-
ciated with significantly higher cord blood DNA methylation in
four CpG sites located near the transcription start site of LAMB2.
In addition, methylation of the same CpGs in cord blood DNA
was associated with lower nonverbal intelligence scores at 7–11
years of age. LAMB2, located on chromosome 3p21, encodes for
a subtype of extracellular matrix glycoprotein and is involved in
multiple biological processes, including cell adhesion, differentia-
tion, signaling, and neurite outgrowth. The role of the LAMB2
gene product at the synapse has been extensively studied since
the early 1990s (Hall 1995; Hunter et al. 1989; Martin et al.
1995; Noakes et al. 1995). LAMB2 gene product, a now-well-
recognized synaptic component of the basal lamina, is often
enriched at the neuromuscular junction of the motor nerve termi-
nals. Experimental evidence shows that the LAMB2 gene product
helps to recruit presynaptic constituents and facilitates the release
of neurotransmitters at the synaptic cleft (Hunter et al. 1989). In
LAMB2 knock-out mice, Sanes and et al. observed a lack of pre-
synaptic specialization, meaning that instead of being clustered
near the neuromuscular junction, the synaptic vesicles are distrib-
uted evenly in the presynaptic nerve terminal (Porter et al. 1995).
This lack of presynaptic specialization distribution subsequently
led to reduced neurotransmitter release by exocytosis and reduced
the firing of action potentials (Porter et al. 1995). Moreover, the
LAMB2 gene product also helps to confine growing nerve termi-
nals to the appropriate location (Hall 1995). Motor neurons cul-
tured on LAMB2 stripes showed inhibition of neurite extension,
supporting a role of LAMB2 in facilitating the attachment of pre-
synaptic nerve terminals to the postsynaptic nerve terminals dur-
ing synaptogenesis (Lieth et al. 1992).

Given its essential role in assuring the precise joining of pre-
synaptic and postsynaptic nerve structures, we further evaluated
the association between LAMB2 DNA methylation and cognitive
function at midchildhood. All four LAMB2 FDR-significant CpG
sites were associated with KBIT-2 nonverbal cognitive test scores
(i.e., higher DNA methylation associated with lower cognitive
function). The nonverbal section of the KBIT test measures the
ability to perceive relationships and complete visual analogies

Table 4. Differentially methylation site in cord blood in relation to per halv-
ing of distance to major roadways in the Generation R study (N= 641).

CHR CpG Gene
Gene
group Estimate (95% CI) P-value

3 cg05654765 LAMB2 TSS200 −0:06% (−0:36%, 0.24%) 0.68
3 cg14099457 LAMB2 TSS200 −0:04% (−0:35%, 0.28%) 0.82
3 cg03732535 LAMB2 TSS1500 0.08% (−0:06%, 0.22%) 0.25
3 cg02954987 LAMB2 TSS200 0.09% (−0:25%, 0.43%) 0.61

Note: Model adjusted for maternal [age at enrollment (continuous), pre-pregnancy BMI
(continuous), race (white/black/others), smoking status (smoking during pregnancy/
former/never), education level (college or graduate/not college or graduate)], neighbor-
hood [median household income (continuous)], children [child’s sex (female/male), ges-
tational age (continuous), season (DOB)], and estimated cell proportions (percentage of
monocyte, percentage of CD8T cell, percentage of CD4T cell, percentage of NK cell,
percentage of B cell, percentage of nucleated red blood cells). CHR, chromosome.

Table 3. Associations between a 50% reduction in residence proximity to
major roadways at birth and methylation of CpG sites (cord blood) in gene
regions with Gaussian kernel bandwidth of 1,000 nucleotide and a p-value
cutoff of 10−08 (N=482).

CHR Gene CpG Gene group CHR location % change

3 LAMB2 cg01919208 1st exon 49170496 0.47%
3 LAMB2 cg02954987 TSS200 49170599 1.04%
3 LAMB2 cg05654765 TSS200 49170727 0.81%
3 LAMB2 cg14099457 TSS200 49170794 0.90%
3 LAMB2 cg03732535 TSS1500 49171051 0.20%
3 LAMB2 cg01638175 TSS1500 49171179 −0:004%
3 LAMB2 cg05323436 TSS1500 49171185 −0:004%
3 LAMB2 cg02497019 TSS1500 49171343 −0:002%

2 C2orf65 cg20945085 TSS200 74875227 0.21%
2 C2orf65 cg02109484 TSS200 74875253 0.36%
2 C2orf65 cg17019053 TSS200 74875263 0.36%
2 C2orf65 cg00273449 TSS200 74875268 0.20%
2 C2orf65 cg17105755 TSS200 74875317 0.44%
2 C2orf65 cg02611848 TSS1500 74875387 0.35%

6 PPP1R2P1 cg02269978 Body 32847585 0.49%
6 PPP1R2P1 cg24639679 Body 32847590 0.65%
6 PPP1R2P1 cg19628603 Body 32847596 0.53%
6 PPP1R2P1 cg00797104 Body 32847605 0.42%
6 PPP1R2P1 cg17352045 Body 32847702 0.55%
6 PPP1R2P1 cg00892368 Body 32847704 0.58%

Note: Model adjusted for maternal [age at enrollment (continuous), pre-pregnancy BMI
(continuous), race (white/black/others), smoking status (smoking during pregnancy/for-
mer/never), education level (college or graduate/not college or graduate)], neighborhood
[median household income (continuous)], children [child’s sex (female/male), gesta-
tional age (continuous), season (DOB)], and estimated cell proportions (percentage of
monocyte, percentage of CD8T cell, percentage of CD4T cell, percentage of NK cell,
percentage of B cell, percentage of nucleated red blood cell). CHR, chromosome.
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and assesses multiple domains, including visual-spatial ability
and fluid reasoning (Kaufman and Kaufman 2004). We did not
observe associations of LAMB2 DNA methylation with other
neurocognitive measurements in this study (which includes the
KBIT-2 verbal test, the visual-motor subtest of WRAVMA, and
the visual memory index of WRAML2).

In adult human samples, DNA methylation often exhibits tis-
sue specificity. Thus, a key question arises as to whether DNA
methylation in cord blood reflects neurological development of
the fetus. One plausible explanation would be that during the
early stage of embryogenesis, there is a rapid erasure and reestab-
lishment of DNA methylation pattern in undifferentiated stem
cells, and exposure to environmental insults at this early stage of
embryogenesis may result in stable epigenetic modifications that
could propagate across different cell lineages (such as hematopoi-
etic and neural stem cells) (Feng et al. 2010; Smith et al. 2012).
Such a pattern may be maintained through de novo DNA methyl-
transferases during subsequent successive somatic cell divisions
(Petronis 2010). However, additional experiments would be
required to further elucidate such a hypothesis.

Although maternal residential proximity to major roadways
has not been studied with respect to fetal DNA methylation, sev-
eral epidemiology studies have reported associations between
prenatal ambient air pollution and DNA methylation in children.
For example, a recently published epigenome-wide meta-analysis
showed that prenatal exposure to the gaseous pollutant nitric
dioxide (NO2) was associated with differential offspring DNA
methylation in three CpG sites at mitochondrial related genes
(Gruzieva et al. 2017). Maternal exposure to benzo[a]pyrene
(BaP)—a representative of the ubiquitous urban air pollutant

polycyclic aromatic hydrocarbons—has also been associated
with hypermethylation of interferon gamma (IFN-c) (Tang et al.
2012), and lower global DNA methylation in cord blood
(Herbstman et al. 2012). Further, a number of studies reported
associations between traffic pollution and placental DNA methyl-
ation (Janssen et al. 2013, 2015; Kingsley et al. 2016). For exam-
ple, Janssen et al. showed decreased placental LINE-1 DNA
methylation associated with living closer to major roadways
(Janssen et al. 2013). In a separate study, the same group demon-
strated increased placental mitochondrial DNA methylation asso-
ciated with higher particulate matter (PM2:5) concentrations
(Janssen et al. 2015). In the Rhode Island Child Health Study
(RICHS), Kingsley et al. reported lower placental LINE-1 DNA
methylation and seven epigenome-wide significant CpG sites
associated with living closer to major roadways (Kingsley et al.
2016). Unfortunately, the associations we observed between dis-
tance to major roadways and cord blood DNA methylation did
not appear to be the top hits for the other air pollution studies.
Part of the reason maybe that distance to major roadways not
only captures traffic-related air pollution, but also reflects noise
and socioeconomic status (SES). Further, our results may be less
generalizable to other parts of the world, where residential prox-
imity to major roadways captures a different set of risk factors, or
may present an exposure matrix on different scales. Future
research is warranted to examine distance to major roadway and
cord blood DNA methylation in a similar exposure setting.
Alternatively, there is also the possibility that our findings were
due to chance or systematic error.

In vertebrates, CpGs are not evenly distributed across the ge-
nome. In fact, functional CpGs are often clustered into regions

Table 5. Estimated differences in cognitive test scores at age7–11 y in association with a 10% increase in methylation of LAMB2 CpG sites in cord blood.

CpGd

Model 1a Model 2b,c

N Estimate (95% CI) P-value N Estimate (95% CI) P-value

KBIT-2 verbal test
cg05654765 415 0.70 (− 1:39, 2.78) 0.51 382 0.49 (− 1:68, 2.67) 0.66
cg14099457 415 0.70 (− 1:17, 2.58) 0.46 382 0.67 (− 1:29, 2.62) 0.50
cg03732535 415 0.88 (− 4:86, 6.62) 0.76 382 1.04 (− 5:02, 7.10) 0.74
cg02954987 415 0.54 (− 0:74, 1.81) 0.41 382 0.41 (− 0:90, 1.71) 0.54
KBIT-2 nonverbal test
cg05654765 418 − 2:74 (− 5:29, − 0:20) 0.03 385 − 2:78 (− 5:47, − 0:10) 0.04
cg14099457 418 − 2:28 (− 4:57, 0.00) 0.05 385 − 2:43 (− 4:84,− 0:02) 0.05
cg03732535 418 − 10:89 (− 17:85,− 3:94) 0.002 385 − 10:32 (− 17:75, − 2:88) 0.007
cg02954987 418 − 1:45 (− 3:00, 0.11) 0.07 385 − 1:55 (− 3:16, 0.07) 0.06
WRAML2 picture memory standard score
cg05654765 417 0.02 (− 0:46, 0.50) 0.93 384 − 0:07 (− 0:58, 0.44) 0.79
cg14099457 417 0.06 (− 0:38, 0.49) 0.80 384 − 0:005 (− 0:46, 0.45) 0.98
cg03732535 417 − 0:08 (− 1:41, 1.25) 0.90 384 − 0:29 (− 1:70, 1.13) 0.69
cg02954987 417 − 0:04 (− 0:33, 0.26) 0.80 384 − 0:04 (− 0:35, 0.26) 0.79
WRAML2 design memory standard score
cg05654765 416 0.13 (− 0:31, 0.56) 0.57 383 0.06 (− 0:40, 0.51) 0.80
cg14099457 416 0.16 (− 0:23, 0.55) 0.42 383 0.13 (− 0:28, 0.54) 0.54
cg03732535 416 0.95 (− 0:25, 2.14) 0.12 383 0.76 (− 0:51, 2.02) 0.24
cg02954987 416 0.20 (− 0:07, 0.46) 0.14 383 0.15 (− 0:12, 0.43) 0.27
WRAML2 visual memory standard score
cg05654765 415 0.15 (− 0:52, 0.83) 0.65 382 0.00 (− 0:72, 0.71) 0.99
cg14099457 415 0.22 (− 0:39, 0.83) 0.48 382 0.13 (− 0:51, 0.76) 0.70
cg03732535 415 0.88 (− 0:98, 2.74) 0.35 382 0.48 (− 1:51, 2.47) 0.63
cg02954987 415 0.16 (− 0:25, 0.57) 0.44 382 0.11 (− 0:32, 0.54) 0.61
WRAVMA standard score
cg05654765 414 0.90 (− 1:72, 3.52) 0.50 381 0.94 (− 1:81, 3.69) 0.50
cg14099457 414 0.29 (− 2:06, 2.65) 0.81 381 0.18 (− 2:29, 2.65) 0.89
cg03732535 414 3.33 (− 3:89, 10.55) 0.37 381 3.86 (− 3:81, 11.54) 0.32
cg02954987 414 0.61 (− 0:98, 2.21) 0.45 381 0.43 (− 1:21, 2.08) 0.60

aModel 1: Adjusted for maternal age at enrollment, race/ethnicity (white, black, other), smoking during pregnancy (any, former, never), education (any college, no college), child’s age
at testing (continuous, in years), and child’s sex.
bModel 2: Additionally adjusted for maternal alcohol consumption during the first trimester of pregnancy (servings per day, continuous) and median neighborhood household income.
cModel 2 had 33 more missing values than model 1 due to the additional adjustment of alcohol consumption and median household income.
dThe CpG sites evaluated had significantly higher methylation in cord blood (PBH <0:05) in association with a 50% reduction in residential proximity to major roadways at birth.
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identified as CpG islands or CpG shores near or within promoter
regions of a gene (Jones 2012). A group of closely related methyla-
tion sites often function in concert to alter gene expression (i.e.,
each individual CpG site may not achieve the epigenome-wide
FDR significance, but there may be an additive effect in which
each CpG site adds an increment, and together they exhibit an
effect). However, such associations may not always be captured in
the CpG-by-CpG analysis. Therefore, as a secondary analysis, we
conducted a regional analysis and identified two additional differ-
entially methylated regions associated with residential proximity to
major roadways, which include Chromosome 2 open reading frame
65 (C2orf65) and Protein Phosphatase 1 Regulatory Inhibitor
Subunit 2 Pseudogene (PPP1R2P1) (regions identified were within
CpG islands for both genes). PPP1R2P1 is a pseudo-gene located
on chromosome 6p21, and it is related to Protein Phosphatase-1
(PP1)—one of the main serine/threonine phosphatases in human.
C2orf65 gene is located on chromosome 2p13. The function of
C2orf65 gene remains unclear.

For the present study, we measured DNA methylation in um-
bilical cord blood and peripheral blood samples composed of
complex cell mixtures. Therefore, methylation may vary among
participants due to differences in cell counts or proportions. To
address this limitation, in the statistical analysis, we adjusted for
peripheral WBC proportions based on the method developed by
Houseman (Houseman et al. 2012), and cord blood cell propor-
tions based on the method developed from the MeDALL study
(Bakulski et al. 2016) to reduce confounding by cell type frac-
tions. Residential proximity to major roadways at birth was not
correlated with proportions of blood cell subtypes, which sug-
gests that confounding due to an association between proximity
and cell subtype distributions was unlikely. However, measuring
DNA methylation in samples of individual cell types would be
preferred to avoid this potential limitation.

Our discovery results need to be interpreted with caution, in
that none of the CpG sites near LAMB2 replicated at p<0:05
in the Generation R Study—an independent birth cohort based in
Rotterdam, Netherlands. Other than the possibility that our find-
ings are due to chance, there may be several reasons for the lack
of replication that are related to potential noncomparability of
exposures: a) More so in the northeast United States than in
Netherlands, residential proximity to major roadways may
reflect socioeconomic disparities in adverse neighborhood-level
exposures. Although we adjusted for maternal education and
neighborhood median household income, we cannot rule out the
possibility of residual confounding by unmeasured socioeco-
nomic factors; b) In the northeastern United States, there is a
wider exposure range (i.e., residential proximity to major road-
ways in our study population ranged from 0:9 m–11,370:2 m)
than in Rotterdam, where people tend to live clustered within
the city. For example, most of the study participants in The
Generation R Study live within 800 m of a major road; c) Also,
automobile exhaust in the United States mainly comes from
gasoline combustions, whereas diesel exhaust contributes to a
significant part of traffic pollution in Netherlands. The differing
fuel sources may give rise to different emission profiles. Any of
these differences between the two study locations, alone or in
combination, may have been responsible for the discrepancies
in the results. In conclusion, our inability to replicate findings
from Project Viva in the Generation R Study may reflect differ-
ences in exposures resulting from residential proximity, or from
other differences between the two populations, though the pos-
sibility that our findings were due to chance must also be
acknowledged.

Our study has a number of strengths. For example, the longi-
tudinal nature of this cohort allows us to examine prospectively

the association between residential proximity to roadways at birth
and DNA methylation or cognitive test scores measured at mid-
childhood. In addition, we performed not only CpG-by-CpG
analysis, but also explored regional analysis when we studied the
association between residential proximity to roadways at birth
and cord blood DNA methylation. The consistency of the find-
ings between CpG-by-CpG analysis using robust linear regres-
sion and in regional analysis using DMRcate indicates the signals
we identified near/within the LAMB2 gene were robust to the
methods of analyses. Our study also has several limitations. As
already noted, we were not able to replicate our findings in the
Generation R Study population. Second, we do not have genetic
information for our study participants. Therefore, it is difficult to
rule out the possibility that the observed associations were pri-
marily driven by SNP or genetic background. Nevertheless, in the
data preprocessing steps, we removed SNP probes and probes
within 10 bp of a known SNP. We also did not identify SNPs close
to our FDR-significant CpG sites in the UCSC Genome Brow-
ser [Human Feb. 2009 (GRCh37/hg19) Assembly]. However, it
remains plausible that a SNP at a distance away from the methyla-
tion site could have an influence. Third, we measured DNA meth-
ylation levels in blood, and we do not have information on other
biologically relevant tissues (such as the brain). Therefore, further
experimental evidence is warranted to verify the biological signifi-
cance of LAMB2 DNA methylation in blood samples. Further,
blood DNA methylation levels (of the same loci) often vary with
age and time (Bjornsson et al. 2008). Hence, we need to interpret
with caution when we compare methylation levels from our birth
cohort (cord blood/childhood peripheral blood) with values from
the publically available dataset, in which their blood DNA methyl-
ation levels were assessed before death (age range 64–99)
(Hannon et al. 2015). Note also that no race/ethnicity information
was reported in the publicly available dataset. DNA methylation
may be influenced by near (cis)/or distant (trans) SNPs, and we
could not rule out the possibility that the difference in race/ethnic-
ity compositions may introduce unwanted biological variabilities
that may hinder a direct comparison. In addition, potential misclas-
sification of exposure may arise due to use of the maternal address
at birth as a proxy for exposure to major roadways throughout
pregnancy. Our results also may not be generalizable to other areas
of the world, where residential proximity to major roadways may
capture a different set of risk factors. Finally, both the verbal and
the nonverbal subset of the KBIT-2 test serve as global measures
of cognitive functioning and development and do not assess spe-
cific functional domains in the brain, which means that two chil-
dren with the same KBIT-2 score could have different patterns of
performance.

Conclusion
Among U.S. children in Project Viva, living closer to major
roadways at birth was associated with higher methylation of
CpG sites in the LAMB2 gene in cord blood samples at birth,
and in peripheral blood samples collected from the same chil-
dren at 7–11 years of age. In addition, methylation of the same
CpG sites in cord blood was associated with lower mean scores
on a test of nonverbal cognitive function in midchildhood, consist-
ent with effects on the LAMB2 gene, which is involved in neuro-
logical function and development. However, we were unable to
replicate associations between residential proximity at birth and
methylation of the LAMB2 CpG sites in cord blood in the
Generation R Study, conducted in Netherlands, and although this
inability to replicate associations might reflect differences in expo-
sures or susceptibility factors, additional research is needed to
determine whether our findings can be confirmed in other study
populations.
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