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Abstract

Background.—Traffic-related air pollution has been linked to multiple adverse pregnancy
outcomes. However, few studies have examined pregnancy loss, targeting losses identified by
hospital records, a large limitation as it does not capture events not reported to the medical system.
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Methods.—We used a novel variation of the time-series design to determine the association, and
identify the critical window of vulnerability, between week-to-week traffic-related air pollution
and conceptions resulting in live births, using nitrogen dioxide (NO,) as a traffic emissions tracer.
We used information from all live births recorded at Beth Israel Deaconess Medical Center in
Boston, MA, USA (2000-2013) and all live births in Tel Aviv District, Israel (2010-2013).

Results: In Boston (68,969 live births), the strongest association was during the 15" week of
gestation; for every 10 ppb of NO5 increase during that week we observed a lower rate of live
births (rate ratio [RR]=0.87; 95% confidence interval [CI]: 0.78-0.97), using live birth-identified
conceptions to infer pregnancy losses. In the Tel Aviv District (95,053 live births), the strongest
estimate was during the 16t gestational week gestation (RR=0.82; 95%CI: 0.76-0.90 per 10 ppb
of NOy).

Conclusions: Using weekly conceptions ending in live birth rather than identified pregnancy
losses, we comprehensively analyzed the relationship between air pollution and all pregnancy loss
throughout gestation. The observed results, with remarkable similarity in two independent
locations, suggest that higher traffic-related air pollution levels are associated with pregnancy loss,
with strongest estimates between the 10t and 20t gestational weeks.

Keywords
Air pollution; traffic; nitrogen dioxide; pregnancy loss; miscarriage

Introduction

A large number of studies have found air pollution to be associated with a multitude of
adverse health effects.1~* In addition, several studies have estimated adverse reproductive
effects of exposure to air pollution including reduced birth weight, pre-term birth, and small
for gestational age birthweight.>-12 These reproductive endpoints are relatively easy to
measure and thus lend themselves to more feasible analyses of exposure-related effects. It is
much more challenging, however, to study the impact of air pollution exposure on pregnancy
loss as this outcome is much more difficult to identify.

A few studies have explored the relation between air pollutants and stillbirth — defined as
loss of a fetus after 20 weeks of gestations — in part because these often are recorded in
administrative data.13-18 Even fewer have tried to examine the relation between air
pollutants and pregnancy loss at or before 20 weeks of gestation, typically in high exposure
settings.1%-23 Together, these studies suggest an association between air pollution and early
pregnancy loss, although some are in very high exposure settings and all have some
important limitations, such as small sample size or inappropriate statistical methods.
Furthermore, all of these studies identified cases from hospital data. However, in the general
population, pregnancy losses may not be documented in medical records. Many pregnancies
may not even be recognized and may be lost before they come to medical attention. It is
estimated that only 60%—70% of fertilized eggs result in a live birth.242% The incidence of
early fetal loss is estimated to be 20%-30% among women planning a pregnancy,®:26 but
approximately half of pregnancies are unintended.27:28
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Methods

Health Data

In the current study we focus on traffic-related air pollution, a major air pollution source,
especially in urban environments, that has been associated specifically with adverse
pregnancy outcomes in previous studies.2-32 To explore pregnancy loss in the general
population, overcoming limitations of previous studies, we devised a novel approach using
the outcome metric of live birth-identified conceptions in a variation of the time-series
design. Using complete data on live births from hospitals in Boston, MA, USA and Tel Aviv
District, Israel, we determined for each calendar week the number of conceptions that
resulted in live births (live birth-identified conceptions) using data on gestational age at
birth. We then related the number of live birth-identified conceptions with the traffic-related
air pollution exposure in each subsequent gestational week. The expectation was that, after
accounting for seasonal and long-term time trends, if higher nitrogen dioxide (NO5)
exposure in a given week of gestation is related to pregnancy loss, then fewer live birth-
identified conceptions would be observed coming from the corresponding week of
conception.

Boston, MA, USA.—We used all live births at the Beth Israel Deaconess Medical Center
(BIDMC) in Boston from 1 January 2000 through 31 December 2013. We used clinical and
administrative databases to extract relevant information, including the date of birth,
gestational age (in weeks since date of last menstrual period) and maternal residence zip
code. In the main analysis, we included pregnancies of women who lived in zip codes whose
centroids were within 60 km the hospital. In sensitivity analyses to assess the impact of
exposure measurement error we further restricted to pregnancies of women who lived in zip-
codes whose centroids were within 20 km of the hospital. There were no exclusion criteria.

Tel Aviv District, Israel.—We used all live births of women whose home address at the
date of birth was in one of the cities that belong to the District of Tel Aviv (as defined by
The Israeli Ministry of Health), from 11 April 2010 through 22 December 2013. We
extracted all relevant information for these analyses (date of birth, gestational age,
residential address) from a computerized database of all birth certificates.

Our analyses were approved by the Committee on Clinical Investigation of BIDMC, the
Human Subjects Committee of the Harvard T.H. Chan School of Public Health, and the
supreme Helsinki committee of the Israeli Ministry of Health.

Exposure Data

Boston, MA, USA.—NO,, a pollutant commonly used as a traffic emissions tracer,33 was
measured at state urban monitoring sites in the Boston, MA, metropolitan area and data were
obtained from the US Environmental Protection Agency’s (EPA) Air Quality System (AQS)
database (https://www.epa.gov/ags). During the study period, three to five monitors were
active at each time. City-wide exposures were estimated by averaging daily data from all
available sites, using data from Federal Reference Method (FRM) or Federal Equivalent
Method (FEM) primary monitors. Temperature data were obtained from the Boston Logan
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International Airport weather station. We created weekly averages for both NO, and
temperature. All data were obtained starting in 1999, to align with the conceptions that
resulted in births in 2000.

Tel Aviv District, Israel.—NO, was estimated using an optimized dispersion model 34
developed for the central coastal area of Israel. The model is based on air pollution
monitoring data and meteorologic records from 1997 through 2013 obtained from the
Technion Center of Excellence in Exposure Science and Environmental Health’s air
pollution monitoring database. The model includes these data along with proxies for traffic
emissions (time-of-day specific traffic volumes obtained from an independent traffic
assignment model) to produce half-hourly concentration maps of NO, at 500x500 m? grid
resolution. Model performance was assessed using leave-one-out cross-validation that
yielded unbiased predicted compared to observed concentrations and a cross-validation
R2=0.62. For the current study, we used these spatiotemporal model results to calculate
weekly NO, averages over the entire Tel Aviv District during 2009 — 2013. We obtained
temperature data for Tel Aviv from the Israeli Meteorological Service website (https://
ims.data.gov.il/he/ims/1).

Study Design and Outcome Definition

The total number of conceptions during each calendar week that result in a live birth (live
birth-identified conceptions) is equal to the total number of conceptions in a given week
minus all conceptions that are lost at some point during gestation (whether or not they are
recognized as a pregnancy). Therefore, if traffic pollution affects either conceptions or
pregnancy loss, there should be an association between traffic pollution and live birth-
identified conceptions. An effect on conceptions would occur before the conception occurs;
thus, associations between traffic pollution after conception and live birth-identified
conceptions would suggest an effect on pregnancy loss. l.e., by using information on these
conceptions and examining post-conception exposures, we are able to infer the association
of traffic-related air pollution exposure during gestation and pregnancy loss. Motivated by
this notion, we used a variation of a time-series design to assess whether week-to-week
traffic-related air pollution, using NO» as a tracer for traffic emissions, is associated with the
number of live birth-identified conceptions to infer associations with pregnancy loss.

Using gestational age at birth and date of birth, we determined the week of the last menstrual
period (LMP) for each pregnancy, with conception expected two weeks later. We then
summed the number of live birth-identified conceptions that shared the same LMP week for
each week during the study period separately for each location. In both study locations, we
based gestational age on the best obstetric estimate, i.e. the date of the last menstrual period
and/or ultrasound.

We then assigned to each LMP week the weekly exposures for the weeks of gestation that
followed, from the LMP week itself (lag 0) to gestational week 40 (lag 40) (Figure 1). With
this design, we investigated whether week-to-week NO, variability over the course of
pregnancy is associated with week-to-week changes in the number of live birth-identified
conceptions, after accounting for seasonal and time trends. Thus, for instance, if NO5 is
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associated with pregnancy loss and if the NO, exposure during the i week of gestation is
harmful, one would expect fewer births coming from conceptions with an LMP week for
which the NO, exposure i weeks later was higher than average.

Statistical Analysis

Results

We employed a Poisson regression, using a quasi-likelihood to account for potential
overdispersion in the outcome distribution given covariates, and fitted distributed lag models
to estimate the time-varying association between pregnancy loss, using live birth-identified
conceptions as a proxy, and NO, exposure in each gestational week. The distributed lag
model framework allows adjustment for exposures at other weeks while estimating the
temporal trends of this association, assuming that it varies smoothly as a function of time.
35-37 \We modeled this smooth function using natural splines with 4 degrees of freedom (df).
In this design, the unit of analysis is calendar week; confounders, thus, can only be
population-level variables that vary from week to week in our population. Individual-level
variables, such as maternal BMI, and smoking cannot act as confounders. To adjust for
potential confounding by long-term and seasonal trends, we used natural splines with 4 df
per year in Boston and 10 df total in Tel Aviv District. Finally, to adjust for potential
confounding by temperature (week to week variation of which is associated with weekly
NO; levels, and has also been reported to be associated with some birth outcomes38:39) we
included distributed non-linear lags; we used natural splines with 4 df for the time
constraint, and natural splines of 3 df and 2 df for each lag in Boston and Tel Aviv District,
respectively, to account for potential non-linear confounding within each gestational week.
The df were selected based on the best-fitting model in each location separately, which was
chosen using leave-one-out cross-validation. Finally, in both locations we used indicators for
weeks that include location-specific holidays (yes/no).

To avoid missing births conceived in the same calendar week as births in the early weeks of
the study period but born prior to the start of our birth data, and similarly missing births that
occurred after the end of the study period from a conception week towards the end of the
study duration,*? we repeated our analyses after excluding the first and last 36 calendar
weeks of the conception week data from the time series analyses in both locations.

We repeated analyses in Boston and Tel Aviv District in separate models. All results are
presented as rate ratios (RR) and 95% confidence intervals (ClI) per 10 ppb increase of NO,
for comparability with other studies. For the statistical analyses, we used the R Statistical
Software, version 3.3.1 (Foundation for Statistical Computing, Vienna, Austria).

Overall, there were 68,969 live births in Boston over the 736 weeks of the study period
there, and 95,053 live births in Tel Aviv District over the 191 weeks of the study period
there. Summary statistics for the number of live birth-identified conceptions per week and
the NO,, distributions at both locations can be found in Table 1. The traffic-related air
pollution levels were similar in the two locations, with slightly higher and less variable NO,
concentrations in Boston (mean = 17.9 ppb, standard deviation (SD) = 4.3 ppb) vs. in Tel
Aviv District (mean = 16.8 ppb, SD = 5.8 ppb).
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Figure 2 shows the association between NO, across gestational weeks and the number of
LBIC in Boston, MA, and Tel Aviv District, Israel. Similar trends were observed in both
cities with strongest estimates between the 10t and 20t gestational weeks. In Boston, the
strongest estimate was during the 151 week of gestation; for every 10 ppb of NO, increase
during that week, we observed a decreased rate in LBIC (RR = 0.87; 95% confidence
interval [CI]: 0.78-0.97). We observed decreases in live birth-identified conceptions
associated with NO, exposure between gestational weeks 6 and 19. Similarly, in Tel Aviv
District, the strongest estimate was during the 16™ week of gestation; for every 10 ppb of
NO, increase during that week, the RR = 0.82 (95%CIl: 0.76-0.90) in LBIC, with decreases
after the first gestational week.

In a sensitivity analysis, we restricted the data in Boston to births of women whose residence
zip code was within 20 km of BIDMC (median = 60 live birth-identified conceptions per
week, interquartile range (IQR) = 54 — 67). In this analysis, we observed a stronger
similarity with the results from Tel Aviv District (Figure 3). Specifically, the strongest
association was observed for gestational week 17; per 10 ppb of NO, exposure during that
week of gestation, we observed a RR = 0.84 (95%CI: 0.74-0.96) in live birth-identified
conceptions, with decreases between gestational weeks 7 and 23.

Furthermore, when we excluded from analyses the first and last 36 calendar weeks of the
time-series the results remained unchanged for BIDMC in Boston. However, in Tel Aviv
District the results were more sensitive, as 40% of the observations were removed for this
sensitivity analysis. Although the estimated RRs remained below 1, we detected no apparent
differences in the lag-specific estimates, likely suggesting lack of power in this reduced
dataset. These results are presented in eFigures 1 and 2.

Discussion

We employed a novel approach using the outcome metric of live birth-identified conceptions
and a variation of a time-series design to investigate the association between traffic-related
air pollution exposure during pregnancy, using NO, as a traffic emissions tracer, and
pregnancy loss, using data from two different locations, Boston and Tel Aviv District. To
explore this association, we used changes in the number of live birth-identified conceptions
to infer changes in pregnancy loss. Overall, we observed harmful effect estimates in both
locations, with the strongest estimates for gestational weeks 15 — 17. Specifically, we
observed a smaller number of conceptions that ended in live births for conception cohorts
that experienced increased traffic-related air pollution exposure during the 15™ — 17t week
of gestation, suggesting that high exposure during this period may be particularly toxic to
the fetus. It is important to recognize, though, that this does not necessarily mean the
increased pregnancy losses occurred during these weeks; exposure in these weeks could
have initiated a process that led to losses later in pregnancy. While live birth-identified
conception also could be affected by effects on conception itself, the fact that we saw
associations with NO, after conception (week 2) and not at lags 0-2 (prior to and up to
presumed conception) suggests that the associations were likely not related to effects on
conception itself.
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The notable similarity in the results across the two locations strengthens our confidence in
our findings. The shape of the estimated associations across the gestational weeks is
remarkably similar, but the effect estimates in Tel Aviv are slightly larger in absolute
magnitude than in Boston. There are a couple of possible explanations for this difference.
First, it is quite likely that the distributions of one or more potential effect modifiers across
the two locations are different, which would contribute to effect estimate heterogeneity.
Second, the exposure assessment was conducted differently, which could have different
impacts on the effect estimates. In Tel Aviv, the use of spatio-temporal optimized dispersion
NO, prediction models that cover the entire study area might have captured the population
exposures better.#1:42 Indeed, when we restricted our population in Boston to births only to
mothers within 20 km of BIDMC, in an effort to reduce exposure measurement error, the
estimated associations increased in absolute magnitude and became even more similar to the
estimates observed in Tel Aviv District. Finally, the larger variability in NO, concentrations
and the much larger number of LBIC per week in Tel Aviv District may explain the narrower
confidence intervals in the latter, despite the longer study duration in Boston.

Overall, our findings agree with the few studies that previously investigated the association
between in-utero air pollution exposure and hospital-identified stillbirth. For instance, in a
study using data from New Jersey, Faiz et al.1® reported a 16% and 13% increased risk of
stillbirth per 10 ppb of average NO, exposure during the first and second trimesters,
respectively. Similarly, Green et al.1 reported an 18% increase in risk of spontaneous
abortion comparing the 90t and 75! percentiles of daily maximum traffic at the maternal
residence during pregnancy, with stronger estimates among African Americans and non-
smokers. However, a case—control study in Taiwan found no evidence of an association
between NO, exposure and stillbirth.1” It should be noted, however, that all of these studies
relied on medical records for the identification of fetal loss, and it is likely, therefore, that
they might have not captured all the events and possibly a non-random set of the events.
Moreover, none of the existing studies, to our knowledge, has explored the potential critical
window of air pollution exposure at a finer resolution than trimesters, which can induce bias
in effect estimates.*3 A recent study examining in-utero exposure to residential fine particles
(PM5 5) and cord blood telomere length at birth, however, also used distributed lag models
and reported harmful associations for gestational weeks 12—25.44

Biological plausibility supports our findings of stronger associations early in the second
trimester. Maternal arterial blood flow to the placenta is not fully established until the 10t to
12t gestational week, i.e. 10-12 weeks post-LMP, resulting in an oxidative stress burst
during this period.*® The first trimester uterine oxygen gradient thus exerts a regulatory
effect on the placenta protecting the developing embryo against oxygen free radicals and
reactive oxygen species.*8 Gestational weeks 10 — 14 are a transitional period, during which
there is a gradual rise in intraplacental partial pressure of oxygen, which becomes more
stabilized after approximately week 16,47 and higher overall during the second half of the
pregnancy.#6:48 Thus, it is likely that during this transitional period the fetus may be
especially vulnerable to increases in maternal oxidative stress, which has consistent
associations with air pollution exposure.49-51
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With this study design, we were able to overcome many of the limitations of previous—
mostly cohort—studies, including potential residual confounding and reliance on medical
record documentation of spontaneous abortions. Nevertheless, our findings should be
interpreted in light of our limitations. As with all observational studies, we cannot
completely eliminate the possibility of residual confounding. However, using a time-series
design, residual confounding would have to be induced by a population-level variable that
varies from week to week, is associated both with week-to-week conceptions ending in live
birth and week-to-week traffic-related air pollution, and is independent of long-term and
seasonal trends and temperature. It would also have to be the same in Boston and Tel Aviv.
Thus, this possibility is quite limited. Second, as is the case in all studies of ambient air
pollution, our study is susceptible to exposure measurement error, which may have biased
our estimates towards the null, especially in Boston where city-average exposure was
estimated based on concentrations measured at monitoring stations.#142 In fact, we observed
stronger estimates when we restricted the population to women within 20 km, instead of 60
km, of BIDMC. Another source of potential exposure measurement error is the estimation of
conception week. Presumably the timing of any effect of traffic-related air pollution is
related to fetal age, rather than weeks from LMP. Given that the exact date of conception is
not known, this could create some error in our exposure timing that would likely reduce the
effect estimate for any given gestational age week. Furthermore, in Boston, we used
complete birth records from only one hospital and not from all hospitals in the city. While
this could hinder the generalizability of those findings, the fact that we saw very similar
results in a completely different location—and one where all births in the region’s
population were included—strengthens the generalizability of our findings. The current
analysis did not assess potential effect modification of the relationship between NO, and live
birth-identified conception because of lack of information on modifiers common to both
locations. Future research to identify potential effect modifiers and vulnerable subgroups
would be of great interest.

In conclusion, we used an innovative method to explore the association between traffic-
related air pollution and pregnancy loss that overcomes many limitations that other studies
have previously faced and allowed us to explore critical windows of vulnerability in detail.
Our findings suggest a harmful association between exposure to traffic pollution early in the
second trimester of pregnancy and pregnancy loss. The consistency of our results across two
very different locations, Boston and Tel Aviv District, strengthens this evidence further and
increases the generalizability of our findings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
An example of the study design (using simulated data). The top plot shows the daily number

of births, i.e. the observable data. The middle plot shows the weekly counts of live-birth
identified conceptions (LBIC), which are constructed by mapping the live births back to the
conception week by subtracting gestational age from the date of birth. The bottom plot
shows the weekly NO» time-series. In gray, we highlight one example for the unit of
analysis (weekly number of LBIC), from the daily births, to the NO, exposure window of
that LBIC (in gestational weeks).
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Figure 2.

Association between weekly NO, levels over gestation and change in number of live births
(solid black line for Boston and gray dashed line for Tel Aviv District). The shaded areas
represent the 95% confidence intervals (striped black for Boston and solid gray for Tel Aviv
District).
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Figure 3.

Sensitivity Analysis: Association between weekly NO, levels over gestation and change in
number of live births (solid black line for Boston and gray dashed line for Tel Aviv District).
The shaded areas represent the 95% confidence intervals (striped black for Boston and solid
gray for Tel Aviv). For Boston this analysis is restricted to births of women living within 20
km of BIDMC. For Tel Aviv District these are the same results as those presented in Figure
2.
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Table 1.
Summary statistics at each location per week.

Mean (SD)  Min Qla Median Q3a Max
BIDMC?, Boston, MA, USA (n = 736 weeks)
Number of LBIcC  887(126) 430 810 89.0 973 1380
NO, (ppb) 17.9 (4.3) 9.0 146 174 208 332
Temperature (°C) 10.9 (8.9) -10.9 3.3 111 19.0 28.7
Tel Aviv District, Israel (n = 191 weeks)
Number of LBIcC 4977 (36.1) 4130 4720 499.0 5240 583.0
NO, (ppb) 16.8 (5.8) 75 116 163 209 381
Temperature (°C)  22.0 (4.7) 123 177 226 265 293

an: 2sth percentile; Q3: 75th percentile
b

BIDMC: Beth Israel Deaconess Medical Center

CLBIC: Live birth-identified conceptions
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