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Abstract

Background: The ashes and dust resulting from the 2011 eruptions of the Puyehue volcano in
Chile more than doubled monthly averages of PM10 concentrations in Montevideo, Uruguay.
Few studies have taken advantage of natural experiments to assess the relationship between

ambient air pollutant concentrations and birth outcomes.

Obijectives: This study explores the effect of particulate matter with diameter of 10 micrometers
or less (PM10) on perinatal outcomes in Uruguay, a middle-income country in South America
with levels of PM10 that in general do not exceed the recommended thresholds. The analyzed

outcomes are preterm birth, term birth weight, and term low birth weight.

Methods: We take advantage of the sharp variation in PM10 concentrations due to the Puyehue
eruptions to estimate the associations between mother’s exposure to PM10 in each trimester of
pregnancy and perinatal outcomes. We use birth registries for 2010-2013 and control for
covariates, including maternal and pregnancy characteristics, weather, co-pollutants, and

calendar quarter and hospital indicators.

Results: A 10-pg/m3 increase in exposure to PM10 during the third trimester was associated with
a higher likelihood of a preterm birth (OR = 1.10; CI: 1.03, 1.19). The association was robust to
different model specifications, and increased with categorical exposure levels [OR for third
trimester PM10 >70 vs. < 30 pg/m* = 5.24 (95% CI: 3.40, 8.08)]. Exposures were not
consistently associated with birth weight or preterm birth among term births, though second

trimester exposures were associated with higher birth weight, contrary to expectations.
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Conclusions: Taking advantage of a natural experiment, we found evidence that exposure to high
levels of PM10 during the third trimester of pregnancy may have increased preterm births among

women in Montevideo, Uruguay.
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Introduction

The Puyehue Cordon Caulle volcanic complex in Chile experienced a series of eruptions
between June and November of 2011. Following these events, clouds of dust covered the city of
Montevideo. During June and July, daily concentrations of particulate matter of up to 10
micrometers (PM10) in Montevideo exceeded the WHO 24-hour mean guideline of 50 pg/m3
(WHO 2006) in 60% of the days, and were higher than 100 pg/m?3 in 30% of the days. The
eruption in November caused a similar increase in PM10 concentrations. In this paper we take
advantage of this natural experiment to analyze the association between exposure to PM10 and
preterm birth (PTB), term birth weight (BW) and term low birth weight (LBW).

LBW and PTB are commonly used as proxies for infant health and are markers for poor
health during the life course (McCormick 1985; Petrou et al. 2001; Boardman et al. 2002; Black
et al. 2007; Oreopoulos et al. 2008). LBW has been associated with higher morbidity and
lifetime health costs, as well as lower academic achievement, lower income, and early mortality
(Behrman and Rosenzweig 2004; Almond et al. 2005; Royer 2009; Currie 2009; Rosenzweig and
Zhang 2013; Figlio et al. 2014). Moreover, there is evidence of a strong intergenerational
correlation in the BW of mothers and children (Currie and Madrian 1999; Grossman 2000; Case
et al. 2004; Currie and Moretti 2005; Currie 2009).

While many studies have analyzed the association between ambient air pollutant
concentrations and birth outcomes (grém et al. 2005; Currie et al. 2009; Woodruff et al. 2009;
Parker et al. 2011; Stieb et al. 2012; Dadvand et al. 2013), only a few (Parker et al. 2008; Rich et
al. 2015; Huang et al. 2015) have approached the issue by using a natural experiment. (Parker et
al. 2008) compared pregnancies exposed to the Utah Valley Steel Mill closure that occurred
between mid-1986 and mid-1987 to pregnancies in pre-and post-closure periods. They found that

4
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mothers who were pregnant around the time of the closure of the mill were less likely to deliver
prematurely than mothers who were pregnant before or after the mill closure. Similarly, (Rich et
al. 2015) compared pregnancies exposed to the air pollution declines during the 2008 Beijing
Olympics to pregnancies pre-and post- Olympic games. Their results showed that exposure to
lower levels of air pollution late in pregnancy were associated with higher BW. (Huang et al.
2015) also took advantage of the reduction in air pollution during the 2008 Olympics in Beijing,
but found no relationship between PM10 concentration and term BW or PTB. Other studies
using natural experiments to assess the effects of pollution on perinatal outcomes are (Chay and
Greenstone 2003a, 2003b) and (Currie and Walker 2011). However, none of them focused on the
effects of mother’s exposure to PM10 on birth outcomes.

Our study contributes to this literature by estimating associations between birth outcomes
and variation in pollution resulting from a volcano eruption, a natural and completely unexpected
event. It is also one of a few studies to report the association between PM10 and birth outcomes

in Latin America.

Methods

Data

Pregnancy and delivery data
We analyzed live births that took place in Montevideo during 2010-2013 and that were
registered in the Perinatal Information System (CPHD, PAHO/ WHO, 1999). The Perinatal
Information System is a mandatory electronic registry of perinatal histories covering about 98%
of all pregnancies in the country. Because the data were anonymous, approval from a review

board was not required.
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The outcomes of interest were PTB, BW for full term pregnancies, and LBW for full term
pregnancies. We defined a PTB as a delivery occurring before the 37" week of gestation. BW
was measured in grams. LBW was a binary variable that took the value of 1 if the BW was 2500
grams or less, and O otherwise.

We addressed potential confounding by adjusting for several maternal characteristics that
may contribute to maternal and pregnancy heterogeneity: mother’s age (<20, 20-34, 35-39, >40
years), education level (less than middle school, middle school completed, or high school
completed), marital status (common law, married, single, other), eclampsia or hypertension
during the pregnancy (separate variables based on birth record information, yes/no), maternal
smoking during pregnancy (yes/no), body mass index prior to pregnancy (based on mother’s
recall at first visit; underweight: BMI <18.5, normal: 18.5<BMI<25, overweight: 25<BMI<30,
obese: BMI>30), parity (continuous), onset of prenatal care (gestational week, continuous), and
the child’s gender.

Our analysis also accounted for health-care heterogeneity by adjusting for 22 binary
indicators for the 23 hospitals in the city. Of these, 10 were public, covering the poorest fraction
of the population (40% of all deliveries) and the rest were private hospitals associated with
health maintenance organizations that provide services to privately insured individuals or to
workers in the formal labor market and their dependents through the national social insurance
(National Integrated Health System).

We dropped multiple births and births with BW below 300 grams or above 8000 grams.
To avoid the problem of fixed cohort bias raised by (Strand et al. 2011), we restricted our sample

to pregnancies conceived between 1% June 2009 and April 1% 2013. We were not able to
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distinguish multiple pregnancies to the same mother; therefore eligible births may include more

than one pregnancy in the same woman.

Air quality data

The air quality data came from the Environmental Control and Quality Evaluation
Service of the Municipal Government of Montevideo. This office is in charge of the city’s air
quality monitoring network. In 2009 the network incorporated an automatic station in the area of
Coldn, North of Montevideo, measuring air quality (PM10, SO, CO, and, NO2) on an hourly
basis. This was the only automatic monitoring station in Montevideo operating throughout the
full period of analysis (2009-2013).

While three other manual stations in the city collected data on PM10 between 2009 and
2013, we chose not to work with these other sources for two reasons. First, because samples in
the manual stations were obtained every 6 days and were more likely to miss extreme episodes,
such as days with abnormal levels of ashes (IMM 2016). Second, our analysis of data from these
manual stations (available upon request), shows that most of the variation in PM10 levels
occured over time for the full city, rather than between city areas. Unreported analysis of
variance for the period 2009-2013 shows that the variation in PM10 resulting from the volcanic
eruption was almost 3 times higher than the intra neighborhood variation in air quality in
Montevideo.

Our variable of interest is ambient air 24-hour mean concentration of PM10, averaged at
the trimester-of-pregnancy level. Specifically, we calculated the week of initiation of the
pregnancy by subtracting the gestational age at birth, as assessed by the obstetrician at delivery,
from the date of birth, and then adding two weeks to account for the difference between

gestational age (which is based on the last menstrual period) and the date of conception. For each
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pregnancy, we matched each week with the corresponding average PM10 for that week, and then
computed the average exposure to PM10 in the first, second, and third trimesters of pregnancy.
The first trimester runs from conception to week 13, and the second trimester from week 14 to
week 27. Exposure to PM10 during the third trimester depends on the term of gestation. When
analyzing the probability of a PTB, we computed the third trimester values by averaging PM10
levels between gestation week 28 and gestation week 36 if the pregnancy reached full term, or
between gestation week 28 and the week of delivery if the birth occurred prior to week 37. When
analyzing outcomes for full term births (BW and LBW) we considered the average exposure to

PM10 for the full third trimester.

Weather data and other controls
We obtained 24-hour mean averages of temperature (in degrees Celsius), air pressure (in
hPa), windspeed (in meters per second), and humidity (in percentage) from three weather-
monitoring stations of the National Institute of Meteorology located in the East, North, and West
of Montevideo (Carrasco, Prado, and Melilla). We also obtained from these same stations the
accumulated level of precipitation over 24 hours, measured in mm per square meter. For each
weather variable we averaged out these measures across the three stations and constructed

trimester-of-pregnancy-specific averages following the same procedure as with PM10.

Statistical analysis

Estimation procedure
We estimated the associations between a pregnant mother’s average exposure to PM10 in
each trimester of her pregnancy and three perinatal outcomes: PTB, BW, and LBW. We

considered all births when analyzing PTB, but only full term births when the outcomes were BW
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and LBW. By restricting the analysis of these two outcomes to non-premature pregnancies, we
sought to isolate potential associations between PM10 and intrauterine growth retardation. Our
identification strategy relied on the exogenous variation of PM10 concentration in Montevideo
that resulted from the Puyehue ashes.

We estimated associations between exposure to PM10 during the pregnancy and BW with
Ordinary Least Squares, and used logistic models for the dichotomous outcomes (PTB, LBW).
We set the statistical significance level (a) at 0.05. For PM10 as a continuous variable, our model

took the form:

Y = f(a+ 1 PM10 T1+ B2PM10_T2 + BsPM10_T3 + 8X +yZ + Ap + ¢Qy) [1]

where Y is PTB, LBW, or BW; and f(.) is a linear function when the outcome is BW and
a logistic function when analyzing PTB or LBW. We included all births when analyzing PTB,
but only full term births when the outcome was BW or LBW. PM10 _T1, PM10 T2 and
PM10 T3 represent average exposures to PM10 during the 1%, 2", and 3" trimester, respectively.
The vector X represents maternal covariates, Z represents the five weather variables in each
trimester (15 variables total), and p represents the 22 indicator variables for the 23 prenatal care
centers in the study area. In addition, we adjusted for Qt, a vector of 15 indicator variables for
the possible 16 combinations of calendar quarter and year of conception in the sample (the
earliest date of conception in our data was June 2009 and the latest March 2013). The latter

captures underlying trends and seasonality in perinatal outcomes (Currie and Schwandt 2013).

In a second specification, for each trimester t we modeled three dichotomous indicator
variables for PM10 categorized as 3049 pug/m3 (PM30_49t), 50-69 ug/m3 (PM50 69t), and >
70 ng/m3 (PM70t), with PM10 <30 pg/ma3 serving as the reference exposure category. We refer

to the estimations resulting from this specification as the categorical PM10 analysis.
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We conducted, in addition, several robustness tests. Because the consistency of our
estimates relies on the exogeneity of PM10 variation over time, we run two additional
regressions that controlled for potential confounders. The first regression added a set of adjustors
to the core categorical regression that were potentially associated with the concentration levels of
PM10. These included the level of activity of two thermal plants, measured in megawatt-hours
(MWh), and obtained from the Electric Market Administration Office, and the production
volume of the oil refinery, a production index with base 2006=100 constructed by the National
Institute of Statistics. For both measures, we computed trimester-of-pregnancy-specific averages
on the basis of the available monthly measures.

The second regression added controls for NO2 (in pg/m3), SO2 (in ug/m3) and CO (in
pHg/m3) to the core categorical analysis. These co-pollutants were averaged at the trimester of
pregnancy level in the same way as the PM10 and weather variables. We run regressions
controlling first for one co-pollutant at a time, and then adding the three in the same estimation.
We did not have complete data on CO, SOz, and NO.. 24-hour data was missing on 0.17% of the
days for CO, on 10% of the days for NO, and on 6% of the days for SO». Because there were no
large periods without data we disregarded these days with missing values when constructing
averages at the trimester of pregnancy level. By doing so, we had no missing data on trimester
averages of these copollutants for full term births. However, for a few number of deliveries with
low gestational age, we had some missing values for the third trimester. In particular, CO was
missing for 31 observations, NO2 was missing for 51 observations and SO, was missing for 5
observations. This explains why the number of observations in the analyses of PTB varies when
adjusting for different copollutants, whereas the number of observations is the same, regardless

of the copollutant, in the analyses of BW and LBW.

10
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A third sensitivity check addresses the issue of missing values on eclampsia,
hypertension, parity, and smoking. In the core analysis we imputed the corresponding mean
value to the observations with missing data on one or more of these variables, and added a
dichotomous indicator equal to 1 when the observation had a missing value on the variable and 0
otherwise. The only variables with missing data were eclampsia, hypertension, parity, and
smoking. For categorical variables, we imputed the average proportion of women with the
characteristic. We used one separate dichotomous indicator of missing data for each of the four
covariates. The purpose of these indicators was to absorb any differential variation on
observations with missing data, without having to rely on the artificially imputed value (which
was constant across all observations with a missing value). The estimates could be biased if
women with missing observations on these variables were different from other women, and the
fraction of these women was changing over time. We explored this issue by running the analysis
only for observations without missing values on eclampsia, hypertension, parity, and smoking.

Fourth, in order to assess the sensitivity to the reference group used for comparison, we
first restricted our estimation to pregnancies with a date of delivery before or during the volcano
eruptions, and then to pregnancies with a conception date after the first eruption (restricting in
this case the sample to pregnancies exposed to the ashes and pregnancies post-eruption). We also
estimated associations with PM10 (categorical and continuous) for pregnancies that were not
exposed to the volcano eruptions (deliveries before June 8th 2011 and pregnancies with a date of
conception after December 30th 2012). During these periods only 156 pregnancies had
exposures > 50 pg/m? in any trimester.

Fifth, the inclusion of several variables in the same regression measuring pollution and

weather by trimester raises the challenge of multicollinearity and its potential consequences on
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the precision of standard errors. To test for this possibility, we followed (Bell et al. 2007) and
used residuals of trimester averages regressed on the average of a reference trimester. For
simplicity, we conducted this robustness check only on the specification using a single average
by trimester. For example, we selected the 1% trimester as the reference trimester and then
regressed PM10 (and weather) averages for the second and third trimester on the 1% trimester.
We rerun the estimations using residuals of the instrumental regressions for the second and third
trimesters, as well as the average for the reference category. We repeated this exercise alternating

the reference trimester.

Results

Table 1 provides descriptive statistics for the main variables in the analysis by time
period (before, during, and after the Puyehue eruption). The proportion of preterm births in the
full period is 8%; 7% occurred between the 32" and 36" weeks of gestation, and 1% took place
between gestational weeks 28 and 31. Among full term births, 2.7% were low weight. The
average weight for a full term baby was 3,354 grams. Almost 70% of women belonged to the 20-
34 age range, 32% were high school graduates, and 37% had not completed middle school. The
majority of mothers (54%) lived under common law, 27% were married, and 18% were single.
Almost one out of four women reported smoking during the pregnancy (missing data for 0.6% of
the sample). The majority of women initiated prenatal care during the 12" week of gestation.
Overall, our data had 79,328 observations on pregnancies, 26,266 of which were exposed to high
levels of particulate matter in June, July or November of 2011 due to the ashes from the Puyehue
eruption. We observed 24,906 pregnancies with delivery dates prior to the volcano eruption and

28,156 pregnancies with conception dates after the eruption.
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When averaged at the trimester level, the standard deviation of PM10 over time (i.e.,
within stations) was 14 while the standard deviation between stations was 5.5. Figure 1 shows
monthly averages of PM10 in Montevideo and highlights the dates when the volcanic ashes from
the Puyehue arrived in the city. The mean level of PM10 during the 1st trimester was 21.2 pg/m?3
(= 5.9) for pregnancies not exposed to the Puyehue ashes and 46 pg/m3 (£ 17.4) for pregnancies
exposed to the ashes (see Table 1). Averages for the second and third trimesters (not shown)
were similar to the first trimester averages shown in Table 1. Table 1 shows also that almost half
of the pregnancies during the Puyehue period were exposed to trimester-average levels of PM10
above 50 pg/ms3. On the contrary, none of the pregnancies before or after the eruptions were
exposed to trimester-average levels of PM10 this high.

Table 1 shows also descriptive statistics for other pollutants, including CO, NO>, and
SO2. As in the case of PM10, average levels of CO increased during the volcano period and then
returned to prior levels. There was no evidence of increases in the levels of NO, and SO..
Furthermore, we did not find correlations of magnitude between PM10 and other pollutants.
Correlation coefficients change signs in the different periods of analysis, suggesting a noisy

relationship between the pollutants.

Continuous PM10 Analysis

We found a positive association between average PM10 exposure during the third
trimester and PTB (Table 2). A 10-pug/m3 increase in average PM10 during the third trimester
was associated with a 10% increase in the odds of PTB (OR = 1.10; 95% CI: 1.03, 1.19). On the
other hand, we did not find evidence of adverse associations between PM10 and term BW or

term LBW. We did find, however, a positive small association between PM10 concentrations
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during the second trimester and BW. A 10-pg/m3 increase in PM10 during the second trimester

was associated with a 13 gram higher birth weight among term births (95% CI: 4.07, 22.13).

Categorical PM10 Analysis

PM10 during the third trimester was significantly associated with PTB, with OR = 1.42
(95% CI: 1.07, 1.89) for 50-69 pg/m3 and OR = 5.24 (95% CI: 3.40, 8.08) for > 70 ug/m3
compared with < 30 pg/m3 (Table 3). We also found significant associations between PM10 and
PTB in the case of the first and second trimesters, but in these cases odds ratios were less than
one: OR =0.69 (95% CI: 0.47, 1.02) for > 70 ug/m3 in the first trimester, OR = 0.79 (95% CI:
0.64, 0.97) for 30—49 pg/m3 in the second trimester, and OR = 0.76 (95% CI: 0.59, 0.99) for 50—
69 pg/m3 in the second trimester, compared with < 30 pg/m3 (Table 3).

The two last rows in Tables 2 and 3 compare the goodness of fit of each model under the
Akaike Information Criterion (AIC) and the Bayesian Information Criterion (BIC). Both criteria
suggest that the categorical model fits the data better when the outcome is PTB. The choice is
less clear when analyzing term BW and term LBW: the Akaike information criterion indicated
that the categorical model fits the data better, whereas the linear model is better according to the

BIC criterion.

Sensitivity and Robustness

Supplemental Material, Table S1 depicts the results of the categorical analysis adding
controls for the level of activity of two thermal power stations and an oil refinery in Montevideo,
which could potentially be correlated with PM10. Results were robust to this expanded set of

controls (Table S1).
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Supplemental Material, Table S2 shows the results of categorical analysis when adding
controls for NO., SO, and CO averages in each trimester of pregnancy to the set of core
controls. The addition of these variables resulted in fewer observations in the analysis of preterm
births, due to missing data on third trimester averages of these variables for some women
delivering a few days into the third trimester. The association of PTB with 3™ trimester exposure
was stronger after adjustment for all three air pollution variables, with OR = 1.67 (95% CI: 1.19,
2.35) for 50-69 pg/m3 (vs. 1.42; 95% CI: 1.07, 1.89 for the default model) and OR = 16.35
(95% CI: 9.26, 28.88) for > 70 ug/m3 (vs. 5.24; 95% ClI: 3.40, 8.08 for the default model). On
the other hand, we found statistically significant positive associations with PTB and negative
associations with BW. For PTB and first trimester PM10, OR = 1.15 (95% CI: 0.87, 1.51) for
50-69 pg/m3 and OR = 1.45 (95% ClI: 0.92, 2.26) for > 70 pg/m3 compared with first trimester
PM10 < 30 pg/m3. Average birth weight was estimated to be 28g lower (95% CI: —55.58, —1.21)
for 50-69 pg/m3 during the first trimester. Other results were similar to those in Table 3. Tables
S3-S5 report results when adjusting for one co-pollutant at a time. We found no major
qualitative changes, although 3™ trimester effects of PM10 values above 70 ug/m® were higher
when only adjusting for CO.

Table S6 shows the results of our third sensitivity check, which ran the analysis only for
observations without missing values on eclampsia, hypertension, parity, and smoking. The
results were similar to those in the core specification, suggesting that our treatment of missing
observations did not compromise the findings.

Supplemental Material, Table S7 shows the results of our estimation when restricting the
analysis to pregnancies conceived before or during the volcano eruptions. These were quite

similar to those in the categorical core specification (Table 3), in particular for the associations
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with concentration levels above 70 pg/m®. One difference with the core model was the
statistically significant and negative association between exposure to PM10 during the 1%
trimester and the odds of a PTB (OR = 0.65 (95% CI: 0.47, 0.90) for 3049 pg/m®, OR = 0.61
(95% ClI: 0.42, 0.88) for 50-69 pg/m?, and OR = 0.57 (95% CI: 0.34, 0.95) for > 70 pg/m3
compared with first trimester PM10 < 30 pg/m3 in Table S7, versus OR = 0.92 (95% CI: 0.78,
1.08) for 30-49 pg/m3, OR = 0.85 (95% CI: 0.66, 1.08) for 50-69 pg/m?, and OR = 0.69 (95%
Cl: 0.47, 10.2) for > 70 ug/m® compared with first trimester PM10 < 30 pug/m3 in Table 3).

In Supplemental Material, Table S8 we show results when restricting the analysis to
pregnancies with a birth date after the first eruption. Again, the positive association between high
levels of concentration of PM10 in the third trimester and PTB was robust to this change in the
sample, although the odds ratio was larger for PM10 > 70 ug/m3 (OR = 14.27 (95% CI: 8.49,
23.98) in Table S8, versus OR = 5.24 (95% CI: 3.40, 8.08) in Table 3). We also found some
positive associations between high exposures to PM10 concentration in the first trimester and
BW.

In Tables S9 and S10 of the Supplementary Material we report associations from analyses
that were restricted to pregnancies that were not exposed to the volcano eruptions. The
associations between PTB and a 10-pg/m3 increase in PM10 during the third trimester were
similar to the complete analysis, but not statistically significant (OR = 1.15; 95% CI: 0.93, 1.42
compared with OR = 1.10; 95% CI: 1.03, 1.19 based on the default model). We found, however,
a positive association between PM10 levels between 30 and 49 pg/m3 and PTB (OR = 1.35; ClI
(95%): 1.03 - 1.77) when estimating the categorical model.

Finally, the association between 3" trimester PM10 and preterm persisted when we

modeled residuals of trimester averages regressed on the average of a reference trimester to
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account for potential collinearity, as in Bell et al. (2007) (see Supplemental Material, Table S11-

S13).

Discussion and Conclusions

This paper explored the effect of PM10 on PTB, and on BW and LBW in full-term
pregnancies. We took advantage of the fact that in 2011 the ashes and dust resulting from the
eruption of the Puyehue volcano in Chile increased substantially the exposure to PM10 in
Montevideo.

We found that high levels of PM10 concentration during the third trimester were
positively associated with PTB in our study population. In particular, we estimated that an
increase of 10-pg/m?3 in average of PM10 during the third trimester of pregnancy was associated
with a 10% increase in the odds of a PTB (95% CI: 1.03, 1.19). Compared with third trimester
PM10 < 30 pg/mé, the odds of PTB in women with third trimester PM10 > 70 pg/m?* was about
five times higher (OR = 5.24; 95% CI: 3.40, 8.08). These results were generally robust in terms
of sign and statistical significance to alternate specifications that controlled for potentially
confounding covariates and used different samples. They are also in line with prior results in the
literature. For example, estimates from a meta-analysis conducted by (Stieb et al. 2012) showed
a pooled OR of the relationship between third trimester PM10 and PTB of 1.06 (95% CI: 1.03,
1.11) per increase of 20-ug/m® of PM10. Also, (Parker et al. 2008) found that a reduction in
exposure to pollution due to the closure of a steel mill in Utah valley decreased the likelihood of
PTB. While they attributed this finding to decreases in pollution in general, they did not
explicitly quantify the relationship between PTB and specific pollutant levels. To our knowledge,
ours is the first study using a natural experiment to report a positive and significant association
between PM10 and PTB.
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Unlike some prior studies (Sram et al. 2005; Parker et al. 2011; Dadvand 2013; Rich et al.
2015), we did not find adverse associations between PM10 and term BW or term LBW. On the
contrary, results for some of our specifications suggest that exposures to high levels of PM10 in
the second and third trimesters were associated with increases in BW and decreases in LBW for
full term births. Similar results have been reported by (Stieb et al. 2012) and (Edwards et al.
2015). While these findings appear at first sight counterintuitive, they could reflect selection
effects. The association between higher exposures to PM10 during the second trimester and
increases in BW (as well as decreases in LBW) could be the result of a higher risk of
spontaneous abortions. Under this hypothesis, exposure to levels of PM10 above 70 pg during
the first weeks of the second trimester (before gestation week 20) would be associated with
higher weight at birth only because the healthier babies survive the second trimester.
Unfortunately, we cannot directly test this hypothesis due to lack of registries on aborted
pregnancies in our data. However, recent literature has identified similar effects. In particular,
there is evidence of statistical associations between ambient air pollutants and spontaneous
abortions. (Enkhmaa et al. 2014) correlated fetal deaths with mean monthly levels of various air
pollutants by means of regression analysis. They used pollution data from Mongolia and 1219
medical records of women who had a spontaneous abortion in the same country. The authors
found a correlation of 80-90%, depending on the pollutant in consideration. (Moridi et al. 2014)
investigated the association between spontaneous abortion and ambient pollutants. The authors
estimated the mean exposure to pollution for each of 296 women in Iran. They found odd ratios
of abortion in the areas with higher concentrations of CO, NO2, Oz and PM10 ranging between

0.94 and 1.98 (P < 0.05).
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On the other hand, a potential explanation for the third trimester results on BW and LBW
is that they are selection artifacts derived from the negative effects of PM10 on PTB. If high
levels of PM10 trigger preterm births that otherwise would not have occurred, and if these
additional preterm births are also those with relative lower weight (i.e. affecting the most
vulnerable babies), then BW should increase and LBW should decrease in pregnancies that reach
full term. This hypothesis assumes that the selection effect stemming from higher levels of
preterm births is sufficiently large to offset any negative effect of PM10 on intrauterine growth.

We believe this paper contributes to the literature on pollution and health in several ways.
First, it is one of a few studies to investigate the association between pollution and perinatal
health using a natural experiment. Our reliance on PM10 variation associated with the volcano
eruption, together with the use of adjustors for individual-level characteristics, delivery hospital
effects and weather measures, provides internal validity to the study. In particular, our findings
are less subject to the critique that results are driven by selection of poorer populations into
polluted areas or determined by unobserved time-trends correlated with pollutant trends.
Nevertheless, we cannot rule out the possibility that exposure to PM from the volcano could have
differed within the study area in relation to socioeconomic and other factors that might be
associated with birth outcomes and that we could not control for.

Second, we study transitory and intense exposures to high levels of particulate matter in a
city characterized by good air quality. Traditionally, Montevideo has registered 24-hour mean
averages of PM10 that fall below WHQ’s threshold of 50 pg/mé (IMM 2008, 2009).. Most
other analyses deal with regions exposed to high levels of pollutants. Our results are consistent

with the hypothesis that even short and acute exposures have effects on health at birth.
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Third, our categorical analysis identifies specific ranges for which PM10 can have
particularly severe consequences on public health. It contributes, in this way, to the formulation
of concrete recommendations for public action in the management of ambient air emergencies.
This includes, for example, issuing notices recommending that pregnant women stay inside
during such episodes.

Finally, we provide new evidence of the association between PM10 and perinatal health
in a developing country, and in particular in Latin America, where the evidence is scarce
(Edwards et al. 2015). This is important because underlying conditions may differ according to
the country’s level of development, and the effects of pollution may be heterogeneous in these
features. In our case, one of such differing conditions may be the maternal education level: more
than 30% of the mothers in our sample did not finish middle school. Another condition may be
the quality of health services.

Our analysis would be biased if the volcano eruptions were spuriously correlated with
changes in the composition of pregnant women over time. Ideally, comparing outcomes for the
same mother across her different pregnancies would avoid this problem. Unfortunately we are
unable to identify multiple pregnancies by the same mother in our data.

To sum up, our results suggest that exposure to high levels of PM10 during the third
trimester increased PTB among residents of Montevideo, a city with episodes of high air
pollution levels resulting from eruptions of the Puyehue volcano. However, we did not find
associations between these exposures and BW or LBW among full term pregnancies. Future

research should gain insight on the physiological mechanisms behind these associations.

20



434

435
436

437
438

439
440

441
442

443
444

445
446
447

448
449
450

451
452

453
454

455
456

457
458

References

Almond D, Chay K, Lee D. 2005. The Costs of Low Birth Weight. Q J Econ 120 (3):
1031-83.

Behrman JR, Rosenzweig MR. 2005. Returns to Birth weight. Rev Econ Stat 86 (2): 586-
601.

Bell ML, Ebisu K, Belanger K. 2007. Ambient air pollution and low birth weight in
Connecticut and Massachusetts. Environ Health Perspect: 1118-1124.

Black S, Devereux P, Salvanes K. 2007. From the Cradle to the Labor Market? The
Effect of Birth weight on Adult Outcomes. Q J Econ 122 (1): 409-439.

Boardman JD, Powers DA, Padilla YC, Hummer RA. 2002. LBW, social factors, and
developmental outcomes among children in the United States. Demography 39 (2): 353-363.

Case A, Fertig A, Paxson C. 2004. The Lasting Impact of Childhood Health and
Circumstance. Center for Health and Well Being, Woodrow Wilson School, Princeton

University.

Chay K, Greenstone M, 2003a. The impact of air pollution on infant mortality: Evidence
from geographic variation in pollution shocks induced by a recession. Q J Econ 118 (3): 1121-
1167.

Chay K, Greenstone M, 2003b. Air Quality, Infant Mortality, and the Clean Air Act of
1970, NBER working paper 10053.

Currie J, Madrian BC. 1999. Health, health insurance and the labor market. Handbook of
labor economics 3: 3309-3416.

Currie J, Moretti E. 2005. Biology as destiny? Short and long-run determinants of
intergenerational transmission of birth weight. NBER WP 11567.

Currie J. 2009. Healthy, Wealthy, and Wise: Socioeconomic Status, Poor Health in
Childhood, and Human Capital Development. J Econ Lit 47 (1): 87-122.

21



459
460

461
462

463
464

465
466
467

468
469

470
471
472

473
474

475
476
477

478
479

480
481
482
483
484

Currie J, Neidell M, Schmieder JF. 2009. Air pollution and infant health: Lesson from
New Jersey. J Health Econ 28: 688-703.

Currie J, Schwandt H. 2013. Within-mother analysis of seasonal patterns in health at
birth. Proc Natl Acad Sci U S A 110(30): 12265-12270.

Currie J, Walker R. 2011. Traffic Congestion and Infant Health: Evidence from E-
ZPass. Am Econ J Appl Econ, 3(1): 65-90.

Dadvand P, Parker J, Bell ML, Bonzini M, Brauer M, Darrow LA, Woodruff TJ. 2013.
Maternal exposure to particulate air pollution and term birth weight: a multi-country evaluation

of effect and heterogeneity. Environ Health Perspect 121 (3): 267.

Edwards S, Maxson P, Sandberg N, Miranda ML. 2015. Air Pollution and Pregnancy
Outcomes. In Air Pollution and Health Effects. Springer London: 51-91.

Enkhmaa D, Warburton N, Javzandulam B, Uyanga J, Khishigsuren Y, Lodoysamba, S,
Warburton D. 2014. Seasonal ambient air pollution correlates strongly with spontaneous abortion
in Mongolia. BMC Pregnancy Childbirth 14 (1): 146.

Figlio D, Guryan J, Karbownik K, Roth J. 2014. The Effects of Poor Neonatal Health on
Children's Cognitive Development. Am Econ Rev 104 (12): 3921-55.

Grossman M. 2000. The Human Capital Model. In Handbook of Health Economics Vol.
1A, edited by A. J. Culyer and J. P. Newhouse. Amsterdam: North-Holland, Elsevier Science:
347-408.

Huang C, Nichols C, Liu Y, Zhang Y, Liu X, Gao S, Li Z, Ren A. 2015. Ambient air
pollution and adverse birth outcomes: a natural experiment study. Popul Health Metr, 13(1), 17.

IMM (Intendencia Municipal de Montevideo). 2008. Calidad de Aire de Montevideo -
Informe Anual 2008. Servicio Laboratorio de Calidad Ambiental — Departamento de Desarrollo
Ambiental. Available:
http://www.montevideo.gub.uy/sites/default/files/Informe%20Calidad%20de%20Aire%20-
A%C3%B10%202008_0.pdf [accesed 07 April 2016].

22



485
486
487
488
489

490
491
492

493
494

495
496

497
498
499

500
501

502
503
504

505
506

507
508
509
510

IMM (Intendencia Municipal de Montevideo). 2009. Calidad de Aire de Montevideo -
Informe Anual 2009. Servicio Laboratorio de Calidad Ambiental — Departamento de Desarrollo
Ambiental. Available:
http://www.montevideo.gub.uy/sites/default/files/informe%?20aire%202009_0.pdf [accesed 07
April 2016].

IMM (Intendencia Municipal de Montevideo). 2016. Red de Monitoreo. Available:
http://www.montevideo.gub.uy/servicios-y-sociedad/ambiente/aire/red-de-monitoreo [accesed 07
April 2016].

McCormick MC. 1985. The Contribution of LBWs to Infant Mortality and Childhood
Morbidity. N Engl J MedN Engl J Med 312: 82-90.

Moridi M, Ziaei S, Kazemnejad A. 2014. Exposure to ambient air pollutants and
spontaneous abortion. J Obstet Gynaecol Res 40 (3): 743-748.

Oreopoulos P, Stabile M, Walld R, Roos L. 2008. Short-, Medium-, and Long-Term
Consequences of Poor Infant Health: An Analysis Using Siblings and Twins. J Hum Resour 43
(1): 88-138.

Parker JD, Mendola P, Woodruff TJ. 2008. Preterm birth after the Utah Valley Steel Mill

closure: a natural experiment. Epidemiology 19 (6): 820-3.

Parker J, Rich DQ, Glinianaia SV, Leem JH, Wartenberg D, Bell ML, Woodruff TJ.
2011. The International Collaboration on Air Pollution and Pregnancy Outcomes: initial
results. Environ Health Perspect 119 (7): 1023-8.

Petrou S, Sach T, Davidson L. 2001. The long-term costs of PTB and LBW: results of a
systematic review. Child Care Health Dev 27: 97-115.

Rich DQ, Liu K, Zhang J, Thurston SW, Stevens TP, Pan Y, Kane C, Weinberger B,
Ohmand-Strikland P, Woodruff TJ, Duan X, Assibey-Mensah V, Zhang J. 2015. Differences in
Birth Weight Associated with the 2008 Beijing Olympic Air Pollution Reduction: Results from a
Natural Experiment. Environ Health Perspect 123 (9): 880-887.

23


http://www.montevideo.gub.uy/servicios-y-sociedad/ambiente/aire/red-de-monitoreo

511
512

513
514
515

516
517

518
519

520
521

522
523
524

525
526
527

528

Royer H. 2009. Separated at Girth: US Twin Estimates of the Effects of Birth Weight.
Am Econ J Appl Econ 1 (1): 49-85.

Rosenzweig M, Zhang J. 2013. Economic Growth, Comparative Advantage, and Gender
Differences in Schooling Outcomes: Evidence from the Birthweight Differences of Chinese
Twins. J Dev Econ 104: 245-60.

Sram RJ, Binkova B, Dejmek J, Bobak M. 2005. Ambient air pollution and pregnancy

outcomes: a review of the literature. Environ Health Perspect 113 (4): 375.

Stieb DM, Chen L, Eshoul M, Judek S. 2012. Ambient air pollution, birth weight and

PTB: a systematic review and meta-analysis. Environ Res 117: 100-111.

Strand LB, Barnett AG, Tong S. 2011. Methodological challenges when estimating the

effects of season and seasonal exposures on birth outcomes. BMC Med Res Methodol 11 (1): 49.

Woodruff TJ, Parker JD, Darrow LA, Slama R, Bell ML, Choi H, Glinianaia S, Hoggart
KJ, Karr CJ, Lobdell DT, Wilhelm M. 2009. Methodological issues in studies of air pollution
and reproductive health. Environ Res 109: 311-320.

WHO. 2006. WHO Air Quality Guidelines for Particulate Matter, Ozone, Nitrogen
Dioxide and Sulfur Dioxide. Global Update 2005. Summary of Risk Assessment. WHO Press,

World Health Organization, Switzerland.

24



529

530
531

Tables

Table 1: Descriptive statistics, by exposure to Puyehue ashes? (n=79,328) [data are n (%) or
mean £ SD unless otherwise indicated.]

Characteristic®
Individual-level variables
Pregnancy outcomes
Preterm birth (<37 weeks)
Birth weight (gr., full term births only)
Low Birth weight (full term births only)
Maternal age

Age <20

20<=Age<=34
35<=Age<=39

Age>40

Maternal education

Less than middle school
Middle school <Edu<High school
Completed high school
Maternal marital status
Common Law

Married

Single

Other marital status
Pregnancy complications
Eclampsia

Eclampsia missing
Hypertension

Hypertension missing
Mother underweight °
Normal body mass index °
Mother overweight ¢
Mother obese ©

Mother smokes

Smoking status missing
Parity

Parity missing

Newborn's gender: male
Week of initiation of prenatal care ¢
Pollution variables

First trimester PM10 (pg/m3)
< 30 pg/m?

30-49ug/m?3
50-69 pg/m?®
> 70 pg/m3

CO 1% trimester (ug/m3)

CO missing in any trimester
NO; 1% trimester (ug/m3)

Before eruption

(N=24906)

2191 (8.8)
3335 (+456)
693 (3.1)

4098 (16.5)

17239 (69.2)

2932 (11.8)
637 (2.6)

9824 (39.4)
7481 (30.0)
7601 (30.5)

13486 (54.1)

6750 (27.1)

4437 (17.8)
233 (0.9)

47 (0.2)
3097 (12.4)
572 (2.3)
3048 (12.2)
1597 (6.4)
17215 (69.1)
4171 (16.7)
1923 (7.7)
6179 (24.8)
288 (1.2)
1.15 (+1.33)
3344 (13.4)
12582 (50.5)
12.93 (+7.55)

20.4 (+4.2)
24544 (98.5)
362 (1.5)
0(0)
0(0)
0.49 (+0.03)
30 (0.12)
30.09 (+9.84)

25

During eruption

(N=26266)

2045 (7.8)
3361 (+451)
586 (2.4)

4260 (16.2)

17864 (68.0)

3407 (13.0)
735 (2.8)

9696 (36.9)
7901 (30.1)
8669 (33)

14263 (54.3)

7112 (27.1)

4669 (17.8)
222 (0.8)

35 (0.1)
2154 (8.2)
561 (2.1)
2127 (8.1)
1562 (5.9)
17886 (68.1)
4564 (17.4)
2254 (8.6)
6062 (23.1)
97 (0.4)
1.11 (¢1.33)
2962 (11.3)
13401 (51)
11.90 (+7.09)

455 (+17.4)
6039 (23.0)
7937 (30.2)
9768 (37.2)
2522 (9.6)
1.14 (+0.64)

1 (0.00)

24.48 (+8.02)

After eruption

(N=28156)

2172 (7.7)
3364 (+452)
660 (2.5)

4845 (17.2)

18932 (67.2)

3587 (12.7)
792 (2.8)

10243 (36.4)
8453 (30)
9460 (33.6)

15712 (55.8)

7168 (25.5)

5061 (18.0)
215 (0.8)

33 (0.1)
1405 (5.0)
661 (2.3)
1382 (4.9)
1683 (6.0)

18659 (66.3)
5221 (18.5)
2593 (9.2)
6411 (22.8)

67 (0.2)

1.08 (+1.28)
3470 (12.3)

14432 (51.3)

11.40 (£6.71)

23.7 (+8.7)
20867 (74.1)
7289 (25.9)
0(0)
0(0)
0.62 (+0.12)
0 (0.00)
24.65 (+8.58)



532

NO. missing in any trimester 6 (0.02) 45 (0.17) 0 (0.00)
SO, 1% trimester (ug/m3) 17.93 (£6.30) 11.50 (£5.54) 6.77 (£3.23)
SO, missing in any trimester 5(0.02) 0 (0.00) 0 (0.00)
Weather variables

Precipitations 1% trimester (mm)® 3.68 (+0.91) 2.36 (+0.88) 3.58 (+1.07)
Temperature 1% trimester (°C)f 15.89 (+3.96) 18.11 (+4.25) 17.78 (+4.08)
Windspeed 1% trimester (m/s)" 14.26 (+0.84) 14.60 (+1.50) 13.43 (+1.59)

Humidity 1% trimester (%)f

74.00 (£2.37)

69.81 (+4.03)

73.51 (+4.88)

Atmospheric pressure 1 trimester

(hPa)f 1015.87 (+2.89) 1014.93 (+2.45) 1014.89 (+2.36)
Correlations between pollutants®

PM10 and SO, 1% trimester 0.73 (p=0.00) -0.36 (p=0.00) 0.39 (p=0.00)

PM10 and NO;, 1% trimester -0.36 (p=0.00) -0.13 (p=0.00) -0.27 (p=0.00)
PM10 and CO 1%trimester -0.34 (p=0.00) -0.20 (p=0.00) 0.13 (p=0.00)

2 Pregnancies classified as “Before”, “During”, and “After” eruption were conceived June 2009-Sept. 2010, Oct.
2010-Nov. 2011, and Dec. 2011-March 2013, respectively

b In addition to the above mentioned variables, our analysis adjusts for 22 binary indicators for the 23 hospitals in
the country

¢ Underweight: Body Mass Index (BMI) <18.5, normal: 18.5<BMI<25, overweight: 25<BMI<30, obese: BMI>30.
d Gestational week, continuous.

¢ Trimester of pregnancy means of 24 hour accumulated precipitations.

f Trimester of pregnancy means of 24 hour averages.

9 Correlation coefficients.
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Table 2. Preterm birth (all pregnancies, n = 79,328), and low birth weight (< 2,500 g) and birthweight (g)

among term births (n = 72,920) in association with a 10-pg/m3 increase in average PM10 during each
trimester.

Preterm birth Birthweight (g) LBW
Exposure OR (95% CI) Coefficient (95% CI) OR (95% CI)
1%t trimester 0.97 (0.91,1.06) -3.03 (-11.27,5.22) 1.04 (0.93,1.15)
2" trimester 0.96 (0.89,1.05) 13.10 (4.07,22.13)** 1.01 (0.89,1.15)
3" trimester 1.10 (1.03,1.19)** -5.78 (-14.90,3.35) 0.94 (0.81,1.08)
Model fit
Akaike Information Criterion (AIC) 43,845 1,094,481 17,301
Bayesian Information Criterion (BIC) 44,550 1,095,180 18,000

Adjusted for maternal age, education, marital status, pregnancy conditions, maternal smoking status, and onset of prenatal care;
temperature, rain, humidity, air pressure, and windspeed intensity in each trimester of pregnancy; indicators for calendar quarter of
gestation; and indicators for prenatal care center. Third trimester values for PM10 and weather variables are averaged across
gestation weeks 28 and 36 (or an earlier week if the pregnancy did not reach full term) when the outcome is PTB. In the case of BW
or LBW, 3rd trimester averages consider the full length of the trimester until birth. **p<0.01; *p<0.05; # p<0.10.
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538 Table 3. Preterm birth (all pregnancies, n = 79,328), and low birth weight (< 2,500g) and
539  birthweight (g) among term births (n = 72,920) in association with PM10 during each

540  trimester.

Preterm birth Birthweight (g) LBW
Exposure OR (95% CI) Coefficient (95% CI) OR (95% CI)
First trimester
< 30 pg/m?® REF REF REF
30-49 pg/m? 0.92 (0.780,1.08) -10.03 (-26.78,6.73) 1.05 (0.83,1.33)
50-69 pg/m? 0.85 (0.66,1.08) -3.76 (-28.16,20.64) 0.98 (0.68, 1.40)
> 70 ug/m?® 0.690 (0.47,1.02)# -24.26 (-70.81,22.29) 1.23 (0.64,2.37)
Second trimester
< 30 pg/m?® REF REF REF
30-49 pg/m? 0.79 (0.64,0.97)* 16.83 (-2.49,36.15)# 0.98 (0.74,1.29)
50-69 pg/m? 0.76 (0.59,0.99)* 31.28 (1.89,60.67)* 1.14 (0.74,1.74)
> 70 ng/m?d 0.86 (0.58,1.28)  103.98 (60.89,147.06)**  0.77 (0.41,1.45)
Third trimester
< 30 pg/m?® REF REF REF
30-49 pg/m® 1.00 (0.85,1.17) -7.96 (-26.02,10.10) 0.83 (0.63, 1.08)
50-69 pug/m? 1.42 (1.07,1.89)* 57.55 (29.24,85.86)**  0.52 (0.35,0.78)**
> 70 pug/m?® 5.24 (3.40,8.08)** 17.89 (-24.55, 60.34) 0.78 (0.43,1.42)
Model fit
Akaike Information 43,741 1,094,438 17,298
Bayesian Information 44,502 1,095,192 18,052

541 Adjusted for maternal age, education, marital status, pregnancy conditions, maternal smoking status, and onset of
542 prenatal care; temperature, rain, humidity, air pressure, and windspeed intensity in each trimester of pregnancy;
543 indicators for calendar quarter of gestation; and indicators for prenatal care center. Third trimester values for PM10
544  and weather variables are averaged across gestation weeks 28 and 36 (or an earlier week if the pregnancy did not
545 reach full term) when the outcome is PTB. In the case of BW or LBW, 3rd trimester averages consider the full
546  length of the trimester until birth. **p<0.01; *p<0.05; # p<0.10.
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1. Figure legends

Figure 1: PM10 monthly averages in Montevideo.
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