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Approximately 10–15% of reproductive-age couples in the 
United States and Canada experience infertility, defined as the 
inability to conceive after 12 months of unprotected inter-
course.1–3 Infertility can cause substantial psychological and 
economic hardship. Treatments for infertility cost up to $5 bil-
lion annually in the United States4 and may be associated with 
higher risk of adverse pregnancy and child health outcomes.5–8 

As couples delay childbearing, rates of infertility and use of 
infertility treatments are expected to increase.9 However, few 
modifiable risk factors for infertility have been identified.

Residential proximity to major roadways may serve as a proxy 
for a complex set of urban exposures, including traffic-related 
air pollution, noise, and other spatially-related characteristics, 
and has been associated with increased risk of cardiovascular10,11 
and respiratory disease12,13 and type 2 diabetes.14 Living close to 
major roadways may also affect reproduction: laboratory evi-
dence demonstrates that diesel exhaust, particulate matter, and 
other combustion-related pollutants have hormonal activity15–17 
and can increase oxidative stress and systemic inflammation.18–20 
Mice chronically exposed to urban air in São Paulo, Brazil had 
fewer antral follicles, longer estrus cycles, greater implantation 
failure, longer time-to-pregnancy, and fewer live births than 
mice exposed to air filtered for particulate matter.21,22

Several epidemiologic studies support the hypothesis that 
living close to major roadways is related to diminished repro-
ductive capacity. Two studies on this topic have been conducted 

What this study adds
This is the largest preconception cohort study to prospectively 
measure the association between road proximity metrics and 
fecundability. Among participants residing across the United 
States and Canada, living close to major roads was associated 
with reduced fecundability, even after adjustment for individual- 
and neighborhood-level confounding. Our analysis overcomes 
the limitations of previous studies examining this association, 
including small sample size, limited geographic diversity, and 
lack of control for neighborhood-level confounding. In addition, 
we prospectively measured fecundability in women representing 
the full range of the fertility spectrum, whereas most other stud-
ies have relied on retrospective report of time to pregnancy or 
have been conducted in fertility clinic populations.

aDepartment of Epidemiology, Boston University School of Public Health, 
Boston, Massachusetts; bDepartment of Environmental and Occupational Health 
Sciences, University of Washington School of Public Health, Seattle, Washington; 
cCollege of Public Health and Human Sciences, Oregon State University, Corvalis, 
Oregon; dDepartment of Environmental Health, Boston University School of Public 
Health, Boston, Massachusetts; eDepartment of Clinical Epidemiology, Aarhus 
University Hospital, Aarhus, Denmark; and fResearch Triangle Institute, Durham, 
North Carolina

Sponsorships or competing interests that may be relevant to content are 
disclosed at the end of the article.

Supplemental digital content is available through direct URL citations in the HTML 
and PDF versions of this article (www.epidem.com).

*Corresponding Author. Address: Department of Epidemiology, Boston University 
School of Public Health, 715 Albany Street, T4E, Boston, MA 02118. E-mail: 
akw23@bu.edu (A.K. Wesselink).

Copyright © 2020 The Authors. Published by Wolters Kluwer Health, Inc. 
on behalf of The Environmental Epidemiology. All rights reserved. This is an 
open-access article distributed under the terms of the Creative Commons 
Attribution-Non Commercial-No Derivatives License 4.0 (CCBY-NC-ND), where it 
is permissible to download and share the work provided it is properly cited. The 
work cannot be changed in any way or used commercially without permission 
from the journal.

Environmental Epidemiology (2020) 6:e112

Received: 26 May 2020; Accepted 7 August 2020

Published online 11 November 2020

DOI: 10.1097/EE9.0000000000000112

Background: Emerging evidence from animal and human studies indicates that exposure to traffic-related air pollution may 
adversely affect fertility.
Methods: Among 7,342 female pregnancy planners from the United States and 1,448 from Canada, we examined the association 
between residential proximity to major roads and fecundability, the per-cycle probability of conception. From 2013 to 2019, women 
21–45 years old who were trying to conceive without fertility treatment completed an online baseline questionnaire and follow-up 
questionnaires every 8 weeks for up to 12 months or until pregnancy. We geocoded residential addresses reported at baseline and 
during follow-up, and calculated distance to nearest major roads and length of major roads within buffers of 50, 100, 300, and 400 
meters around the residence as proxies for traffic-related air pollution. We used proportional probabilities regression models to esti-
mate fecundability ratios (FRs) and 95% confidence intervals (CIs), adjusting for individual- and neighborhood-level characteristics.
Results: In the United States, the FR comparing women who lived <50 meters with those who lived ≥400 meters from the closest 
major road was 0.88 (95% CI = 0.80, 0.98). The association among Canadian women was similar in magnitude, but less precise 
(FR = 0.93; 95% CI = 0.74, 1.16). Likewise, length of major roads within buffers of 50 and 100 meters was associated with lower 
fecundability in both countries; associations were attenuated within larger buffers.
Conclusions: These results are consistent with the hypothesis that traffic-related air pollution or other near-road exposures may 
adversely affect fecundability.
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among couples undergoing fertility treatment.23,24 In a study of 
7,463 couples undergoing their first autologous in vitro fertil-
ization cycle at four fertility clinics (Seattle, WA; San Francisco, 
CA; Los Angeles, CA; and Shady Grove, MD), women living 
within 100 meters of a highway or 50 meters from a major 
road had 0.90 times the probability of a positive pregnancy test 
(95% confidence interval [CI] = 0.83, 0.97) and live birth (95% 
CI = 0.82, 0.99), respectively, relative to women living at least 
100 meters from a highway and 50 meters from a major road.24 
Likewise, among 423 women undergoing fertility treatment at a 
Massachusetts hospital (Environment and Reproductive Health 
[EARTH] study), living <50 meters (vs. ≥400 meters) from a 
major road or highway was associated with lower probability 
of implantation (49% vs. 62%) and live birth (33% vs. 46%).23 
However, traffic density, characterized by length of roads within 
100 meters of the residence multiplied by the annual average 
daily traffic counts for those roads, was not meaningfully asso-
ciated with probability of implantation or live birth or interme-
diate treatment outcomes (e.g., estradiol trigger concentrations 
or endometrial thickness).23

Unlike studies of couples undergoing fertility treatment, pre-
conception cohort studies of couples attempting to conceive 
spontaneously have the advantage of capturing the full range of 
the fertility spectrum, rather than restricting to the least fertile 
couples. In the Longitudinal Investigation of Fertility and the 
Environment (LIFE), a preconception cohort study of 500 cou-
ples from Michigan and Texas, a 200-meter increase in distance 
between the residence and a major road was associated with a 
3% increase in the per-cycle probability of pregnancy.25 In the 
Nurses’ Health Study II, living within 200 meters of a major road 
was associated with an 11% increased risk of infertility (95% 
CI = 2%, 20%) compared with living at least 200 meters from a 
major road. Results were stronger for secondary infertility (i.e., 
infertility among parous women), and appeared to be strongest 
for ovulatory infertility and weakest for male factor infertility.26

In the present report, we examined the association between 
residential proximity to major roads and fecundability, the 
per-cycle probability of conception, in a prospective precon-
ception cohort study of pregnancy planners residing across the 
United States and Canada.

Methods

Study design and population

Pregnancy Study Online (PRESTO) is a web-based preconcep-
tion cohort study of pregnancy planners. The study methods 
have been described in detail elsewhere.27 Briefly, eligible women 
were 21–45 years old, residing in the United States or Canada, 
and attempting to conceive without use of fertility treatments. 
Enrollment began in June 2013 and women were recruited 
primarily through advertisements placed on social media and 
health-related websites. After completing a screener question-
naire to determine eligibility, women completed an online 
baseline questionnaire on sociodemographics, lifestyle, med-
ical and reproductive histories, and medication use. Ten days 
after baseline, participants were invited to complete a validated 
food frequency questionnaire (the National Cancer Institute’s 
Diet History Questionnaire [DHQ] II).28 Every 8 weeks, women 
completed online follow-up questionnaire on pregnancy sta-
tus and changes in residential address and other time-varying 
characteristics.

The study protocol was approved by the Institutional Review 
Board at the Boston University Medical Campus, and all partic-
ipants provided informed consent.

Exposure assessment

Women reported their full residential address at baseline and, 
beginning in October 2014 (84% of participants enrolled), 

during follow-up. We geocoded all addresses using ArcGIS 10.3 
(ESRI, Redlands, CA), and preferentially assigned latitude and 
longitude to precise parcel locations. We estimated geocodes 
not matched to a parcel using an automated procedure that cal-
culates the location of the house number. If no house number 
was available, we assigned the geocode to the location of the 
nearest intersection or middle of the length of the residential 
street. Since automated geocoding typically places locations on 
the centerline of roads, we applied a 9-meter offset to estimate 
residential location for nonparcel locations.29

We defined major roads in the US-based on Census Feature 
Class Codes A1 (primary highway with limited access, only acces-
sible via. ramps), A2 (primary road without limited access), and 
A3 (secondary and connecting roads).30 In Canada, we defined 
major roads using the 2016 Digital Mapping Technologies, Inc. 
(DMTI) road network classifications of “expressways,” “high-
ways,” and “major roads.”31 We calculated a number of road 
proximity metrics informed by previous air pollution measure-
ment studies,32–36 including Euclidean distance to closest major 
road; Euclidean distance to closest highway (A1–A2 road in the 
United States and expressways or highways in Canada); length 
of major roads within buffers of 50, 100, 300, and 400 meters; 
Euclidean distance to closest intersection; and number of inter-
sections within a buffer of 500 meters. Finally, we calculated a 
binary “near road residence” variable, defined as living within 
50 meters of a major road or within 100 meters of a highway, as 
has been previously described.24

Outcome assessment

On the baseline questionnaire, women reported the number 
of menstrual cycles in which they had been trying to conceive. 
At baseline and over follow-up, we collected data on date of 
last menstrual period (LMP) and cycle regularity (“Has your 
menstrual period been regular in a way that you could usually 
predict about when the next period would start?”). For women 
with regular cycles, we asked them about their typical cycle 
length; for women with irregular cycles, we estimated typical 
cycle length using information on the number of periods in a 
year, the estimated number of days until their next period, and 
LMP dates at baseline and over follow-up.

On each follow-up questionnaire, administered every 8 
weeks, women reported if they were currently pregnant, if they 
had initiated fertility treatment, and if they had experienced 
any intervening pregnancy losses since their last questionnaire. 
Women who reported a pregnancy were asked about how their 
pregnancy was confirmed (e.g., urine test, blood test, and ultra-
sound). Over 96% of participants reported using home preg-
nancy tests to confirm pregnancy. For women who were not 
pregnant, we asked if they were still trying to conceive. Among 
women who were lost to follow-up, we sought outcome infor-
mation by contacting participants directly via. phone or email, 
searching for baby registries and birth announcements online, 
and by linking with birth registries in selected states (CA, FL, 
MA, MI, OH, PA, and TX). For pregnancies identified without 
direct participant contact, we assumed that this was the wom-
an’s first pregnancy since enrolling in the study. We calculated 
time to pregnancy in discrete menstrual cycles using the follow-
ing formula: (cycles trying to conceive at study entry) + ([LMP 
date from most recent follow-up questionnaire–date of baseline 
questionnaire]/cycle length) + 1.

Covariate assessment

We collected individual-level covariate data on the baseline 
questionnaire and the food frequency questionnaire.28 We 
ascertained information on sociodemographics (age, educa-
tional attainment, annual household income, race/ethnicity), 
lifestyle (cigarette smoking, passive smoke exposure, alcohol 
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intake, sugar-sweetened soda intake, physical activity, daily 
multivitamin/folic acid use), anthropometrics (height, weight), 
reproductive history (parity, history of infertility, last method 
of contraception), and factors related to intensity of trying to 
conceive (intercourse frequency, doing something to improve 
chances of conception [i.e., timing intercourse, charting men-
strual cycles, using an ovulation predictor kit]). We calculated 
body mass index (BMI) as weight (kg) over height (m) squared. 
From the food frequency questionnaire, we calculated the 
2010 version of the Healthy Eating Index (HEI), a measure of 
diet quality.37

We linked geocoded addresses to the 2010 US Census and 
the 2016 Canadian Census to obtain information on neigh-
borhood-level factors for each census tract, including percent 
of residents with less than a high school education, percent 
non-Hispanic White residents, and tract-level median household 
income. We also measured whether the participant’s address was 
in an urban or nonurban census tract. In the United States, we 
defined urban addresses, based on the definition from the 2010 
US Census, as those living in an area with a population density 
of at least 1,000 people per square mile and with population of 
at least 2,500 people.38 In Canada, we defined urban addresses 
as those within a census metropolitan area (an area consisting 
of one or more neighboring municipalities situated around an 
urban core with total population of >100,000 of which >50,000 
live within urban core).39

Exclusions

Between June 2013 and April 2019, 10,466 eligible women 
completed the baseline questionnaire. We excluded 175 women 
with implausible baseline LMP data, 1,168 women who had 
been attempting to conceive for 12 or more cycles at study 
entry, and 60 women who resided outside the contiguous United 
States (i.e., Hawaii, Alaska, US territories). Of the remaining 
7,587 women from the contiguous United States, we excluded 
245 women (3.2%) because their baseline addresses could not 
be geocoded. Of the remaining 1,476 Canadian women, the cor-
responding exclusion was 28 women (1.9%). The final analytic 
sample comprised 7,342 women from the contiguous United 
States and 1,448 women from Canada.

Statistical analysis

Women contributed at-risk cycles to the analysis from baseline 
until pregnancy, regardless of the outcome, or one of the fol-
lowing censoring events: stopped trying to conceive, initiated 
fertility treatment, loss to follow-up/withdrawal, or 12 cycles, 
whichever came first. We used life-table methods to calculate 
the proportion of women who conceived over follow-up, after 
accounting for censoring.40 We fit restricted cubic splines to 
determine the monotonicity of the association between road 
proximity metrics and fecundability. We categorized exposures 
based on prior research on the decay of pollutants around major 
roads,41,42 categorization schemes used in previous studies,23,24,26 
and the distribution of values in our data. We used the same cut 
points for the United States and Canadian data. We categorized 
distance to major roads and highways as <50, 50–99, 100–199, 
200–399, and ≥400 meters. For distance to major intersections, 
we used the same categorization, except we combined the closest 
two categories (<100 meters) due to small numbers. For length 
of major roads within varying buffer sizes, we used no major 
roads within the buffer as the reference group, and then cate-
gorized the remaining values as <25th, 25 to <75th, and ≥75th 
percentiles (defined in the two countries combined). For the 300 
and 400 meter buffers, we divided the 25 to <75th percentile 
group into two categories (25 to <50th and 50 to <75th percen-
tiles). We categorized number of major intersections within 500 
meters as none, 1–9, and ≥10.

We used the Andersen-Gill data structure to account for 
left truncation due to delayed entry into the risk set43,44 and to 
update exposures and covariates over time. We fit proportional 
probabilities regression models (i.e., log-binomial regression 
models with one observation per menstrual cycle) to estimate 
fecundability ratios (FRs) and 95% confidence intervals (CIs) 
comparing each category of exposure with the referent group. 
We modeled indicator variables for cycle at risk to account for 
the decline in baseline fecundability with increasing attempt 
time. We updated exposures over time when women changed 
residences over follow-up (4% of analytic cohort). There were 
five women whose new residences over follow-up could not be 
geocoded; for these women, we carried forward their previous 
address information. We used the weighted copy method to 
facilitate the convergence of regression models.45

We selected potential confounders a priori based on a lit-
erature review and construction of a directed acyclic graph 
(Supplemental Figure 1; http://links.lww.com/EE/A110). Final 
models adjusted for the following individual-level variables 
ascertained at baseline: age (<25, 25–29, 30–34, 35–39, ≥40 
years), race/ethnicity (non-Hispanic Black, non-Hispanic Asian, 
non-Hispanic White, non-Hispanic other/mixed race, Hispanic), 
education (≤12, 13–15, 16, ≥17 years), annual household 
income (<50,000, 50,000–99,999, 100,000–149,999, ≥150,000 
US dollar [USD]), BMI (<25, 25–29, 30–34, ≥35 kg/m2), physical 
activity (<10, 10–19, 20–39, ≥40 metabolic equivalent of task 
[MET]-hours/week), cigarette smoking (not current, current 
occasional, current regular), sugar-sweetened beverage intake 
(0, 1, 2–6, ≥7 drinks/week), daily multivitamin or folic acid 
intake, HEI score (<60, 60–69, 70–79, ≥80),46 parity (nullipa-
rous, parous), intercourse frequency (<1, 1, 2–3, ≥4 times/week), 
and doing something to improve chances of conception (i.e., 
timing intercourse, charting menstrual cycles, ovulation pre-
dictor kit). We also included three census tract-level variables, 
modeled individually: median household income (<50,000, 
50,000–74,999, 75,000–99,999, ≥100,000 USD), percent 
non-Hispanic White (<50, 50–74, 75–89, ≥90%), and percent 
with less than a high school education (<5, 5–14, 15–24, ≥25%). 
We obtained information on dietary and supplemental intake of 
folate from the DHQ II.

We accounted for missing covariate and outcome data using 
multiple imputation. For women who did not complete any 
follow-up questionnaires (15.6%), we assigned them one cycle 
of follow-up and imputed their pregnancy status at that cycle. 
Covariate missingness ranged from 0% (age) to 38% (HEI 
score, which was measured only among women who completed 
the food frequency questionnaire). We generated five imputed 
data sets using Markov chain Monte Carlo methods and sta-
tistically combined FRs and standard errors across data sets.47

Because the etiology of primary and secondary infertility may 
be different, and a previous study documented a stronger associ-
ation between roadway proximity and risk of secondary infertil-
ity relative to primary infertility,26 we stratified final models by 
parity (nulliparous vs. parous). In addition, studies have found 
that individuals with low folate intake may be more suscepti-
ble to the adverse health effects of air pollution,48,49 including 
poorer pregnancy outcomes.50 Therefore, we stratified multi-
variable models by total folate intake (including from dietary 
and supplemental sources) in dietary folate equivalents (DFEs; 
a unit of measurement that captures bioavailability of folate). 
In our primary stratified analysis, we categorized total folate 
as above versus below 1,000 DFE, the median in our cohort. 
We conducted additional sensitivity analyses categorizing total 
folate intake and supplemental folate intake at 400 DFE (the 
recommended daily intake) and 800 DFE (twice the recom-
mended daily intake).

We used slightly different exposure metrics in the United 
States and Canada, based on the different road classifications 
used in the two countries. Therefore, we stratified our primary 
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analyses by country. In secondary analyses, we combined the 
effect estimates across countries using a fixed effects meta-anal-
ysis, which is equivalent to pooling the United States and 
Canada subpopulations.51,52 We conducted sensitivity analy-
ses restricting to women who had been trying to conceive for 
≤6 and ≤2 cycles at cohort entry, as women may change their 
behaviors in response to difficulty conceiving and may report 
pregnancy attempt times with more error. Last, because major 
roads in urban areas generally have a higher traffic volume than 
major roads in rural areas, we conducted a sensitivity analysis 
restricted to addresses in an urban census tract.

Results
This analysis includes women from all 48 contiguous US states 
and 10 Canadian provinces. The states/provinces with the highest 
proportion of participants were Massachusetts (10%), California 
(6%), Ontario (6%), Texas (5%), and Michigan (4%). The major-
ity of women in our study population are non-Hispanic White 
(84%), have a college degree or more (70%), and an annual 
household income of at least 75,000 USD (59%). However, there 
was some variability in socioeconomic status: 6% of women had 
a high school education or less and 8% had an annual household 
income of less than 25,000 USD. The mean BMI was 28 kg/m2 and 
18% of women had a BMI ≥35 kg/m2. Most women were phys-
ically active, including outdoor physical activity such as walking 
(mean hours/week = 5.0), cycling (mean hours/week = 0.3), and 
gardening (mean hours/week = 0.6). Cigarette smoking (8%) or 
consuming ≥14 alcoholic beverages on average per week (3%) 
were uncommon. Most women took a daily multivitamin or folic 
acid supplement (79%); 49% had never been pregnant and 33% 
had a previous birth. Most women lived in urban census tracts 
(85%). The mean census tract median household income was 
63,000 USD (range = 9,300–290,000 USD); other census tract 
characteristics included percent of population with <high school 
education (mean = 12%, range = 0–72%), percent unemployed 
(mean = 5%, range = 0–44%), and percent non-Hispanic White 
(mean = 75%, range = 0–100%).

Fourteen percent of participants from the United States lived 
within 50 meters of an A1, A2, or A3 road. Among women who 
lived within 50 meters of a major road, the length of major roads 
within the 50-meter buffer around their home ranged from 11 
to 350 meters (median = 91 meters). The median distance to the 
closest major intersection was 580 meters (interquartile range 
[IQR] = 318, 1,058 meters). In Canada, 14% of participants 
lived within 50 meters of an expressway, highway, or major road. 
Among women who lived within 50 meters of a major road, the 
length of major roads in the 50-meter buffer ranged from 1 to 
375 meters (median = 86 meters). The median distance to the 
closest major intersection was 548 meters (IQR = 270, 1,333 
meters). In both the United States and Canada, distance to the 
closest major road was inversely associated with annual house-
hold income and positively associated with non-Hispanic White 
race/ethnicity and parity (Table 1). Residence in an urban cen-
sus tract and proportion of individuals in the census tract with 
less than high school education were inversely related to road-
way proximity in the United States, whereas census tract-level 
median household income and proportion non-Hispanic White 
individuals were positively related to distance to major roads. 
Associations between roadway proximity and census tract vari-
ables in Canada were weaker: only lower median household 
income was associated with living close to a major road.

Among 7,342 US women, 4,099 conceived (66.6% when 
life-table methods were applied; 55.8% without accounting for 
censoring) during 27,565 menstrual cycles of follow-up. The 
remaining women either stopped trying to conceive (2.5%), ini-
tiated fertility treatment (7.1%), were lost to follow-up (15.4%), 
or participated for 12 cycles without conceiving (19.3%). Living 
within 50 meters of a major road (A1–A3) was associated with 

12% lower fecundability compared with living ≥400 meters 
from a major road (FR = 0.88; 95% CI = 0.80, 0.98), with some 
evidence of a dose-response trend (Figure 1 and Supplemental 
Table 1; http://links.lww.com/EE/A110). Results for living close 
to a highway (A1–A2) were stronger in magnitude, but less pre-
cise (FR comparing <50 meters with ≥400 meters was 0.76; 95% 
CI = 0.59, 0.99). However, the estimated association between 
distance to highway and fecundability was not monotone, and 
fecundability was elevated for women living 50–99 and 100–
199 meters compared with ≥400 meters from a major highway. 
Distance to major intersections (i.e., any intersection between 
two major roads) was also associated with reduced fecund-
ability (FR comparing <100 with ≥400 meters was 0.83; 95%  
CI = 0.70, 1.00). When examining density of major roads around 
the home, operationalized as length of major roads within buf-
fers of varying sizes, we found that women with a higher density 
of major roads around their residence had lower fecundability 
than women with lower density of major roads (Figure 2 and 
Supplemental Table 1; http://links.lww.com/EE/A110). Results 
were generally stronger for buffers of smaller size. For exam-
ple, women with a length of ≥98 meters (≥75th percentile) of 
major road within 50 meters of their residence had an FR of 
0.82 (95% CI = 0.70, 0.96) compared with women with no 
major roads within 50 meters of their residence. When using a 
buffer of 400 meters, the FR comparing the highest and lowest 
categories was 0.88 (95% CI = 0.80, 0.96).

Among 1,448 Canadian women, 845 conceived (69.7% when 
life-table methods were applied; 58.4% without accounting for 
censoring) over 5,279 menstrual cycles of follow-up. The remain-
ing women either stopped trying to conceive (2.8%), initiated 
fertility treatment (4.8%), were lost to follow-up (16.2%), or 
participated for 12 cycles without conceiving (18.0%). Results 
among Canadian women were generally similar in magnitude 
to those among US women, but were less precise due to smaller 
sample size (Figure 1 and Supplemental Table 1; http://links.lww.
com/EE/A110). For example, living within 50 meters of a major 
road (DMTI classifications of expressway, highway, or major 
road) was associated with 7% lower fecundability compared 
with living ≥400 meters away (FR = 0.93; 95% CI = 0.74, 1.16), 
although results for categories of 50–99, 100–199, and 200–399 
were different than those from the United States The FR for liv-
ing <100 meters from a major intersection (compared with ≥400 
meters) was 0.79 (95% CI = 0.51, 1.22). Associations with den-
sity of major roads (Figure 2 and Supplemental Table 1; http://
links.lww.com/EE/A110) were observed in the 50-meter buffer 
only: comparing ≥98 meters of roads within 50 meters with no 
roads within 50 meters was associated with 23% lower fecund-
ability (FR = 0.77; 95% CI = 0.48, 1.24). Length of major roads 
within larger buffers was not appreciably related to fecundability.

The estimates combined across countries using a fixed effects 
meta-analysis generally supported an association between road 
proximity and fecundability (Figures 1 and 2 and Supplemental 
Table 1; http://links.lww.com/EE/A110). The strongest com-
bined results were for distance from highways (FR for <50 vs. 
≥400 meters was 0.81; 95% CI = 0.66, 1.00) and length of 
major roads within a 50 meter buffer (FR for ≥98 vs. 0 meters 
was 0.82; 95% CI = 0.70, 0.95). Restricted cubic spline models 
(Figure 2) indicated an inverse association between density of 
major roads around the residence and fecundability at all exam-
ined buffers; results were strongest, but the least precise, when 
using the 50-meter buffer.

Results were generally stronger among parous women 
(Figure 3), particularly in the United States (Supplemental Table 
2; http://links.lww.com/EE/A110). We did not find strong evi-
dence of effect modification by folate intake, regardless of the 
cut point used or the assessment of total folate or supplemen-
tal folate only (Supplemental Table 3; http://links.lww.com/
EE/A110). When we restricted to women who had been trying 
to conceive for 0–6 cycles and 0–2 cycles, results were similar 
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in magnitude, but less precise (Supplemental Table 4; http://
links.lww.com/EE/A110). Last, results were comparable when 
restricting to urban addresses (Supplemental Table 5; http://
links.lww.com/EE/A110).

Discussion

In this large geographically dispersed cohort of pregnancy 
planners residing across the United States and Canada, most 
metrics of residential proximity to major roads, particularly 

Table 1.

Baseline characteristics by distance of residence from nearest major roadway among women residing in the contiguous United 
States and Canada, Pregnancy Study Online (2013–2019)

 

United States (n = 7,342) Canada (n = 1,448)

Distance from closest A1–A3 road (meters)
Distance from closest expressway, highway,  

or major road (meters)

Characteristica <50 50–99 100–199 200–399 ≥400 <50 50–99 100–199 200–399 ≥400

Number of women 1,046 863 1,488 1,750 2,195 204 161 291 375 424
Age (years); mean 30.1 30.3 29.9 30.0 29.8 29.0 29.9 29.6 29.4 29.6
Race/ethnicity, %
 Non-Hispanic White 80.9 80.4 82.4 82.2 85.0 87.1 84.1 86.0 92.3 91.8
 Non-Hispanic Black 4.7 3.9 4.0 3.9 3.4 1.5 1.5 2.1 0.6 0.2
 Non-Hispanic Asian 2.7 2.9 2.0 1.6 1.0 3.5 4.0 3.7 1.3 1.4
 Hispanic 8.2 8.7 7.6 7.8 6.2 3.4 3.1 3.0 1.9 1.9
 Other race/ethnicity 3.5 4.2 4.0 4.5 4.4 3.7 7.3 5.1 3.9 4.7
≤12 years education, % 6.4 6.5 6.7 4.8 6.2 5.8 5.1 5.9 3.9 4.7
Household income <50,000 USD/year, % 24.9 24.0 21.3 20.1 22.2 19.2 14.6 17.5 13.1 15.0
BMI (kg/m2); mean 28.3 28.0 28.0 28.3 28.8 26.9 27.5 27.8 27.2 27.2
Physical activity (MET-hours/week); mean 39.3 39.5 36.9 37.3 37.2 34.4 35.3 37.1 35.1 33.8
Current regular smoker, % 7.7 8.1 7.6 7.2 7.3 8.8 8.8 8.3 6.9 8.2
Alcohol (drinks/week); mean 3.4 3.3 3.1 3.2 3.0 3.3 2.9 3.2 3.2 3.2
Sugar-sweetened soda (drinks/week); mean 1.7 1.8 1.6 1.6 2.0 1.3 1.0 1.2 1.1 1.1
Healthy Eating Index 2010 score; mean 64.6 64.3 64.1 64.4 62.6 65.9 67.5 67.2 66.9 66.5
Daily multivitamins/folic acid, % 77.0 79.0 79.2 79.4 79.4 78.7 81.1 78.9 75.9 74.4
<7 hours/night of sleep, % 25.8 24.7 26.6 25.6 28.1 24.3 23.8 26.3 25.1 21.9
Parous, % 29.9 29.4 34.5 35.7 37.3 21.6 25.7 24.5 25.2 26.5
Intercourse <1 time/week, % 22.1 22.7 21.1 21.8 19.6 22.6 17.9 21.8 19.2 20.7
Hormonal last contraception, % 39.8 38.7 37.8 38.2 41.5 39.3 33.3 34.9 33.0 32.1
History of infertility, % 12.0 10.1 10.3 10.6 11.3 10.0 5.7 6.6 8.2 6.9
Doing something to improve chances, % 77.0 75.3 77.6 77.5 78.7 78.1 77.2 73.9 76.4 75.5
Urban census tract, % 89.3 92.0 93.0 92.4 72.5 73.7 87.0 80.7 81.9 74.4
Tract-level median household incomeb 58,000 58,000 59,100 58,800 63,700 71,800 73,800 73,000 77,400 88,800
Tract-level % <high school education 12.1 12.5 11.7 11.6 10.8 16.6 15.7 16.7 16.7 16.6
Tract-level % unemployed 4.9 5.0 4.9 4.9 4.5 7.7 8.1 8.1 7.8 7.4
Tract-level % non-Hispanic White 72.6 70.5 71.5 71.5 77.2 80.9 77.6 79.8 81.5 83.8

aWith the exception of age, all characteristics are standardized to the age of the cohort at baseline.
bUS results reported in USD; Canadian results reported in Canadian dollars.

Figure 1. Association between distance to major roads and intersections and fecundability. Near-road residence was defined as living <50 meters from a 
highway or <100 meters from a major road. The left and center panels show results for women residing in the United States and Canada, respectively. The right 
panel shows results combined across the two countries using a fixed effects meta-analysis. Fecundability ratios are adjusted for age, race/ethnicity, income, 
education, BMI, physical activity, smoking, sugar-sweetened soda intake, HEI score, multivitamin/folic acid intake, parity, intercourse frequency, doing some-
thing to improve chances of conception, census tract median household income, census tract % with less than a high school education, and census tract % 
non-Hispanic White.



Wesselink et al. • Environmental Epidemiology (2020) 6:e112 Environmental Epidemiology

6

within 100 meters, were associated with lower fecundability. 
Although the Canadian results were less precise, the effect 
estimates were generally similar in magnitude across both 
countries.

These findings are consistent with several cohort studies 
examining residential proximity to major roads and fertility 
treatment outcomes,23,24 fecundability,25 and infertility,26 which 
have found that living close to major roads is associated with 
subfertility. The primary limitations of previous studies have 
been small size,23,25 enrollment of participants from restricted 
geographic areas,23–25 and limited control for confounding by 
neighborhood-level factors.25 In addition, only one previous 
study on this topic enrolled couples trying to conceive sponta-
neously and prospectively measured their time-to-pregnancy25; 
the other studies either assessed fertility treatment outcomes23,24 
or prospectively-measured infertility.26

Not all of the measured exposure metrics showed dose-re-
sponse associations with fecundability. For example, in the 
United States, distance to the nearest highway was associated 
with reduced fecundability in the closest category, but slightly 
increased fecundability in the middle categories. We do not 
suspect that the association of increased fecundability in the 
middle categories is causal, but could stem from unmeasured 
confounding or chance. Likewise, many of the associations 
among Canadian women were imprecise and nonmonotonic, 
and were associated with reduced fecundability only in the 
extreme categories.

Our finding of a stronger association among parous women 
compared with nulliparous women, particularly in the United 
States, agrees with results from the Nurses’ Health Study II, 
where the association between living within 200 meters of an 
A1–A3 road and infertility was stronger for secondary infertility 
(i.e., infertility among parous women) compared with primary 
infertility. Women at risk for secondary infertility have proven 
fertility, whereas nulliparous women include a mix of sterile, 
subfertile, and fertile women. If air pollution is more strongly 
associated with a specific type of infertility (e.g., ovulatory 
infertility), and the proportion of this type of infertility is more 
prevalent in secondary than primary infertility, differences in 
infertility subtype could explain our finding.

In the EARTH study, a prospective study of couples under-
going fertility treatment at a Massachusetts hospital, the asso-
ciation between residential proximity to major roads and the 
probability of live birth was stronger among women with low 
total folate intake,50 which could be due to the effect of both air 
pollution and folate on deoxyribonucleic acid (DNA) methyla-
tion,53,54 oxidative stress,55,56 and/or inflammation.57 We evalu-
ated this hypothesis in PRESTO by stratifying results by total 
folate intake above or below the median (~1,000 DFE/day). 
However, we observed similar associations between roadway 
proximity and fecundability across strata of folate intake. We 
selected different cut points, including 400 (the daily recom-
mended intake) and 800 (twice the daily recommended intake) 
DFE/day, but still found no meaningful differences across strata. 

Figure 2. Restricted cubic spline analysis examining the association between density of major roads around the residence and fecundability. The short dashed 
lines represent the fecundability ratios (FRs) for women residing in the United States. The long dashed lines represent FRs for women from Canada. The solid 
line represents FRs pooled across the two countries, and the shaded area indicates the 95% confidence band for the pooled data. The reference value for all 
splines is 0 (in other words, no major roads within the buffer). We included three knots in each spline at the 10th, 50th, and 90th percentile for the pooled data. 
All splines are adjusted for age, race/ethnicity, income, education, BMI, physical activity, smoking, sugar-sweetened soda intake, HEI score, multivitamin/folic 
acid intake, parity, intercourse frequency, doing something to improve chances of conception, census tract median household income, census tract % with less 
than a high school education, and census tract % non-Hispanic White.
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It is possible that low folate intake only exacerbates the effect 
of air pollution at higher levels than we were able to observe in 
this cohort.

While residential proximity to major roads is commonly used 
as a proxy for exposure to traffic, it is also related to urbanic-
ity, noise, lack of green space, and neighborhood socioeconomic 
status. Several studies have shown that exposure to individual 
air pollutants, including fine particulate matter and nitrogen 
dioxide, is associated with markers of lower fertility.24,26,58–64 
Likewise, noise from road traffic has been associated with subfe-
cundity in the Danish National Birth Cohort.65 Noise may influ-
ence fertility through shorter sleep duration and poorer sleep 
quality, greater stress levels, and greater depressive symptoms, 
all of which have been associated with reduced fecundability 
in PRESTO.66–69 Green space, while unstudied in relation to fer-
tility, has been associated with improved birth outcomes and 
child development.70,71 Thus, while our use of a proxy exposure 
measure effectively captures the complex mixture of exposures 
found near major roads, we could not identify the contribution 
of each of these factors to the observed associations.

We based our exposure assessment on each participant’s 
residential address. We did not collect information on time-ac-
tivity patterns, housing characteristics influencing pollution 
infiltration, and other factors that may result in a difference 
between our exposure metric and an individual’s exposure to 
traffic-related air pollution. Thus, some misclassification is inev-
itable. However, we assessed exposure using residential address 
reported at baseline (i.e., before pregnancy was observed); 
therefore, misclassification is likely nondifferential, which is 
expected to bias results towards the null in the extreme catego-
ries of exposure.

Our outcome measure was estimated using self-reported 
attempt time at study entry, LMP dates, usual cycle length, 
and pregnancy status. To the extent that any of these variables 
were measured with error, outcome misclassification could 
have occurred. Attempt time at study entry may be misclassi-
fied, particularly for women with longer attempt times at study 

entry, for whom digit preference is more likely. However, when 
we restricted analyses to women with 0–2 cycles of attempt at 
study entry, results were similar, indicating that misclassification 
is not an important source of bias. Previous validation work 
in PRESTO has shown that 93% of women reported baseline 
LMP dates within 1 day of LMP dates prospectively collected in 
real-time through a menstrual charting app.27 Likewise, among 
women who conceived, LMP date reported during early preg-
nancy was within 1 day of LMP date from the menstrual chart-
ing app for 98% of women.27 Although we may have missed a 
small number of conceptions that ended in early losses because 
we did not have daily measures of urinary human chorionic 
gonadotropin (hCG), 96% of the women in our cohort report 
using home pregnancy tests and the average gestational weeks 
at pregnancy detection was 4.0 (interquartile range = 3.7, 4.4), 
indicating that women are testing early (i.e., before a missed 
period). Therefore, we expect outcome misclassification to be 
minimal.

We controlled for a wide range of potential confounders, 
including individual- and neighborhood-level sociodemograph-
ics, lifestyle, and medical variables. However, we did not observe 
strong confounding in the analyses. As in any observational 
study, the possibility of unmeasured confounding exists, but we 
do not have specific hypotheses regarding which variables could 
explain the observed associations.

Loss to follow-up was not appreciably associated with liv-
ing close to major roads (16.0% of women living ≥400 meters 
from the closest major road were lost to follow-up compared 
with 15.3% of women living <50 meters from the closest major 
road). Therefore, differential attrition is likely not an important 
source of bias in this analysis.

Our study population consisted of volunteer pregnancy plan-
ners who enrolled through the internet. Use of internet-based 
recruitment of participants, methodology that has been used in 
many cohort studies and randomized trials, should not neces-
sarily bias etiologic associations based on internal comparisons, 
as we have previously demonstrated.72 However, pregnancy 

Figure 3. Association between distance to major roads and intersections and fecundability, stratified by parity and pooled across cohorts using a fixed effects 
meta-analysis. Near-road residence was defined as living <50 meters from a highway or <100 meters from a major road. The left panel shows results for nul-
liparous women. The right panel shows results for parous women. Fecundability ratios are adjusted for age, race/ethnicity, income, education, BMI, physical 
activity, smoking, sugar-sweetened soda intake, HEI score, multivitamin/folic acid intake, parity, intercourse frequency, doing something to improve chances of 
conception, census tract median household income, census tract % with <high school education, and census tract % non-Hispanic White.
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planning is related to higher socioeconomic status and health-
ier lifestyle. It is possible that residence-based ambient traffic 
exposure has less of an effect in a higher socioeconomic sta-
tus cohort, where housing characteristics (e.g., high-quality 
insulation that prevents filtration into the home) or other built 
environment features could reduce personal exposure to air 
pollution and noise. This could therefore modify the associa-
tion between residential traffic exposure and fecundability, and 
therefore, our results may not be generalizable to populations 
with lower socioeconomic status.

Our results lend support to the hypothesis that living close 
to major roads, as a proxy for traffic-related air pollution, is 
associated with reduced fecundability. We observed this associa-
tion in a cohort of women that were largely non-Hispanic White 
and of high socioeconomic status. The observed association, if 
causal, could have greater ramifications in more highly polluted 
areas and in populations with lower socioeconomic status.
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